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Abstract

Resilience Under Stress: Simulation-Based Evaluation of
Disruption-Response in Critical Public-Good Supply Chains

Recent disruptions to medical, public goods, and essential products sup-
ply chains highlight the need for systematic, evidence-based approaches to
evaluate how policy and operational responses shape supply chain resilience
and equitable access. This dissertation develops and applies a sequence
of agent-based simulation models to quantify how disruptions propagate
through multi-tier critical-goods supply networks and how preparedness
and response strategies jointly shape system performance and distribution
of service during disruption.

Chapter 2 examines sudden demand surges in a U.S. medical supply
chain by modeling the interaction between the Strategic National Stockpile
and the routine distribution network for needles and syringes under notional
anthrax and severe influenza scenarios. Comparing inventory and capacity
expansion with product substitution policies, the analysis finds that substi-
tution authority, when established in advance, can simultaneously reduce
emergency fulfillment delays and accelerate recovery of routine healthcare
supply, while purely inventory- or capacity-oriented approaches require
substantial up-front investment to achieve similar or inferior results.

Chapter 3 expands the modeling framework to explore the 2022 U.S.
infant formula shortage, calibrating the simulated supply network to re-
ported production, trade, sales, and stockout patterns. Results show that
prioritization rules (including WIC-focused allocation) influence who is
served under shortage but do not resolve scarcity on their own; coordinated,

timely combinations of supply- and demand-side interventions, such as
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import relief, substitution flexibility, and demand controls, produce larger
improvements in both demand satisfaction and equity.

Chapter 4 generalizes these case-specific insights through a factorial
design spanning network topology, disruption type (production, demand,
transportation, and compound shocks), and response strategy (prioritiza-
tion rules paired with alternative sourcing and demand reduction actions).
The results provide recommendations for strategy selection in each con-
text and when supply chain information is incomplete. Across scenarios,
structural redundancy (more connected supply networks) yields the largest
shifts in achievable performance, response actions provide meaningful but
smaller gains that scale with implementation intensity and duration, and
prioritization rules primarily govern efficiency—equity tradeoffs along the
attainable frontier.

Collectively, the dissertation advances evidence-based guidance for de-
signing resilient critical-goods supply chains and for shaping preparedness

and crisis response decisions that account for both efficiency and equity.
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Chapter 1:  Introduction

Recent crises have starkly demonstrated the catastrophic consequences
of disruptions in medical and other critical supply chains. For example, Arji
et al. (2023) observe that the COVID-19 pandemic had a catastrophic e ect
on healthcare supply chains, exposing their fragility and the urgent need
for better resilience[ 17]. In just weeks, hospitals faced shortages of masks,
ventilators, and other life-saving items as demand surged globally. Likewise,
a single production failure can cascade into a national emergency: in 2022
the shutdown of a major U.S. infant formula plant precipitated a nationwide
formula shortage, since the market is highly concentrated in a few large
facilities. Natural disasters have had similar e ects on public health for
instance, Hurricane Maria's destruction of Puerto Rico's pharmaceutical
factories created a nationwide shortage of intravenous saline for months
[130]. These events, along with others like the 2021 Colonial Pipeline cyber
attack, illustrate how modern just -in-time, globalized supply chains for
essential goods can unravel rapidly. Indeed, current analyses note that
many critical supply networks are optimized for e ciency under normal
conditions and often lack the inventory bu ers or alternative sourcing
needed to absorb large shocks [ 5]. In short, ensuring continuous access
to vaccines, medications, food and other public-good commodities during
pandemics, disasters, or recalls is both a social imperative and a complex
technical challenge.

The growing literature on supply-chain resilience re ects this urgency.
Major reviews categorize the kinds of disruptions (production breakdowns,

logistics failures, demand surges, safety incidents, etc.) and summarize



proposed mitigation strategies. For example, Katsaliaki et al. (2022) syn-
thesize two decades of research on supply-chain disruptions and resilience,
identifying the impacts of di erent shock types and the resilience mea-
sures suggested by scholars [ 86]. Case studies in healthcare supply chains
impacted by the Covid-19 pandemic and shutdowns highlight speci c re-
silience attributes (such as  agility , exibility , collaboration , and redundancy )
that helped bu er the system [  132]. Nevertheless, much of the existing work
remains descriptive or prescriptive. As one recent review concludes, the
vulnerability of critical supply networks has been repeatedly documented,
but there are relatively few quantitative models testing how alternative poli-
cies would perform under extreme stress [ 17, 86]. In particular, supply
chains for public-goods like vaccines and infant nutrition raise equity and
ethical allocation issues that are often discussed, but less frequently op-
erationalized as primary quantitative outcomes in supply chain resilience
models outside of humanitarian contexts [ 156]. This research is motivated
by these gaps: the research employs detailed simulation models to compare
strategies for maintaining availability and fairness in the face of dramatic
supply shocks.

This dissertation aims to advance our understanding of how di erent
response strategies a ect the resilience of critical goods supply chains un-
der crisis conditions. The overarching goal is to use agent-based modeling
(ABM) to evaluate how disruptions, such as sudden demand surges or fac-
tory shutdowns, propagate through multiple-tier networks serving public
health and emergency-use products. We focus on critical goods supply
chains whose failure would have severe societal impacts (such as vaccine
and drug delivery, medical supplies, baby formula, and basic food stu s),

and we compare mitigation options like increasing stockpiles, ramping up



production capacity, enabling product substitution, prioritizing consumers,
and coordinating inventory among partners. By embedding realistic de-
mand variability and decision rules in the modeling, we can study not
only e ectiveness (the quantity and timeliness of demand satisfaction), but
also distributional equity (how fairly shortages are allocated). Our method-
ological approach is motivated by recent studies; for example, Rahman et
al. (2021) used an ABM of a face mask supply chain during Covid-19 to
test recovery strategies, such as emergency stockpiling and rapid capacity
expansion [ 124 ]. Similarly, this thesis develops customized ABMs for our
scenarios, allowing us to systematically compare policies under stochastic
conditions. A central aim is to distinguish the relative leverage of structural
preparedness (network topology and redundancy), operational response
actions (such as alternative sourcing and demand reduction), and priori-
tization rules (allocation mechanisms during scarcity) across disruption
types.

ABM is used throughout this dissertation because the disruptions of
interest result in dynamics that propagate through multi-tier network de-
pendencies. In critical-goods supply chains, actors may operate with partial
information and make locally optimal decisions (such as ordering, sub-
stitution, and allocation); yet disruptions evolve over time in ways that
can amplify shortages unevenly across downstream nodes. ABM repre-
sents these mechanisms explicitly and allows policy interventions to be
implemented as operational rules at speci ¢ points, enabling comparative
evaluation of both e ectiveness and distributional equity under uncertainty.
Optimization and other prescriptive Operations Research models remain
essential for planning problems with well-de ned objectives and constraints

(such as facility location, inventory positioning, or capacity planning), and



the ABM results in this dissertation are intended to complement, not chal-
lenge, those tools by identifying which factors most in uence outcomes in
large and complex systems under disruption.

In Chapter 2, we examine how di erent response strategies a ect the
availability and continuity of a routine medical supply when an abrupt
public-health emergency occurs. We construct an ABM of a simpli ed U.S.
medical supply distribution network, including manufacturers, distribu-
tors, and hospitals, and embed the Strategic National Stockpile (SNS) as
a source of emergency inventory. Two outbreak scenarios are simulated:
a notional anthrax attack on a large-scale metropolitan area and a severe
seasonal in uenza pandemic. In each case, demand for items like needles
and syringes spikes well beyond ordinary levels. The model tests various
responses to see how they impact key outcomes. For example, actions such
as raising SNS starting inventory levels, expanding production line capacity,
and authorizing the use of existing substitute products are considered.
We measure metrics such as the delay in ful lling emergency orders, the
disruption of routine supplies, and the time to full supply chain recovery
to the pre-disruption baseline. By comparing these scenarios, Chapter 2
evaluates which responses perform most favorably within this emergency
setting, particularly in terms of emergency responsiveness, disruption to
routine care, and overall supply chain recovery.

Chapter 3 focuses on the U.S. infant formula market, a critical food
supply chain that experienced a major disruption in 2022. We expand
our ABM from Chapter 2 to a larger three-tier ABM of the formula supply
chain, implementing the demand signals with retailers (representing grocery
stores, supermarkets, pharmacies, etc.), and calibrating with industry and

sales data. The model rst reproduces the baseline shortage scenario of the



formula crisis: a single plant shutdown combined with panic buying causes
national average stockouts to exceed 60%. We then implement and compare
a set of prioritization rules and policy response actions. These include
rules (such as smaller agents having rst access to the limited supply),
regulatory relief (such as waiving import tari s and rapidly importing sup-
ply from overseas), demand-reduction actions (limiting excessive consumer
purchases to mitigate hoarding), and product substitution (promotion of
approved alternative formulas). For each response action, we evaluate not
only how much demand is able to be met during the shortage period, but
also measures of equity, such as how shortages are distributed across down-
stream agents. This allows us to to assess the tradeo s between maximizing
demand satisfaction and ensuring vulnerable populations receive access
to formula. In e ect, Chapter 3 provides a quantitative testbed for polices
discussed in after-action reports released by the government and the Na-
tional Academy of Sciences [ 6, 7, 134], lling their calls for scenario-based
analysis of regulatory and market remedies.

Chapter 4 develops a broader ABM simulation platform to evaluate re-
silience across arbitrary critical goods networks of various con gurations.
We formalize three network topologies spanning increasing connectivity
(Minimally-, Partially-, and Fully-connected), then embed them in a generic
version of the model from Chapter 3. We then evaluate both single and
compound disruptions driven by production outages, demand surges, and
transportation link failures. Within this design, we compare response
strategies de ned by operational response actions (alternative sourcing
and demand reduction) and prioritization rules, evaluating outcomes using
e ectiveness (system |l rate) and distributional equity (Gini of retailer-level

service). By running a designed experiment that systematically varies the



network structure and response treatment mix, we identify emergent out-
comes of the system. For instance, we compare how network connectedness
(redundancy) impacts outcomes or how the selection of policy choices inter-
acts with the network topology and crisis-triggering event (disruption type).
Chapter 4 thus extends the insights from Chapters 2 and 3 to a more gener-
alized setting. It bridges theory and practice by revealing whether trends
observed in speci ¢ cases generalize across stylized structural settings or
depend on deeper factors unique to that supply chain and disruption. The
result is a set of principles and a simulation tool to help decision-makers
evaluate response actions to promote resilience and equity across a range

of critical supply chains.



Chapter 2:  Sudden Demand Surges in Medical Supplies: Mitigating

Healthcare Supply Chain Impacts

Public health and medical emergencies create sudden and massive surges
in the demand for medical supplies. For example, the 2014 Ebola epidemic
and 2020 COVID-19 pandemic each led to a surge in demand for speci c
items, such as masks and gowns. Likewise, the 2001 anthrax dissemination
incident [ 115] led to concerns about adequate supplies not only of prophy-
lactic vaccine but also the needles and syringes required to administer
it. These and other incidents brought attention to the risk of surges in
demand for medical supplies and revealed major supply chain constraints
[36, 55, 64, 88, 110, 117, 118, 136]. It is critical to improve the ability of
the healthcare system and health supply chains to rapidly meet surges in
demand for medical products. The US government has established a variety
of programs to support this goal [ 21, 37, 129], including the Strategic Na-
tional Stockpile (SNS). The SNS stockpiles medical countermeasures such
as pharmaceuticals, vaccines, and medical supplies in readiness for rapid
deployment when requested by federal, state, or local authorities [ 69], and
guidance has been developed for meeting such needs [20, 146].

However, until the COVID-19 pandemic, little public attention had been
paid to the projected impact on routine, everyday healthcare delivery if
massive surge supply needs exceeded the SNS's stockpile during a public
health emergency. In such a case, supplies might be redirected from the
routine medical supply chain to respond to the emergency. Commercial
supply chains, however, are not built to respond to massive and unexpected

surges in demand. Cost and shelf-life concerns limit both the amount of



stock held in reserve and the manufacturing surge exibility. As a result,
the total inventory available is limited, and healthcare organizations have
little resilience if the normal supply chain is disrupted by product diversion

to an emergency [ 136]. For example, after the 2009 H1IN1 pandemic, an
unpublished inter-agency study of the commercial supply chain for needles
and syringes assessed that it took 14 months to recover; the COVID-19
pandemic provided ample examples of similar problems [136, 165].

Therefore, this study evaluates interventions for responding to massive
surges in the demand for medical supplies, in terms of their impact on both
the response to the emergency and on routine medical care . The investi-
gation is conducted in the context of a notional anthrax attack scenario
which drives a need for essential medical products, speci cally needles
and syringes, to support vaccination of a potentially exposed population.
Additionally, to probe the generalizability of the ndings, a secondary sce-
nario is explored, in which an in uenza epidemic drives a large surge in
the demand for needles and syringes to support seasonal u vaccinations.
An agent-based model (ABM) is developed and parameterized to represent
the commercial supply chain for needles and syringes. The evaluated surge
responses include increasing stockpiled inventory, allowing substitution of
alternative products, and increasing production surge capacity. Insights are
drawn from the ndings that may be applicable to other types of medical
products.

This research was conducted in two stages. The rst stage was completed
before the COVID-19 pandemic in collaboration with the SNS | 12, 68]. The
second stage updated and expanded the analysis for the post-COVID world
based on publicly available information. This chapter is organized as follows.

Section 2.1 describes related literature. Section 2.2 describes the methods,



including the anthrax scenario, the supply chain assumptions, the surge
response interventions, the performance measures, and the simulation
model. Section 2.3 presents the results and Section 2.4 provides discussion

and conclusions.

2.1 Related literature

Between 2001 and 2020, a number of researchers have examined supply
chain and related issues for responding to the massive demand from public
health emergencies, often for the cases of anthrax, pandemic in uenza,
smallpox, or Severe Acute Respiratory Syndrome (SARS) [ 29]. One strategy
is to improve the rotation of large inventory stocks in the SNS and other
repositories in order to save costs[ 137, 163, 164 ]. Another common strategy
is to allocate scarce resources e ectively [ 122]. A third strategy, more
aligned with this research e ort, is to examine processes for improving the
response to demand through better logistics and supply chain management.
Sophisticated models of storage and distribution systems and/or disease
progression have been developed to support this goal. Most of this work
assumes an exogenously de ned national inventory that is adequate to meet
the demand, and the focus is limited to how that inventory is allocated,
transferred to lower echelons of the supply chain, and/or distributed to the
a ected population [ 31, 46, 93, 94, 155]. [138] examine both the required
amount of inventory and its allocation and dispensing. This body of work
shows that the distribution and dispensing capacity is critical to the success
of the response, as is the existence of su cient product.

The COVID-19 pandemic starting in 2020 sparked a surge in modeling
to support health-related decisions, usually focused on spread, quarantine,

and related issues [ 48], but also on epidemic impacts on supply chains



[82, 165]. Strikingly, it also highlighted the inadequacy of commercial supply
chains for responding to the massive demand surges seen around the world,

both for healthcare and other commodities alike [ 27, 64, 136, 165]. For
syringes and needles speci cally, there was su cient lead time to build

up supply by the time a vaccine was available, but other products such

as testing components, gloves, gowns, and masks were commonly in short
supply [55].

Other than highlighting what went wrong in the COVID-19 pandemic,
however, most of the literature does not consider that meeting surging sup-
ply includes utilizing products in the everyday commercial supply chain,
resulting in impacts to routine healthcare delivery. One set of literature has
examined epidemic response speci cally, primarily focusing on resource
allocation, but with limited attention to the impacts on commercial supply
chains [ 122]. Ivanov (2020) examines the impact of epidemics on a commer-
cial supply chain, but not a supply chain that also supports the epidemic
response [ 82]. The value of responder cooperation with commercial supply
chains was demonstrated during the 2009 H1IN1 pandemic, when commer-
cial pharmacies' storage, distribution, and retail channels enabled wider
availability of vaccines in communities [ 97]; it also demonstrated an e ective
model for rapidly dispensing antivirals when they become available in a u
pandemic [ 93]. Both cases focused on distribution and dispensing capacity
rather than drawing inventory from the commercial supply chain. Addi-
tional work by [ 40, 51, 109, 124, 160] has explored how commercial supply
chains can pivot to support immediate surge needs. These papers focus
mainly on response to long-running epidemic emergencies like COVID-19
rather than a short-term, immediate-need emergency response and do not

consider the interaction between response and routine needs. Researchers
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have considered the notion of relying on commercial supply chains for dis-

aster response and found it to be a potentially risky strategy, especially
when the commercial supply chains are designed to be lean, resulting in
limited surplus stock availability and exibility [ 54,118, 136]. The short-
ages of personal protective equipment during the 2014 Ebola outbreak and

2020 COVID-19 pandemic are vivid demonstrations of these challenges

[27, 55, 64, 136]. This provides important motivation for understanding

the potential impact to the emergency response and to the commercial
supply chain when drawing on its inventory in response to a public health

emergency.

2.2 Methods

The approach to evaluating intervention strategies for responding to
massive demand surges is an agent-based simulation model, built in NetLogo
(Version 6.3.0 utilizing the  stats and rngs extensions). In the rst stage
of this research [ 12, 68], the assumptions in the simulation model were
developed in collaboration with SNS subject matter experts. In this second
stage, assumptions were updated for the post-COVID situation based on
publicly available data, and the epidemic scenario was also explored. An
inventory model computes the unmet demand for the emergency response
and for the commercial supply chain over time. The details are described in

the subsections below.

2.2.1 Hypothetical emergency scenarios

This chapter studies two public health emergency scenarios. The rst
was designed in collaboration with SNS emergency management specialists

and other subject matter experts. The scenario assumes anthrax exposure
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for one entire urban area of 10 million people. This emergency requires
prophylactic anthrax vaccination of the area’'s entire population, with each
individual receiving three doses given at zero, two, and four weeks post-
exposure [58]. Note that the analysis focuses only on the required needles
and syringes: it assumes adequate supply of all other resources such as
anthrax vaccine, trained personnel, and distribution capacity.

The emergency demand for needles and syringes is rst supplied from the
SNS inventory until it is depleted; at this point, products are diverted from
the commercial supply chain to meet the remaining emergency demand.
During the response to the emergency, routine demand remains at the
same pre-emergency level (such as needles and syringes used in hospitals,
pharmacies, and doctors' o ces for routine care). All routine demand
that cannot be met due to supply diversion to the emergency response is
assumed to be backordered and must be lled later when supplies become
available (representing, for example, delayed childhood vaccinations or
delayed surgeries). Immediately after the emergency, the commercial supply
chain ramps up production to its maximum capacity and maintains this
production level until the supply chain recovers completely. The depleted
SNS inventory is assumed to be restocked only after the supply chain
recovers completely.

Another relevant component of the scenario is the u vaccination sea-
son. From approximately September to November, a larger number of
needles and syringes are required for routine healthcare due to annual u
vaccinations. This is represented in the model because it a ects the routine
demand signi cantly.

Another important element of the scenario is that only a subset of needle

and syringe products are approved for use in meeting the emergency demand.
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While a large number of needle and syringe products are available on the
market, only speci c types are considered appropriate for intramuscular
vaccination of adults, and some of these are preferred over others. The
Centers for Disease Control and Prevention (CDC) Advisory Committee on
Immunization Practices (ACIP) and the SNS agreed on a set of preferred
products for meeting emergency demand in this type of scenario; only these
are pre-approved for use. The analysis focuses on these preferred products.
However, in an emergency situation, it may be possible to consider expanding
to a larger set of potential substitute products if preferred products are in
short supply (this response is analyzed later in this chapter).

The second emergency scenario was designed following the COVID-19
pandemic. It represents a widespread epidemic outbreak, such as a severe
strain of in uenza, as was experienced in the U.S. in 2009. The scenario
assumes that, in such a case, a large portion of the population would desire
to be vaccinated, far larger than the typical demand for seasonal u vaccina-
tion. This is considered the emergency demand. The scenario assumes that
all individuals who desire a u vaccination will request one immediately, so
that all of the demand occurs on the rst day of the u vaccination season.
This is an aggressive assumption: in reality, demand would likely increase
more gradually, but the assumption simpli es the interpretation and re-
porting of results. All individuals who request a vaccination may not receive
one immediately depending on the available supply. It is also assumed
that some or all of the SNS stockpile will be made available to support the
epidemic-driven demand. For this epidemic scenario, no distinction is made
between the ACIP-preferred and the potential substitute products, because

u vaccinations are given using both types of products.
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2.2.2 Supply chain assumptions

The analysis assumes a simpli ed three-tier model of the supply chain,
depicted in Figure 2.1. The routine demand (i.e., all the demand for needles
and syringes that is not related to the emergency) is ful lled at the hospitals,
who are in turn resupplied by a distributor. The distributor manages its own
inventory and places orders with the manufacturer based on its inventory
control policy (described further in Section 2.2.5 below).

The emergency demand is supplied by the SNS, but if the SNS stock is
insu cient, supplies are diverted from the commercial distributor to meet
the emergency demand. In this scenario, a single manufacturer supplies
products to the distributor. The SNS would normally be restocked by the
same commercial supply chain, but the model does not directly represent
this restocking, which is assumed to occur after recovery. This simpli ed
model aggregates the entire national volume of needles and syringes at
each tier: for example, the single manufacturer produces the total national
volume and the routine demand represents the total national demand. This
simpli cation is appropriate because, for this e ort's purposes, there is
no need to distinguish between di erent manufacturers, distributors, and
service providers and because, in an emergency, products would be shipped
quickly from anywhere in the nation to meet the emergency demand [69].

Estimates of the supply chain parameters are given in Table 2.1. As
described in the table, most of the estimates are based on data from the rst
phase of the project [ 12, 68], which were developed from discussions with
SNS subject matter experts and the 2018 manufacturer and distribution
partners for this product. Where needed, these estimates have been updated
for 2024. For example, the routine annual demand was extrapolated linearly

based on the growth in the adult population of the U.S. through 2024 and
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Figure 2.1: Simplied supply chain model during emergency response.
Arrows represent the ow of products. The dashed arrow from the distrib-
utor to the emergency demand represents diversion of products from the
commercial distributor.

the introduction of a new annual vaccine. The percentage of the adult
population seeking a u vaccination is based on the average vaccination

rate over the last ten years, as reported by the CDC [ 39]. Varying the
sensitivity of this parameter was explored further in Section 2.3.3 (see
Figure 2.6). Other parameters, such as the u vaccination season and

the lead times, were not expected to change between 2018 and 2024. The
assumptions in Table 2.1 should be treated as notional representations to
provide insight into the scenarios; they may not be valid representations

of the true state of the U.S. supply chain, due to the limited data available

and the disruption of COVID-19.

2.2.3 Surge response interventions

Next, three intervention actions for meeting surges in needle and sy-
ringe demand were evaluated. The rst is to increase inventory at the
SNS prior to emergency incidents. In doing so, a larger surge can be met

amid an emergency response without disruption to the commercial supply
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Table 2.1: Assumed supply chain characteristics

Parameter Value Comments
Average routine annual de- 187.3m | Includes only needles and syringes pre-
mand for safety needles and ferred by ACIP. Projected forward from
syringes [12, 68] based on growth through 2024.
Average routine annual de- 901.6m | Includes all needles and syringes with
mand for needles and sy- safety devices. Projected forward from
ringes including substi- [12, 68] based on growth through 2024.
tute and preferred products
Standard deviation in rou- 10% Historical baseline projection, based on
tine annual demand of an- | [12, 68].
nual
de-
mand
Days in u season 90 Assumes a 3-month u vaccination sea-
son (September-November).
Percentage of adult popula- 48.1% | Average vaccination rate between 2023-
tion seeking an annual u 2024. Vaccine uptake has varied between
vaccination 40% and 50% over the last 10 years [39]
r: Inventory minimum re- 7 Days between orders (minimum; if reorder
view period (days) for dis- point threshold is not reached, wait until
tributors and hospitals next full reorder period)
m: Shipment lead time 7 Days to ship from manufacturer to dis-
(days) tributor and from distributor to hospitals
Emergency shipping lead 2 Days to expedite shipping emergency nee-
time (days) dles through each level of the supply
chain to satisfy emergency demand [ 3, 41,
65]
Production surge capacity 5% Notional estimate, adapted from [12, 68]
(% increase)
Production capacity with 25% Notional estimate, adapted from [ 12, 68].
new production line (% in-
crease)
Service level for commercial 95% Assumes manufacturers plan production
supply chain capacity to ensure this probability of meet-
ing the uncertain annual demand. Typ-
ical goals for most critical goods are at
least 95% [133].
SNS inventory 10m Assumes the SNS stocks enough needles

and syringes for one dosing of one urban
area (actual SNS inventories are con den-
tial) [12, 68, 70]
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chain. Increasing the SNS inventory is expensive, and depending on budget
constraints may not be feasible 1. Managing shelf-life considerations also be-
comes more complex with increased volume of stockpiled medical products.
Increasing the inventory stockpile would also take time, given the limited

5% surge capacity for production; this analysis assumes that the stockpile
has already been increased prior to the emergency.

A variation on this approach is to hold increased inventory at a distributor
or manufacturer, with the additional warehoused inventory paid for by the
SNS. Holding inventory at the vendor enables stock rotation by the vendor,
thus minimizing SNS life-cycle risks (e.g., product expiration). This variation
was also explored but the results were nearly identical to those for SNS-
managed inventory.

The second intervention isto  increase production surge capacity by paying
a manufacturer to add additional production capacity. Based on discussions
with a large manufacturer in 2018 [ 12, 68], production surge was limited to
about 5% of annual volumes, and a new production line could increase surge
capacity to 25%. This analysis assumes that the additional production line
is put in place ahead of the emergency as a preparedness strategy, and can
be brought online quickly when needed.

The third intervention is to use substitute needle and syringe products
The preferred products selected by ACIP and the SNS represent only about
20% of the safety needle and syringe products available in the commercial
market, based on data and discussions from 2018 | 12, 68]. This approach

assumes that these products would be acceptable for use when preferred

1Based on conversations with SNS in our 2018 work, the SNS did not dictate its own
requirements nor set its own funding. The SNS participated in the Public Health Emergency
Medical Countermeasure Enterprise (PHEMCE) requirements process, along with multiple
federal workgroups and agencies, which helped to plan which resources the SNS would
stockpile to protect the nation's health.
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products are unavailable and that they are readily available in the com-
mercial market. Two variants of this approach are explored. In the rst
variant, substitute products are only authorized for meeting the emergency
demand; in the second, they could also satisfy backordered routine demand.
In practice using substitute products would require additional approval
before use; our implementation assumes those approvals are made prior to

the emergency and could be quickly activated when required.

2.2.4 Measures of performance

Each surge intervention is evaluated according to three measures of
performance. The rst measure focuses on meeting the emergency de-
mand. The number of days late for each dose due to product shortage is
computed for each required vaccination (e.g., at zero, two, and four weeks
post-exposure in the anthrax scenario 2) as the number of days from the
required vaccination date until the last of that demand is met. A variant of
this measure is the quantity served late or the number of people who do
not receive a dose on time.

The second measure focuses on meeting the routine demand: the number
of days diverting from routine demand . After the emergency, syringe and
needle inventory may be drawn from the commercial supply chain to meet
the emergency demand, leaving no remaining inventory. This measure
counts the days that inventory is diverted from the commercial supply
chain to meet emergency demand. A variant of this measure is the quantity
delayed during diversion  or the number of needles and syringes needed for
routine healthcare that could not be provided on time due to emergency

product diversion.

2]n 2018, the only commercially available Anthrax vaccine was BioThrax, which requires
this dosing regimen [58].
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The third measure re ects the time until the supply chain recovers to
normal operations. The time to recovery counts the number of days from
immediately after the emergency (after the third dose in the anthrax case)
until no backordered demand remains (that is, all the routine demand
is being met on time). Recall that the model assumes that all routine
demand is backordered when inventory is not available to meet it: the
demand is recorded and must be met eventually. In practice, not all routine
demand would be backordered. Some procedures requiring needles and
syringes would be rescheduled for a later time (backordered) but some
might be canceled or might use alternative products. This model makes the
assumption that all routine demand is backordered, in order to represent

the worst-case recovery time.

2.2.5 Simulation model

The simulation model estimates the routine and emergency demand,
simulates the supply chain's ability to Il that demand, and computes
the unmet demand for each day. The details of each computation are
provided below. Several model parameters are sampled from a distribution
as described below. The model uses a Monte Carlo approach: it runs 1,000
simulations, each with unique realizations of the random variables, and
then computes the distribution of performance. Simpli ed pseudocode is
included in Appendix A in order to clarify the exact sequence of operations
and execution of algorithms within the simulation model.

To estimate the routine annual demand for needles and syringes (in the
entire nation), the model draws from a normal distribution with parameters
as shown in Table 2.1. The additional demand driven by the seasonal u

vaccination campaign is estimated by multiplying the u season demand
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percentage (see Table 2.1) by a second draw from the routine annual demand
distribution (so that the magnitude of u-driven demand is independent
of the magnitude of annual demand). Next, for the anthrax scenario, the
model randomly determines the timing of the emergency with respect to
u vaccination season by drawing from a uniform distribution. For the
epidemic scenario, the emergency begins on the rst day of u vaccination
season. Finally, the demand for each day of the year is a unique realization
of a normally distributed random variable with mean equaling the annual
demand divided by 365 days per year and standard deviation of 10%
During the u vaccination season, a supplemental demand is computed
using a similar logic and added to the daily demand.

The emergency demand is computed based on the inputs. In the anthrax
scenario, each member of the a ected population requires three syringes
and needles total: one each on the days of the rst dose, second dose, and
third dose. In the epidemic scenario, each individual requires just one
syringe and needle for a vaccination.

Next, the model computes the manufacturer's production. The model
assumes that the routine production capacity is set to meet the expected
annual demand D4 with a given service level a (both inputs; see Table 2.1).
For example, if the service level a is 95%, the manufacturer's production
capacity is determined to ensure that there is a 95% chance of meeting the
actual annual demand, given its distribution. Then, the annual production
capacity P, = Da+ kySa, Where sj is the standard deviation of demand over
the year and Kj is the inverse standard normal distribution for a probability

of a. The expected annual demand Djincludes the regular annual demand

3Wwithin the model, we utilize the absolute value of the outcome of the normally dis-
tributed random variable for each iteration of daily demand in order to truncate each
instance of demand to a strictly positive value. There was no limit on the upper bound of
outcomes.
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plus the additional demand from u season. Production accrues daily at
a xed rate of P,;=365 Production can be increased beyond this daily rate
by the surge capacity and by leveraging an additional production line, if
available (see Table 2.1). The model assumes that production is increased
to its maximum capacity immediately following the emergency incident, and
remains at that level until the commercial supply chain completely recovers.
The distributor orders products directly from the manufacturer. The
lead time is an input (see Table 2.1). The distributor uses a simple periodic
review policy: it places an order after a xed time to bring stock up to a
desired point: the order-up-to-level. This level accounts for the lead time
required for an order to travel from the manufacturer to the distributor,
review time between orders, and the need for safety stock; it is computed

according to:

q
S=mp(m + 1)+ 2z (M +r)s3+ mgs? (2.1)

where Sis the order-up-to-level, r is the length of the review period, nb is
the average daily demand at that location, sé is the variance of demand,
m_is the average lead time, SE is the variance of the lead time, and Zq IS
the safety factor based on the service level applied to the standard normal
distribution. We assume no variance in shipping lead time, so that orders
always arrive exactly on the day expected. During an emergency situation,
however, the distributor orders up to everything the manufacturer has on
hand in order to Il as much emergency demand as possible.

The routine users (hospitals) are assumed to follow the same type of
periodic review policy. The emergency site is assumed to order immediately
from the SNS and then every two days from the distributor until it builds

up su cient inventory to meet the emergency demand. Lead times from the
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distributor to the emergency site assume emergency shipping speeds (see
Table 2.1). Emergency orders are always lled rst, unless some percentage
of the routine demand is reserved (an input). When orders cannot be lled,
they are backordered and will be lled whenever inventory becomes available.
Thus, the total backordered (unmet) demand can be computed for each
day. Finally, the performance measures are computed (described in Section

2.2.4).

2.3 Results and Discussion

2.3.1 Results for the baseline anthrax scenario

To gain some intuition about the problem, consider the anthrax scenario
in an average year (ignoring variability in the routine demand) with no
response implemented beyond utilization of the SNS inventory. Also assume
that u vaccination season has just ended, so its additional demand will not
manifest during the recovery period. Figure 2.2 plots the unmet demand
over time. First, consider the unmet emergency demand. The rst dose is
given on day 1, and all of this demand is satis ed from the SNS inventory.
The second dose is required on day 14. At this point, there is no remaining
inventory in the SNS. Approximately half of the emergency demand can
be satis ed by inventory in the commercial supply chain, so half remains
unmet until about a week later, when subsequent deliveries of products
through the commercial supply chain are available to satisfy most of the
remaining emergency demand. On day 28, the third dose is required, and
about two more weeks of commercial deliveries are needed before all the
emergency demand can be met. During all this time, starting with the

second dose on day 14, there is a steady rise in unmet routine demand
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because all of the inventory in the commercial supply chain is diverted for
emergency use. After all of the emergency demand is satis ed, the unmet
routine demand gradually decreases until recovery (when the unmet routine
demand reaches zero). The sawtooth pattern in the unmet routine demand
is driven by the time between deliveries of products: the rising edge of
the sawtooth represents the gradual accumulation of unmet daily demand
from routine needs, and the descending edge represents the immediate
satisfaction of a portion of the demand when a new shipment of products is

delivered.

Figure 2.2: Daily unmet demand for an anthrax emergency outside the
u vaccination season, including emergency (red), routine (blue), and total
demand (black).

Table 2.2 summarizes the performance metrics for two cases: one in
which u vaccination season ends just before the emergency, and a second
where it begins at the start of the emergency. In both cases, the emergency
doses are delayed up to 10 days and routine demand is completely unsatis-
ed for well over a month (resulting in 15-19 million vaccinations delayed;
full results in Table A.1 in Appendix A). Median recovery takes approxi-
mately 8 months, driven up to 11 months when u vaccination season
coincides with the recovery period. In the latter case, the recovery process

is slower due to the additional routine demand incurred during u vacci-
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nation campaigns. Depending on the variability in demand, which could
be driven by other extraneous factors (another infectious outbreak, need
for booster vaccinations, policy or mandate implementations, or changes in
public perception), supply chain recovery ranges between 6 and 11 months,
although extreme scenarios resulted in disruptions lingering for over a year
and a half. See the baseline case below in Figure 2.3c.

Table 2.2: Results for the baseline scenario in an average year where the

emergency demand is outside of the u vaccination season or coinciding
with it.

KPI Outside u season Overlaps u season

Days Quantity Days Quantity
Emergency dose 1 0 0 0 0
Emergency dose 2 8 2.8m 8 2.8m
Emergency dose 3 10 5.7m 10 5.7m
Routine demand 41 15.6m 41 17.9m
Supply chain recovery 249 333

2.3.2 Comparison of surge response interventions for the anthrax

scenario

Next, the surge response actions are compared to evaluate their relative
performance. For this analysis, the annual demand, daily demand, and
timing of the emergency relative to u season are varied stochastically,
so the results provide a distribution for each performance metric. Figure
2.3a shows the results for days late meeting or exceeding deadlines for
full administration of each of the three doses (because the values were not
widely distributed, only the averages are shown); Figure 2.3b and Figure
2.3c show the distributions for days diverting from routine demand and
days to recovery , respectively. Table 2.3 summarizes the Key Performance

Indicators (KPIs) for all cases.
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(a) Average additional days beyond the
deadline required to fully administer
each dose to the a ected population. (b) Days diverting from routine demand.

(c) Days to recovery.

Figure 2.3: Comparison of the surge strategies in the anthrax case with
one a ected city. Box plots show the median, quartiles, and range of the
results.
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Table 2.3: Comparison of surge strategies (one urban area a ected)

Base- Increase Add Pro- | Substitute | Substitute
line SNS In- | duction Product Product
ventory Line for All | for Em.
Demand Demand
Only
Days late serving | O 0 0 0 0

emergency demand
dose 1 (average)

Days late serving | 4 0 2.1 0 0
emergency demand
dose 2 (average)

Days late serving | 6 0 3.2 0 0
emergency demand
dose 3 (average)

Days diverting from 33.9 14.9 30 18.2 19.3
routine demand (av-

erage)

Days to recovery (me- | 299 135 113 30 143
dian)

Increasing SNS inventory to double the currently assumed amount is
su cient to meet the demand for the rst two doses without pulling any
inventory from the commercial supply chain. This intervention approach
eliminates late doses because the SNS can now meet all the demand from
doses 1 and 2, and the commercial supply chain has built up su cient
inventory by dose 3 to meet the demand on time (because supplies were
diverted starting on day 1 of the emergency). It also reduces the days
diverting to about three weeks, since no further inventory needs to be drawn

from the commercial supply chain. The recovery time improves but remains

long, with a median of almost half a year. Holding the same amount of
inventory at the distributor or manufacturer yields almost identical results

(not shown) because of the assumption that SNS can coordinate emergency

shipping with a 2-day lead time. More generally, each additional day of
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inventory held, where one day of inventory is one day of average routine
demand, decreases the recovery time frame by approximately 8 days (until
the total inventory is su cient to entirely meet the emergency demand; see
results in Table A.2 in Appendix A).

The second intervention isto  expand production surge capacity by adding
a production line. Compared to the baseline, this approach decreases but
does not zero out the days late and days diverting , because the production
rate does not increase su ciently to meet the immediate emergency demand.

On the other hand, the results show that increasing the production surge
capacity could substantially reduce the average recovery time to around four
months (from nine), a major improvement. However, these results depend
on the assumption that an additional production line would be available
immediately after the emergency occurred, and this assumption may not
be realistic. It is likely impossible to build a new production line in the
emergency time frame 4, but even if the line has already been built, it may
take time to activate it. The recovery time increases linearly as the time
required to activate the production line increases, such that every 30-day
delay increases recovery time by 15 days. The detailed results are provided
in Table A.2 in Appendix A).

The nal intervention approach is to use substitute products . Two variants
are shown: one in which substitute products are authorized to meet both
routine and emergency demand, and a second in which they are only
authorized to meet the emergency demand. In both cases, substitution
reduces the days late to zero. The days diverting is just under three weeks,

similar to that resulting from doubled SNS inventory, because ACIP products

4As part of the vaccine response to COVID-19, a major distributor (BD) expanded syringe
and needle manufacturing capacity in approximately 14 months through a partnership
with the federal government [74].
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are still diverted to the emergency until they run out. The two cases diverge
for recovery time : when substitution is authorized for both emergency and
routine demand, the recovery time is near zero, but when authorized only for
emergency demand, backorders still form within the routine supply chain,
resulting in several weeks of diversion that require four to ve months of
recovery.

However, in reality, such an authorization could take time, especially
if it is not pre-approved. Any delay reduces the bene ts gained from this
approach. An approval greater than 10 days after the emergency begins is
too late to mitigate late vaccinations for Dose 2, due to shipping lead times.
Days diverting rises linearly from 20 days with no delay up to 30 days with a
20-day delay. The recovery time also grows with delays. When substituting
only for emergency demand, it grows from about 140 days with no delay
to 200 with a 20-day delay. When substituting for emergency and routine
demand, an immediate approval results in recovery in about 30 days, but
every month of delay nearly equally delays the time for the supply chain to
recover. See Figures A.1 and A.2 in Appendix A for details.

A case in which three cities are a ected simultaneously was also con-
sidered, resulting in an emergency demand of 30 million rather than 10
million a ected people. Figure 2.4 shows the resulting performance. In the
baseline case, days late is between one and three months per dose, days
diverting is more than four months, and the median days to recovery is
more than two years with a distribution spanning one to four years. This
performance is clearly problematic. Increasing the SNS inventory helps with
the initial dose, but the remaining KPIs improve only slightly from the base
case. If timely delivery of the rst dose is the most important factor, then

this intervention enables resources for the most critical moment. As in
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the single-city case, expanding production improves supply chain recovery
but has limited e ect on the other performance measures. Only the use

of substitute products provides any signi cant improvement in all three
performance measures.

Of course, surge responses may also be used in combination. Returning
to the one-city case, Figure 2.5 shows how combinations of SNS inventory
and product substitution  perform for days late and recovery time . For broader
applicability, the inventory level is described in terms of its ratio to the total
products needed in the emergency scenario, and the substitute products
are described in terms of the ratio of products needed to their total annual
volume. For reference, in the scenario considered here, the total products
needed (30m) is over 16% of the annual volume of the preferred products,
but only 4% of the annual volume of the preferred-plus-substitute products.

A sensitivity analysis was conducted for two important assumptions for
which there is limited data: the variability in the annual demand and the
inventory policy, particularly the service level, of the manufacturer. These
two parameters in uence the amount of inventory (safety stock) held in the
supply chain. However, the analysis found that neither has much e ect
on the results, since the demand surge dwarfs any amount of safety stock
present in the system. Increasing the variability of annual demand only
increases the variability, not the median, of the supply chain's recovery

time. Details of this analysis can be found in Figure A.3 in Appendix A.

2.3.3 Comparison of surge response interventions for the epidemic

scenario

The results for the epidemic u scenario complement those from the

anthrax case. There are a few key di erences in the scenario. First is the
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(b) Months diverting from routine de-
(a) Days late for each dose mand

(c) Time to recovery

Figure 2.4: Comparison of the surge strategies in the anthrax case with
three a ected cities. Box plots show the median, quartiles, and range of the
results.
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()

Figure 2.5: Heatmap for key performance indicators at varying ratios for
total products needed to annual volume and SNS inventory to total products
needed.
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scale of the demand. Where the anthrax scenario generated a demand for
30 million products in the one-city case, the epidemic response requires
well over 100 million products in the worst case. However, the volume of
products available to meet that demand is also much greater. Unlike in
the anthrax case, where only ACIP-preferred products are approved for
emergency use, u vaccinations may be given using both ACIP-preferred
and non-preferred products. As a result, the volume of products available
in the commercial supply chain is much larger than in the anthrax case
(900 million as opposed to 187 million in annual production, as shown in
Table 2.1). A third key di erence here is that product substitution is not
feasible, since both ACIP-preferred and non-preferred are already assumed
to be directed to the vaccination e ort. While it might be possible to use
non-safety needle and syringe products, that possibility is not considered
here.

Figure 2.6 shows the results for the baseline case no intervention other
than the SNS for a variety of demand scenarios representing di erent
percentages of the US adult population seeking vaccination. The historical
u vaccination rate for adults over the last decade has been between 40%
and 50% [ 38, 39]. Assuming vaccinations receive priority in an epidemic
scenario, the results demonstrate that increasing the u shot demand
beyond normal levels leads to tens of millions of delayed administrations for
all other routine needs and up to three months of recovery time, but could
go as high as ve months within a very-high demand environment.

Figure 2.7 shows the impact of surge response interventions under
assumed high-demand" conditions (80% of the adult population requesting
vaccination) on the time diverting from the routine supply chain and on

overall times to recovery. (The diverting time is the length of time to resolve
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Figure 2.6: System performance with increasing demand for u vaccinations.
The boxplot represents the distribution of average days for supply chain
recovery at various levels of demand for vaccinations and the blue line
represents the average number of routine shots delayed for that scenario.

unmet demand for u vaccinations, while all other routine demand is being
deferred.) As in the anthrax case, a production line surge in concert with
the existing emergency inventory is more e ective than further increasing
stockpiles. (However, note that the analysis here assumes a 25% increase in
the production capacity of  all products, not just the ACIP-approved products.
Such an investment, made by multiple manufacturers, may not be feasible.)
Counterfactual cases are also presented here, where less than the assumed
full inventory of the SNS are utilized for emergency u vaccination, leading

to diversion times upward of one month.

2.4 Discussion and Conclusions

A key contribution of this paper is to demonstrate the importance of
considering not only the adequacy of an emergency response but also the
impact of the response on routine healthcare . For example, in the single-city

anthrax scenario, two surge interventions (emergency substitution and
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(a) Days diverting from routine demand. (b) Days to recovery.

Figure 2.7: Comparison of the distributions of time for supply chain dis-
ruptions under response strategies to a pandemic u scenario.

doubling SNS inventory) allow all the emergency demand to be met on
time. However, even these successful approaches result in three weeks
of supply diverted from the commercial supply chain, 4-5 million routine
vaccinations delayed, and median recovery times of more than four months.
Likewise, meeting a moderate increase in the demand for u shots, from
50% to 70% of the adult population, would lead to 40 million other (routine)
shots delayed. These are massive impacts on routine healthcare delivery,
including delayed childhood vaccinations and delayed surgeries. Response
strategies should be designed with these impacts in mind.

This paper also provides insight into the kinds of response interventions
that may be able to mitigate these impacts. When substituting a product is
a viable option, it is the best approach to meet massive surges in demand.
Substitution exhibits the best performance on all metrics, especially when
it is allowed for emergency as well as routine demand. This aligns with

previous literature that also found substitution to be e ective [ 16, 104, 147,
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150, 159]. The present analysis, like others, shows that substitution can
help to meet emergency demand; but it also goes beyond previous studies
to show its importance in mitigating impacts to routine healthcare delivery
(especially recovery times). Substitution, a policy decision, is also likely a
less expensive approach than stockpiling inventory. Product substitution
therefore represents an important and under-considered opportunity to
mitigate the impacts of emergency demand surges for medical products.

Adding an additional production line  does not appear valuable when per-
formance is measured only in terms of meeting emergency demand. However,
its value becomes clear when examining the recovery of the commercial
supply chain. Expanding production can signi cantly reduce recovery times
in all the scenarios explored here, thus enabling fewer delays in routine
healthcare procedures. On the other hand, this action can be extremely
expensive if a new production line must be built and then held in readiness.
Such a response may be feasible for one product type, such as the ACIP-
preferred products, but appears increasingly infeasible when extended to
multiple products produced by multiple companies.

Increasing inventory can be very e ective depending on the amount of
inventory added. However, doubling the assumed SNS inventory levels
provides similar performance to substituting emergency demand and is
likely much more expensive due to storage and stockpiling costs for the
additional inventory. Furthermore, its value decreases when considering
massive demands such as those occurring in a u epidemic as modeled

here.
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2.4.1 Recommendations

Based on these results, we recommend that planners for health emer-
gencies consider not only the adequacy of emergency response but also
its impact on routine healthcare. The results show that such emergencies
may lead to millions of delayed procedures and many months of impact to
commercial supply chains.

Using a substitute product is recommended for primary consideration
as a surge response action. However, using a substitute product adds
additional challenges. First, its feasibility and performance depend on the
volume and acceptability of substitute products available in the market.
Needles and syringes are widely used and there are many di erent types;
therefore, there is a large volume of similar products on the market. For other
products, such as specialized vaccines, reasonable substitutes might not be
available. (In such cases, creative solutions might alternatively be explored,
such as lower dosages and/or dilution, as was explored with the COVID-19
and Yellow Fever vaccines [ 157].) Furthermore, substitute products must be
safe and e ective and may require formal regulatory approvals. Additional
training in the use of these products may also be required, even if just-in-
time training is administered. Readiness activities can include identifying,
researching e ectiveness, quantifying, and ranking the substitute product
alternatives, establishing a pricing structure, developing any necessary
guidance, and setting up advance approval. Similar recommendations
resulted from the 2014 Ebola outbreak, in which a wide array of product
types were employed [118].

Expanding inventory and production capacity are also valuable as an
intervention, for di erent purposes. Namely, as mentioned earlier, expanded

inventory assists in meeting short-term emergency demand but production
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capacity is valuable in speeding recovery or meeting large long-term demands
as in the COVID-19 pandemic. Indeed, a production expansion approach
was pursued during the COVID-19 pandemic when the Defense Production
Act of 1950 was invoked to increase the supply of protective masks and
later vaccine doses [ 112, 135]. On the other hand, expanding production
can be extremely expensive if a new production line must be built and then
held in readiness. Such an intervention may be feasible for one product
type produced by one manufacturer, such as the ACIP-preferred products,
but appears increasingly infeasible when extended to multiple products
produced by multiple companies.

We also recommend that attention be paid to the speed of implementing
response interventions. In all three cases, our analysis shows that timing
is critical. While the SNS has invested in capacity for shipping inventory
rapidly, there has been less attention to the speed of approving substitute
products or ramping up production. Additionally, anthrax post-exposure
prophylaxis also involves prompt antimicrobial therapy with antibiotics in
conjunction with the vaccine series. Thus, delays in the initial vaccination
response would have consequences beyond dose timing alone, such as an
operational reliance on a prolonged antibiotic regimen, which is associated
with adherence challenges, adverse e ects, and additional cost [28].

The analytical and simulation approach used in this paper can be adapted
for assessing other products. Di erent health emergencies generate di er-
ent demand pro les, such as more varied supplies required per a ected
person, or supplies required all at once or spread out over days and weeks.
In the COVID-19 pandemic, for example, the needle and syringe manufac-
turers had adequate lead time (during COVID-19 vaccine development) to

markedly increase the supply needed to administer the vaccine, but there
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were severe shortages of other products that experienced signi cant and
sustained increases in demand, such as personal protective equipment
and testing supplies [ 55]. These demand pro les are di erent from the
signi cant but short-term demand surges studied here. Di erent supply
chain contexts also need to be considered, especially for critical products
with complex or international suppliers. This research assumed no extra-
neous disruption to the manufacturing and supply chain process, whereas
the COVID-19 pandemic e ects created a range of manufacturing and

distribution challenges.
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Chapter 3:  Managing a Critical Goods Supply Chain Under

Disruption: The Case of the 2022 Infant Formula Crisis

3.1 Introduction

In February 2022 a bacterial outbreak ( Cronobacter sakazakii ) prompted
a total shutdown at the largest manufacturing facility for infant formula in
the United States. Although there were some initial reports, the extent of
the impact to the supply chain went unnoticed by consumers for months
until stocks on shelves began to decrease. At that point, consumer panic in
addition to routine purchasing resulted in stockout rates for infant formula
that exceeded 60%, and in some areas as high as 90%, before other manu-
facturers increased production and the government implemented response
actions to increase supply [6, 11].

Infant formula is an essential commodity in the United States, with
more than half of infants relying on formula in their rst year [ 89]. For
formula dependent infants and those with allergies or special medical needs,
formula is a literal lifeline and their sole source of nutrition. Empty store
shelves during the 2022 infant formula shortage left caregivers scrambling
to nd supply. Various coping mechanisms were employed: some tried
and retried multiple locations, others relied on friends or group support,
utilized food banks, or switched to substitute formula, breastfeeding, or
di erent products (such as cow's milk) [ 85]. The shutdown of a major
facility that produced some specialized formulas left those most vulnerable
babies at heightened risk. Such real-life impacts make clear that ensuring
a resilient and equitable infant formula supply chain is imperative to protect

the well-being of families during times of crisis and disruption.
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In an evaluation conducted by the U.S. Food and Drug Administration
(FDA) later that year, the agency found that it and other organizations
within the federal government lacked authority, expertise, or resources
to manage supply chain issues and shortages of critical food products"
and that further analysis of critical food products was necessary [ 140]. A
consensus study between the National Academy of Sciences and the FDA
[134] released in 2024 conducted a more in depth analysis of the formula
shortage, nding it to be the result of a perfect storm" of associated supply
chain challenges: lingering complications from Covid-related issues, a recall
of existing inventory, and a shutdown of one production channel for an
extended period of time. The committee evaluated characteristics of the
U.S. formula market and provided recommendations to prevent another
shortage of a now designated critical food. While extensive in its root-cause
analysis and policy recommendations, the report included no analytical
or scenario-based analysis of the recommendations or their impact in the
event of another shortage. Likewise, we could not nd any examples in
the academic literature of a modeling e ort to analyze a disruption of the
U.S. supply chain for this critical product, including potential mitigation
strategies or policy responses.

It is essential to identify strategies for increasing the resilience of supply
chains in cases such as these, where consumers' health, well-being, or
survival depend on a good or service. Infant formula is an example of
an essential public good supply chain that recently experienced a major
disruption that we can analyze and more broadly apply research ndings
for these types of products. To that end, this paper examines the case
of the 2022 infant formula shortage. The goal is to better understand

the e ectiveness of simple prioritization rules and response policies for
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managing a decentralized supply chain and their impact on resilience and
equity ( RQ1). Further, we seek to better understand how e ective the
2024 National Academies' recommendations could perform in a similar
disruption ( RQ2). We accomplish this through the design of a supply chain
Agent Based Model (ABM) that was coded in Netlogo and consisted of three
tiers of interrelated actors. We validated against the real world supply chain
data during the formula shortage, speci cally based on data for reported
production, sales, import, export, and stockout rates. We then vary the
baseline scenario to test and compare various rules for prioritizing limited
inventory when demand exceeds supply. We also consider the following
additional primary policy changes during a disruption: timing of tari relief
and import increase, limiting consumer purchasing to reduce panic buying
and hoarding behavior, waivers for product substitution, and additional

production capacity for emergency use.

3.2 Literature

Recent natural disasters (such as earthquakes in Haiti, and Hurricanes
Harvey, Maria and Helene) and the Covid-19 pandemic have exposed vul-
nerabilities in critical goods supply chains across the world [ 30, 52, 59,
105, 130, 132]. The medical supply chain in the United States, in partic-
ular, practices extremely lean inventory management policies, and nearly
40 million individuals experienced the shortage of a medical good in late
2023 [ 26]. Predictable routine demand and tight interconnections between
manufacturers, distributors, and retailers permit this system to function
well under normal circumstances; however, outcomes can degrade during
disruptions as a result of increased demand, decreased available supply,

or frustrated coordination mechanisms [ 52, 75, 105, 132]. For example,
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supply chains for N-95 masks, medical equipment, generic drugs and other
pharmaceuticals, saline and intravenous uid, and infant formula share the

common description of being decentralized medical or public good supply
chains with consolidated manufacturing bases that experienced some kind

of disruption, resulting in increased stress, hardship, and human su ering.

3.2.1 Disruption response approaches

The literature on essential goods supply chains, such as those for med-
ical products and food, has grown substantially in the past two decades.
Comprehensive reviews, such as Katsaliaki et al. (2022), classify types of
disruptions, their impacts, and the strategies proposed for mitigation and
recovery. Common disruptions archetypes are breakdowns in production,
supply, and transportation due to natural disasters, pandemics, supplier
failures, demand surges, and quality/safety incidents [ 81, 86]. In particular,
the Covid-19 pandemic exposed vulnerabilities in essential goods supply
chains, such as food and medical supplies [ 124]. A consistent nding is
that proactive preparation and reactive response are both needed. Proactive
strategies build robustness and resilience prior to an event and include
safety stocks, multi-sourcing, and fortifying infrastructure. Reactive re-
sponses after an event occurs include emergency logistics and allocation
policies [32].

There has been extensive research using mathematical approaches and
optimization to achieve coordination between commercial supply chain part-
ners using approaches such as framework agreements, options contracts,
information sharing, implementation of information technology, and joint
decision-making [ 25, 33, 35, 83, 102, 162]. Optimization approaches have

been successfully developed to achieve favorable coordination between small
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numbers of actors over single or few periods; however complexity increases
with larger systems over longer periods, which limits the implementation

of analytically intensive approaches for problems of larger scale. On the
other hand, Discrete Event Simulation and ABM can analyze more complex
supply chains under disruption and there is some growing work to study

food and medical supply chains coordination measures in the wake of the
Covid pandemic disruptions [ 10, 18, 32, 124, 151, 159]. The present paper
leverages this opportunity to explore supply chain disruption response using
simulation based approaches.

A number of key response actions or strategies for disrupted supply
chains and their e ectiveness has emerged from the literature: inventory
bu ers and stockpiling, redundancy in sourcing and capacity, exible lo-
gistics and routing, information sharing and early warning, prioritization
and allocation policies, and government policy interventions. These six
responses will be described in greater detail throughout the following para-
graphs.

Maintaining extra inventory, such as safety stock or strategic stockpiles, is
a classic hedge against supply interruptions. Numerous studies con rm that
inventory bu ers improve the ability to meet demand during disruptions
[151]. For essential goods, strategic reserves can be lifesaving, such as
government maintained stockpiles of medical supplies to be released during
a shortage. The trade-o for hedging risk is additional cost and potential
obsolescence. Rahman et al. (2021) found that an emergency stock of face
masks was crucial to bridging the supply gap until production could catch
up [124]. Viana et al. (2021) similarly showed that prepositioned medicine
stocks improved service during a demand spike [ 151]. Rathore et al. used

SD to simulate Indian food grain transportation and showed that inventory
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and capacity needs rise sharply as risk level also increases, supporting
policy design for inventory bu ers and eet sizing | 125]. Excess inventory
alone is not a complete cure-all and comes with added costs for procurement,
maintenance, and storage; but it can buy time for other response measures,
thereby improving outcomes and mitigating disruptions.

A resilient supply chain avoids single points of failure. Multi-sourcing
(having multiple suppliers for a key input) and excess capacity (having the
ability to surge production) are known strategies for disruptions [ 1241]. For
example, when one supplier is not operational, downstream orders can
shift to an alternate source if available. Researchers advocate building
more distributed and exible production networks for essential goods, even
if it means some added redundancy in the system. In studies, adding a
second supplier or backup production line signi cantly reduced the risk
of total supply chain failure [ 57, 124]. A major nding from Rahman et
al. (2021), applicable to both stockpiling additional capacity, is that speed
matters. Quickly activating emergency supply and ramping up production
signi cantly improved service levels and reduced nancial losses for manu-
facturers. Delayed responses, on the other hand, led to prolonged shortages
propagating through the system [ 124]. Maintaining excess and idle capacity
does have cost implications, so decision-makers must consider the added
cost compared to the impact of potential disruptions.

Resilient networks build in exibility. Disruptions to transportation net-
works, such as port closures or road blockages, can paralyze supply chains.
Possible responses can include alternate routes, multiple distribution cen-
ters, or the ability to reroute shipments. This exibility in route or mode
is analogous to multi-sourcing, but for transportation links, as shown by

Esteso et al. (2023). They constructed a model to simulate demand, supply,
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transport, and node-operability disruptions for a ve-stage agricultural food

supply chain in order to model transportation disruptions. They proposed
planning levers that stabilized throughput and contingency transportation
options (alternate carriers or modes) to maintain ow [ 56]. In practice,
companies may contract secondary logistics providers or design supply net-
works with redundant routes; however these measures can increase transit
costs [128, 148]. During Covid lockdowns, exibility in last-mile delivery
helped to maintain food supply in some regions, showing the importance of
non-traditional delivery networks during a disruption [103].

A softer but nevertheless useful approach is improving visibility and
information ow across the supply chain. If suppliers and buyers both
share real-time data, then it becomes easier to anticipate and react to dis-
ruptions. Such useful data includes inventory levels, production status,
and shipment tracking. Enhanced visibility can be a tool that aids e ciency
[32]. An additional example is that of a manufacturer learning immediately
of a supply disruption due to a re and then proactively switching to another
source before customer orders are missed [ 84, 114]. Similarly, Azizsafaei et
al.'s (2022) systemic risk management model examined the gap spanning
food supply chain risk and dynamic feedback e ects, spanning production,
logistics, and retail. They simulated macro- and operational-risk interac-
tions to prioritize mitigation in dairy chains, showing decision-makers the
benet of proactive strategies and alertness systems | 23]. Although pro-
posed for infant formula production, the recommendations from Al-Khatib
et al. (2024) are generalizable to other supply chains: to combine traditional
risk mitigation with technology-enabled solutions, such as data analytics or
digital twin simulations, to build a smarter supply chain that is faster, more

targeted in responses, and minimizes the potential for disruptions [13].
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When a disruption causes scarcity, who receives the limited supply be-
comes a critical decision. Prioritization rules and allocation policies are
response measures to manage demand. Simple rules are often utilized in
practice. For instance, during the formula shortage some retailers imposed
purchase limits per customer to prevent hoarding and spread available stock
more evenly [ 8, 19]. Similarly, hospitals triage resources to the most critical
patients during medical supply shortages | 75]. Abushaega et al. (2024)
developed a model for fair distribution of scarce transportation capacity
during disruptions, aiming to maintain minimum service levels at all de-
mand points. The type of rationing as a response can dramatically impact
both performance and equity outcomes. Fairness-based" allocations, de-
scribed as ensuring each region or customer gets at least a minum supply,
can improve overall satisfaction and resilience, as it prevents catastrophic
outcomes where some groups are marginalized, under-served, or completely
neglected [9].

Public-sector action often plays a role in disruption response for essential
good supply chains. This includes invoking emergency powers, subsidies,
price controls, relaxing or tightening regulations, and coordinating industry
responses [ 61, 78, 102]. Government action played a role in the infant
formula shortage, with import regulations temporarily relaxed to allow
foreign formula to augment the domestic market and logistics support
through the direct import of formula from overseas on military aircraft | 134].
Yenerall et al. discusses the tradeo s of such policies, such as how the
loosening of import restrictions can increase supply diversity but might
introduce regulatory or quality risks [ 161]. Similarly, adjusting subsidy
programs that have led to market concentration, such as WIC at individual

state levels, could lead to improved product availability but at a greater cost
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for the government [149].

In summary, the literature identi es a variety of response tools that
collectively enhance supply chain resilience during a disruption. Recent
examples include inventory bu ering, multi-sourcing, capacity exing, lo-
gistics exibility, information sharing, rationing, and policy support. Most
studies conclude that no single strategy is su cient and a combination

approach yields better results for resilience [124].

3.2.2 Infant formula supply chain literature

Most previous studies within this industry have focused on production-
side risks rather than downstream resilience of the supply chain. The
closest quantitative simulation is plant-level microbial safety surveillance by
Kim et al., which is tied to the trigger of the crisis. They utilized Monte-Carlo
simulation of plant-level sampling/testing schemes to estimate detection
power for Cronobacter under various lot sizes and sampling designs. While
not a supply-chain ow model, their work quantitatively evaluated surveil-
lance policies central to the 2022 recall dynamics. Their results showed how
sampling plans materially change detection likelihood, informing prevention
strategies that a ect shortage risk [ 91]. Simulation approaches have been
utilized by several other e orts within this industry. Daeschel et al. (2025)
constructed stochastic simulations of equipment cross-contamination and
cleaning strategies (such as dry wiping, ushing) in powder processing. They
showed which cleaning combos cut residual contamination, which would be
informative for production-node risk and shutdown duration assessments
[49]. Gailard et al. (2025) also utilized a Monte-Carlo approach to simulate
environmental factors and conduct a life cycle assessment for pasteurization

compared to micro ltration in formula production [ 62]. Marsh et al. (2016)
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constructed a discrete-event simulation to project downstream health and
economic outcomes from a formula attribute change | 108]. While these
works inform localized production disruption prevention or other processing
aspects, none engage in responding to a disruption. Al-Khatib et al. (2024)
mapped hazards and proposed an optimization-simulation approach as a
framework for risk management in the infant formula industry; however,

the actual simulation model remained for future research. They speci cally
mapped hazards to interventions, such as stockpiling, multisourcing, and

policy support [ 13]. Haji et al. utilized a multi-criteria mitigation prior-
itization model for the infant formula and milk supply chain, employing

the Analytic Hierarchy Process to prioritize shortage options and consider
alternatives like safety stock, alternative sourcing, and allocation decisions.

Their work was one of the few to discuss prioritization during a formula
shortage by eliciting ranked response actions from professionals [ 67]. Reza-
eiahari and Lazic's (2020) discrete-event simulation of milk and formula
preparation work ows in a clinical milk lab examined queueing and re-

source patterns for perishables preparation, with implications for hospital

and retailer handling nodes under scarcity [126].

For infant formula supply chains, there has been a strong emphasis
towards policy frameworks to o er proposed responses. Food Control 2024
proposed a resilience framework for this supply chain that maps risks
and mitigation, but does not include empirical results from an analytical
study [ 13]. The U.S. Food and Drug Administration released a Long-Term
National Strategy in January 2025, which updates the 2023 Immediate
National Strategy and details federal levers (WIC waivers, import exibilities,
market diversi cation, and information-sharing). Both documents discuss

policy recommendations to prevent or mitigate future shortages, but neither
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utilize simulation or other analytical tools to quantify the impacts of their
recommendations [ 6, 7]. Our review of the literature revealed scarce peer-
reviewed papers that simulate the full manufacturer/distributor/retailer
network for infant formula, either prior to the 2022 shortage or since that
time. What does exist are plant or production-focused simulations and a few
adjacent, downstream, or methodological simulations in the infant-formula
domain.

In contrast, U.S. government and industry reports drawn from the for-
mula crisis highlight many potential responses and agree on core ndings:
that there is a need for proactive risk management, better communication,
and policy reforms for response to disruption in order to build robustness
in the supply chain against future crises. Speci cally, reports and evalu-
ations from the FDA and the National Academies all underscore the need
for redundancy in production and sourcing, inventory bu ers, and better
information sharing. For example, an FDA internal review found that an
over-concentrated market, lack of contingency plans, and limited regulatory
insight left the formula industry particularly vulnerable. It urged moderniza-
tion of data systems, clearer emergency coordination, and new authorities,
such as the requirement for manufacturers to notify the FDA of potential
shortfalls [ 140]. Also, the FDA's 2023 Immediate Strategy and 2025 Long-
Term Strategy called for manufacturers to maintain stockpiles and backup
production capacity, with active monitoring to support inventory control.

It also involved policy interventions, such as easing import restrictions,
issuing WIC waivers, and other regulatory measures, in order to diversity
supply and increase exibility during a disruption [ 6, 7]. Likewise, the 2024
National Academies Report Challenges in Supply, Market Competition, and

Regulation of Infant Formula in the United States" report recommended
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bu er inventories for this critical food, requiring proportional allocation
across distributors during a shortage, and the adoption of automatic policy
triggers (such as suspending tari s) to accelerate a response. It further
provided additional recommendations for additional research regarding the
extension of emergency policy remedies regarding the state contracting of
vendors for the Special Supplemental Nutrition Program for Women, Infants,
and Children (WIC) during disruptions and the need for sector-wide risk

management planning [134].

3.2.3 Research gap

In conclusion, a common theme across government reports is that no
single solution is su cient and resilience requires multiple approaches.
Prior work speci ¢ to infant formula recognizes these various approaches to
respond to a disruption, but the studies are mostly con ned to government
reports recommending policy. The academic literature has been sparse on
infant formula supply chain disruption response across multiple echelons.
Academic papers to date largely address upstream aspects of the supply
chain, such as production risks, rather than the full spectrum of inventory,
sourcing, distribution exibility, allocation, and policy interventions that
the supply chain literature recommend during and after a crisis. While
both proactive preparation and reactive response strategies appear in the
literature, many quantitative models focus on risk assessment or single mit-
igation measures in isolation. Few capture the propagation of disruptions
across multiple echelons or optimize a mix of concrete actions [ 32]. This
highlights a research gap in analyzing coordinated responses in complex
supply chain networks. Additionally, this leaves a research opportunity to

simulate several policy levers: tari waivers and import surge programs, fed-
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eral/state emergency stockpiles and release rules, WIC vendor and contract

exibility, and prioritization or rationing rules.

3.3 The Infant Formula Supply Chain

The 2022 infant formula shortage provides a salient example of how con-
centrated production, regulatory structures, and limited exibility interact
to magnify vulnerability in a supply chain. Situating this event in context
allows us to assess which response strategies are most relevant and which
gaps remain in both research and practice.

Infant formula is a nutritionally complete manufactured food designed
for infants up to 12 months of age. It supplies essential nutrients, such as
proteins, fats, vitamins, and minerals, when other sources are unavailable,
insu cient, or less medically bene cial [ 121]. Formula use in the U.S.
is widespread, with approximately 75% of infants six months or younger
consuming either formula exclusively or as a supplement to breast milk
[50, 134]. Because the FDA regulates infant formula under strict safety,
manufacturing, labeling, and nutritional standards, substitution from over-
seas products is di cult [121].

The supply chain for infant formula in the United States is depicted in
Figure 3.1. As a result of consolidation over the last three decades, there
were four major manufacturers at the beginning of 2022, who combined to
produce 99% of the domestic formula in the country, as detailed in Table 3.1.
For the largest manufacturer, Abbott, the shutdown of the a ected facility
in 2022 a ected over 40% of the company's production for the domestic
market [6].

Formula is distributed from the manufacturers through a variety of

supply chain channels. Distribution to individual retailers can take place
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through merchant wholesalers, manufacturers branches, internal retailer
distributors, through group purchasing agents, and directly to hospitals.
Merchant wholesalers buy and resell food, assemble it for distribution, load
it for transport, and deliver it to customers like supermarkets, food service
establishments, or the export market. Many larger chains and big box
stores,” such as Walmart, Kroger, and CVS, will employ their own internal
distribution networks, with purchase agreements directly with food man-
ufacturers. Other large supermarket chains and e-commerce retailers do
the same [ 80]. Many smaller stores, independent chains, pharmacies, clin-
ics, and some hospitals rely on intermediary distribution networks. Most
hospitals and medical providers received formula directly from the manu-
facturer or through group purchasing organizations, however this channel

represents only a small fraction of the domestic formula distribution.

Figure 3.1: High level overview of the infant formula supply chain in the
U.S. Adapted from [134].

A factor in the market and consumption of infant formula in the United
States is the Special Supplemental Nutrition Program for Women, Infants,

and Children (WIC). This program provides assistance to 7 million low-
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income individuals, including 2 million infants, which accounts for 56%
of the formula consumed in the country annually. Not all retailers are
able to accept WIC funds from consumers and number of WIC retailers in
a state is typically proportional to the share of consumers receiving WIC
benets [ 161]. Although funded nationally through the U.S. Department
of Agriculture (USDA), each state is required to operate their own WIC
agency. Each state agency contracts with a preferred formula manufacturer
based on a competitive bid process, so there is limited exibility to for a
state to authorize a substitute product for those users during a shortage.
Manufacturers are therefore incentivized to bid for state WIC contracts
and also provide formula directly to hospitals for introduction to newborn
infants and new parents in order to corner the market." This process has
led to market consolidation since 1989, with some manufacturers leaving
the market and others merging, By 2022, only three companies actively bid
for state WIC contracts. Within a particular state, the WIC-preferred brand
tends to achieve dominance through a combination of factors: preferential
placement on store shelves, introduction within hospitals, and consumption
subsidized by WIC [72, 134].

Demand for the WIC-preferred product further dominates the market
within a state or locality because WIC brands can be purchased by both
non-WIC and WIC recipient caregivers, yet WIC recipients can only utilize
those bene ts for the WIC contracted brand. The average market share for
WIC products is 86%, with that trend holding true when a state contract
changes preferred manufacturers. This phenomenon is known as the WIC-
spillover or WIC-halo e ect. There is no regional alignment with WIC
contracts and states renegotiate and rebid every few years [ 87, 89]. In 2022,

Abbott held both a majority of the state WIC contracts for milk and soy
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formula, and a plurality of the overall market share (40%) [6, 134].

Due to import restrictions and high tari s, less than 2% of the formula
sold in the United States is imported from other countries. These restrictions
serve two primary purposes: to protect the domestic industry and to ensure
compliance with high nutritional standards. The U.S. is a net exporter
of infant formula, so a portion of the domestic production is contracted
for shipment to other countries, with Canada as a primary consumer of
U.S. formula. Exports of infant formula typically exceed imports by seven
times [ 11]. The majority of the inventory produced in the U.S. proceeds into

domestic distribution channels.

3.3.1 2022 formula shortage and response

The infant formula supply chain crisis was the result of a con uence
of factors in late 2021 and early 2022. Food supply chains remained chal-
lenged in the wake of major disruptions due to Covid pandemic shutdowns.
These disruptions not only impacted raw ingredients and food production,
but also the supply chains for packaging and shipping materials. Addition-
ally, consumers remained sensitive to stockout events for necessary goods
and would frequently overbuy" in preparation for a perceived or ongoing
shortage, either intentionally or unintentionally hoarding products. For
infant formula in the U.S., stockout rates ranged between 20% and 30% in
early 2022 due to these preexisting factors. The most proximate cause of
this supply chain disruption was a sudden decrease in the available supply.
There were initial reports to the FDA of a possible link between the bacteria
Cronobacter sakazakii and formula manufactured by Abbott Nutrition at
the manufacturer's largest facility in Sturgis, Michigan. In response to an

FDA investigation linked to four cases of illness or death, Abbott halted
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production and conducted a voluntary recall of potentially contaminated

formula on February 17, 2022 [134, 140, 154].

Figure 3.2: Monthly timeline of the infant formula shortage, with national
stockout rates, signi cant events, and levels of production, consumption,
import, and export, based on data from [6, 11]

Figure 3.2 presents a month by month timeline of supply, demand, and
ensuing national stockout rates during 2022. National production levels
decreased starting in March with the shutdown of a major facility for the
largest manufacturer of infant formula in the U.S. Existing stockpiles within
the supply chain were initially su cient to o set shortages for consumers
at the retailer-level of the supply chain. Throughout the months of March
and April, national stockout rates only modestly rose while sales remained
generally consistent. In late April and May, media reports began to widely
circulate and there was a signi cant spike in purchases, almost 50% greater
for a three-week period, which sent stockout rates surging throughout the
country.

As part of the response, the FDA amended its guidance to o er regulatory
exibility, including opening internationally manufactured formula to the do-
mestic market. In May, the Biden administration also attempted to expedite

formula from overseas with Operation Fly Formula, transporting formula
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on military aircraft, and incentivize domestic manufacturers through the
use of the Defense Production Act [ 76, 89]. These actions reduced barri-
ers to import formula into the U.S. market that are normally in place to
protect domestic manufacturing and ensure strict regulatory compliance.
Throughout the summer months, production slowly resumed at Abbott's
Sturgis facility, although with several delays from ooding due to severe
thunderstorms. At the same time, U.S. imports of formula (most notably
from Ireland) temporarily tripled and helped to boost availability within
the domestic market [ 134 ]. By September and October, national stockout
rates decreased to approximately pre-disruption levels, slightly greater than
20% according to FDA data [ 6], meaning that the overall disruption lasted
approximately seven and a half months from production shutdown until

retailer stockout recovery.

3.4 Methods

Building on this background, we now turn to a modeling framework to
systematically analyze the resilience of the infant formula supply chain
under disruption. While descriptive accounts and policy evaluations have
provided important insights, simulation allows us to replicate the dynamics
of the infant formula shortage and test alternative response actions under
controlled conditions. The methods presented in this section specify the
structure of the ABM, the assumptions underlying its parameterization, and
the disruption scenarios evaluated. Together, these design choices establish
a foundation for evaluating response strategies through both prioritization
rules and policy response actions, with respect to resilience and equity
outcomes. This modeling e ort thus serves as a quantitative extension of

the policy recommendations reviewed in Sections 3.2.1 and 3.3.1.
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3.4.1 Overview

To evaluate the resilience of the U.S. infant formula supply chain and its
vulnerability to major disruptions, we developed an ABM in NetLogo that
replicated the crisis. The modeling framework captured the structure of a
three-tier system while accounting for the unique features of the formula
market, such as state-speci ¢ WIC contracts and concentrated production
capacity. By parameterizing the model with real-world data on produc-
tion, sales, imports, exports, and stockout rates, the simulation aimed to
mirror observed dynamics during the crisis. The disruption scenario and
alternative response actions were introduced to examine system behavior.
Performance was evaluated in terms of resilience, measured by the propor-
tion of demand met, and equity, measured using inequality indices including
the Gini coe cient. This framework provided a systematic basis to test pri-
oritization (or allocation) rules and policy interventions, and to assess their
implications for both supply continuity and fairness in access. Simpli ed
pseudocode for this updated version of the supply chain model is included
in Appendix B. The following section details the structure, assumptions,
and parameterization of the model, outlining how agent behaviors, demand
processes, and disruption scenarios were speci ed to replicate conditions

in the infant formula supply chain.

3.4.2 Supply chain model

The model was structured as a three-tier supply chain as depicted in
Figure 3.3, consisting of manufacturers, distributors, and retailers, with
agents parameterized to re ect real-world production capacities, inventory

policies, and demand patterns. Additionally, retailers are further subdi-
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vided into di erent classes in order to approximate key features of the
grocery supply chain. Every time period, each manufacturer produces
a daily allotment of its product (brand). For this e ort, we implemented
four manufacturers with production capacities and demand equal to the
market share for formula at the end of 2021, just a few months prior to
the manufacturing shutdown and product recall that began this disruption.
Table 3.1 re ects this breakdown. Distributors act as middle-men," with
a handful of these agents ordering appropriate amounts of products from
the various manufacturers, storing, then ful lling orders from downstream
retailers. Some retailers, depending on their type and behavior, may order
directly from the manufacturers rather than intermediate distributors and
then manage their own internal distribution. Customer demand for each of
the four product brands is realized stochastically at each individual retailer
during each time period. Downstream agents order from the appropriate
source according to their inventory control policies. Therefore, there is a

constant ow of products in one direction and orders in the other.

Figure 3.3: Supply chain simulation model with ordering and supply rela-
tionships between agents.
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Manufacturer Market Share
Abbot 40%
MJN/Reckitt  31%
Nestle/Gerber 17%

Private Label 11%

Others 1%

Table 3.1: Market share for infant formula manufacturing in the United
States, End of 2021 [6]

3.4.2.1 Retailer types

Four classes of retailers were implemented in the simulation model. Hy-
per retailers  are the largest chains, approximating big box stores, national
pharmacy chains, and the largest grocery chains. Speci cally, hyper re-
tailers are assumed to exclusively employ their own in-house distribution
networks. Therefore, we assume a direct relationship between the hyper
retailers and the manufacturers, without an independent distributor in
between the two agents.

Ordinary retailers consist of grocery and convenience stores within
larger markets that rely on a distribution agent or network outside of their
organization and simultaneously exist in proximity to another retailer. These
can range from moderate-sized grocery chains to independent grocers and
small convenience stores. These agents order directly from a distributor.
Since they do not order directly from manufacturers, there is a longer
lead time from production to the point when products reach the retailers'
inventories. An added distinction between these retailers and ordinary
retailers within smaller markets is that unmet demand at a particular
retailer during a time period can be ful lled by another retailer in the next
time-step. This replicates consumer behavior when experiencing a stockout

and choice of retailers: if the rst store that they try is stocked out of their
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desired product, then they can try to purchase at an alternative store.

Isolated retailers  consist of other grocery and convenience stores in
remote areas or areas served only by the single retailer. Functionally, they
are similar to ordinary retailers within larger markets in that they order from
various distributors rather than directly from the manufacturers. They are
distinct from larger market retailers in that unmet demand during a time
period remains with that retailer and essentially renews at the beginning of
the next time period. This replicates consumer behavior under a stockout
when there is no alternative retailer, so they must attempt to purchase again
at the same location.

Hospitals order directly from retailers. Manufacturers, especially of the
WIC-preferred brand within a state, will typically supply hospitals with small
amounts of formula to provide to parents of newborns after birth. This
sample amount serves several purposes: supports new parents, promotes

brand acceptance, and quali es as a donation.

3.4.2.2 Inventory policies

We utilized an ABM approach in order to apply realistic inventory control
decisions at all levels, subject to random but realistic demand parame-
ters. According to their designated rules, agents Il orders received from
lower levels within their supply chain network and then appropriately place
orders with their suppliers. The primary inventory control measure that
we employed was a periodic inventory review policy. Under this approach,
agents will reorder from their upstream supplier after a set period of time
in order to bring the position of their total inventory (both in-stock and
in-transit) up to a speci c level. This order up-to point is determined by

historic demand, desired service level, and the expected in-transit time. The
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service level accounts for the lead time required for an order to travel from
the manufacturer to the distributor, review time between orders, and stock-
out protection. Given the inventory on hand at the time of order, the only
decision is the amount of product necessary to bring inventory position up
to the replenishment position. This policy was implemented with Equation

3.1:
q

S=np(Mm+r)+2z (M+r)sj+ngss (3.1)

where S is the replenishment position, r is the length of the review period,

np is the average daily demand, sj is the variance of demand, m is the
average lead time, s is the variance of the lead time, and  z, is the safety
factor based on the service level applied to the standard normal distribution.
Retailers and distributors use the same periodic review policy and their

own service level. Service level is de ned as the probability that an agent

does not experience a stockout prior to the next replenishment [ 44, 123].
Orders are lled to the extent possible and arrive after the shipping lead

time. Back-ordering is not allowed because it is assumed that consumers

will not purchase the product if it is not immediately available on the shelf;
however this unmet demand is tracked as lost sales. Depending on the
retailer-type, the unmet demand renews in the next time period at a di erent

agent (Ordinary Retailers) or in the same location (Isolated Retailers).

3.4.2.3 Products and WIC

Beyond inventory control, we incorporated the structural in uence of
the WIC program. Because WIC governs the purchasing power of a majority
of U.S. formula consumers, its contract design and constraints are essential
to faithfully reproducing supply chain outcomes. Within the model, each

manufacturer produces their own unique brand of formula. Distributors
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manage their inventory as discussed in Section 3.4.2 by ordering from all
four manufacturers, so they in turn can ful Il orders as necessary from the
downstream retailers. For each retailer, there is a parameter to randomly
determine two attributes: whether the retailer participates in the WIC
program and if so, which manufacturer's product is the WIC negotiated
brand. As mentioned in Section 3.3, approximately 56% of the formula
retailed in the U.S. is supported through WIC assistance and on average the
WIC-approved brand holds an 86% market share. We utilized these statistics
to randomly parameterize the retailers as non-WIC retailing or WIC-retailing
with one of the four brands. If an agent is a non-WIC retailer, then its
daily demand distribution is based on the national average from Table 3.1;
however if it has a preferred brand then that brand will predominantly
be demanded, with the remainder of demand distribution spread between
brands for the other manufacturers. During the shortage, WIC formula
purchase limits were temporarily eased via the Access to Formula Act as
part of the government's response [134]. Within the simulation, we do not
explicitly model purchase limits or restrictions for individual WIC customers;

instead, demand is aggregated by retailers as a daily occurrence.

3.4.2.4 Other parameters

Our baseline scenario was parameterized to approximate the scope of
production and demand for infant formula at the beginning of 2022, just
prior to the bacterial outbreak that triggered a production shutdown. We
assume four brand manufacturers, each with a unique product that will ow
through the supply chain. The production capacity for each manufacturer
is consistent with the market share of the top four domestic producers

at the end of 2021, with the disrupted manufacturer holding the largest
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share (40%) [ 6]. Our modeling treats formula as a single aggregated class of
products and therefore does not capture the heightened shortage severity
for specialized formulas following Abbott's 2022 shutdown. In lieu of the
over 300,000 individual grocery retailers in the U.S., we assume a sim-
pli cation of the subsequent supply chain in order to reduce complexity
and computational requirements. Speci cally, we assume ten intermediary
distributors and 500 retailers of varying size and type (hypermarkets, large
retailers, small retailers, and hospitals), as this 50:1 retailer to distributor
ratio closely follows the grocery network [  80]. The periodic review policy
employed by all supply chain actors requires inputs for shipping lead time
for products to transport after order and length of a review period between
order cycles. Although we conducted a sensitivity analysis, our baseline
assumption for other scenario analysis is a 21-day lead time and seven
day review period. A desired service level, or probability of not realizing a
stockout prior to receiving a resupply, is also necessary for the periodic

review policy. We implement a 90% service level for all agents.

3.4.3 KPIs

We measured numerous metrics to measure the e ectiveness and impact
of the various scenarios. These metrics can be measured at both the system
and the individual levels, and sampled at the end of each time-step or
upon completion of a run, once the system resumes steady state after the
disruption. The primary measures operationalize the magnitude of the

disruption and equity between retailers.
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3.4.3.1 Magnitude of the disruption

Common performance metrics in previous supply chain models include
the percentage or share of demand met (service level or Il rate) and re-
covery speed [ 131, 153]. For instance, Van Voorn et al. (2020) built a
model of generic producers, traders, and consumers to test shocks and
network structures. They measured supply network e ciency as the share
of produced food delivered to consumers and link resilience to the fraction
of consumer demand ful lled under shock scenarios [ 153]. In our work,
magnitude of disruption is measured by the system |l rate, the percentage
of system-wide demand that is ful lled by retailers during the disruption
period. Secondary KPIs for magnitude include the length of the disruption
period, system-wide lost sales (overall and WIC-speci c), average |l rates
at the Hospital, Hyper, Large, and Small Retailer levels, percentage of WIC
demand that is substituted by other product brands, and average and maxi-
mum stockout rates (system overall, WIC-speci ¢, and retailer type-speci c).
Length of the disruption period is measured in days (and simulation time
steps) from the onset of the production disruption through recovery, de ned
as the point in time at which the a ected manufacturer has resumed full
production and the system-wide retailer stockout rate is equal to or less
than its status quo value its level at the time of initial disruption. Lost
sales is the absolute value of formula demanded but unsatis ed, either by
initial product type or after an attempt at substitution. Although imply-
ing a monetary statistic, lost sales are measured in thousands of pounds
of powdered formula to simplify pricing variability in di erent localities
and validate the model with reported rates of purchase and production
[6]. Lost sales are measured at the individual retailer level at the end of

each day, then aggregated system-wide. Lost sales for WIC-speci ¢ brands
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are measured and aggregated as well. Given the values of lost sales and
concurring values of overall demand, it is possible to calculate Il rates for
each retailer at the conclusion of the disruption period, then average across
retailer types. This procedure also provides the percentage of WIC-speci c
and overall demand that is met by the system during the disruption. When
enabled, substitution policies permit unmet demand at the retailer level for
one brand to shift to another. The amount of product substituted is tracked
and aggregated at the system level across the disruption period, providing
the percentage of demand for WIC products met by an alternate brand.
Stockouts are de ned based on product variety availability at the retailer
level (rather than the volume of product available) and reported based on
a 7 day rolling average to reduce the variability of single day surges. This
measure is tracked daily as a percentage of retailers without a supply of
one type (partial stockout) or without any supply available (total stockout).
It is measured at the system-wide level, by retailer types, and subsetted for

WIC-speci ¢ demand.

3.4.3.2 Equity between retailers

Equity between retailers is primarily measured by the Gini coe cient
for retailer |l rates when comparing between scenarios in order to better
understand the statistical distribution of individual outcomes. The retailer
Il rate is the proportion of total demand that the individual retailer is able
to satisfy during the disruption period, measured between 0 and 1, and
calculated when the disruption has terminated. The Gini coe cient is a
widely used dispersion metric, primarily de ned via the Lorenz curve as the
ratio of the area between the line of perfect equality and the Lorenz curve to

the total area under the line of equality, ranging from O (perfect equality) to 1
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(maximum inequality). As a statistical measure of dispersion, it can also be
expressed as the relative mean absolute di erence between all pairs of ob-
servations; however recent work emphasizes that implementations labeled
Gini are not always interchangeable and that it is important to specify the
underlying de nition and computation [ 15, 63]. Its simplicity and intuitive
graphical interpretation have made it a go-to metric in many disciplines,
such as economics, sociology, epidemiology, and ecology [  107]. In practical
applications, such as modeling inequality in simulation outcomes, the Gini
coe cient provides a straightforward measurement of dispersion. Its main
limitation, however, lies in the fact that it cannot be easily decomposed
into within -group and between -group components. Gini has been typically
utilized in past research for economic analysis to measure the degree of
income inequality between or within groups [ 99, 106]. Gini is preferable
here because it is a standard, bounded, parameter-free, and broadly inter-
pretable measure of distributional inequality across the full retailer service
distribution. Other measures of equity could be considered, such as the
Atkinson or Hoover indices. Atkinson would require a normative choice
about an inequality aversion parameter [  22]. Hoover, while intuitive, is less
informative about the overall shape of the distribution and instead provides
the amount of resources that would need to be reallocated in order to achieve
equality [ 141]. For comparisons of service outcomes across di erently sized
entities, this redistribution-based interpretation is less natural when the
outcome is a rate rather than a total quantity.

Accordingly, we compute an empirical, rank-based (Lorenz-consistent)
Gini directly from realized retailer Il rates by sorting retailers by service
outcome, forming cumulative shares, and calculating the corresponding

Lorenz-curve area. Retailers are equally weighted in this calculation and
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Gini is computed at the end of the disruption period for each run. Secondary
KPIs for equity also utilize results for individual retailer Il rates during
the disruption to calculate the spread, standard deviation, and the Theil
index. Spread in retailer Il rates is the di erence between the minimum
and maximum service levels. An overview of the Theil index is presented in

Appendix B.

3.4.4 Disruption scenario

The baseline scenario is intended to replicate the formula shortage within
our notional supply chain. Each time step of the simulation represents
one day, with agents implementing appropriate decisions based on new
demand, previous history, and current inventory. Each simulation run
consists of a 300-day warm-up period in order for the system to achieve a
steady state (within a 95% con dence interval of the mean stockout rate
over an extended interval without disruption) of inventory management
and consistent system-wide stockout rates between 20% and 30%, the
levels observed nationally just prior to the onset of the crisis. At this
point, the supply disruption occurs with a 50% reduction in production
for the primary manufacturer, representing their largest production facility
going oine. Additionally, 50% of the on-hand inventory for that type
of formula for all agents is removed, representing the associated recall of
contaminated product. Production continues at a reduced level for the
a ected manufacturer for 90 days and then gradually increases back to
full capacity by day 150. At day 75, there is a surge in demand, which
corresponds to media reporting of the shortage and dramatic increase in
purchasing above the reported average weekly sales as depicted in Figure 3.2.

This surge in demand abates after a three-week period, and demand returns
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to pre-disruption levels. Exports remain constant, as this share of formula
is on contract and cannot be reduced in order to increase the domestic
supply [ 34]. At day 120, the amount of imports increases, representing the
shift in public policy, relaxation of import restrictions and tari controls,

and direct import by the U.S. government from overseas.

3.4.5 Input data and baseline scenario

We parameterized the baseline infant formula supply chain scenario
based on the data presented in Table 3.2 and the disruption based on
the data in Table 3.3, which were both developed from relevant reports
on the formula disruption. The background of these various parameters
were discussed further in Sections 3.3, 3.3.1, 3.4.2, and 3.4.4. In order to
reduce model size and the necessary computational complexity, we chose
to simulate a subset of 500 retailer agents, rather than the full U.S. supply
chain of over 300,000 grocery and other stores. The number of distributors
is similarly scaled, based on an approximate 50:1 retailer to distributor ratio
derived from [ 80]. The demand characteristics and WIC ratios are based on

actual reporting for early 2022 [6, 11, 87, 89, 134, 161].

3.4.6 Validation

We accomplished validation of the simulation model based on a compari-
son of system-level outputs for satis ed demand and the average retailer
stockout rate over the course of the disruption time period with data from
government reports. The raw values of satis ed demand produced by the
simulation over each 30 day period were compared to the monthly national
sales volume. Production, import, and export levels throughout the simula-

tion time period (both pre-disruption and during the shortage) were treated
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Table 3.2: Input supply chain parameters for the baseline scenario

Parameter Base- Notes
line
Number of Manufacturers 4 Data: [6]

Number of Distributors 10 Scaled down linearly based on
data from [80], which established
an approximate 50:1 grocery store

to distributor ratio
Simulation warmup length 300 Rounded value to achieve a rolling
stockout rate within a 95%
con dence interval of the mean,
based on 2,000 time steps under
steady-state conditions
Number of Hypermarkets 200 Extrapolated from [80]
Number of Ordinary Retailers 115 Extrapolated from [80]
Number of Isolated Retailers 175 Extrapolated from [80]
Number of Hospitals 10 Extrapolated from
Proportion of demand for 41% Manufacturing market share for
Manufacturer 1 (Disrupted Agent) Abbott at the end of calendar year
2021 [6, 134]
Proportion of demand for 31% Manufacturing market share for
Manufacturer 2 MJN/Reckitt at the end of
calendar year 2021 [6]
Proportion of demand for 17% Manufacturing market share for
Manufacturer 3 Nestle/Gerber at the end of
calendar year 2021 [6]
Proportion of demand for 11% Manufacturing market share for
Manufacturer 4 Private Labels and Others at the
end of calendar year 2021 [6]
Shipping lead time for inventory 21 Supply chain assumption
policy (days)
Inventory review period (days) 7 Supply chain assumption
Average share of demand for a 84% Data: [87, 89]
locality's WIC product
Share of retailers accepting WIC 56% Data: [161]
Manufacturer target service level 90% Supply chain assumption
Distributor target service level 90% Supply chain assumption
Retailer target service level 90% Supply chain assumption
Avg. daily domestic demand 585 Approximated based on Fig. 2, 6,
(thousands of Ibs-powder and 7 from [6]
equivalent)
Avg. daily export (thousands of 180 Approximated based on [6, 11]

Ibs-powder equivalent)

Avg. daily production (thousands 775 Approximated based on weekly

of Ibs-powder equivalent)

production data in Fig. 1 from [6]
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Table 3.3: Input disruption parameters for the baseline scenario

Parameter

Baseline
Value

Notes

Designated time for system
disruption (Simulation Day)

300

Modeling assumption

Length of disruption (Days)

150

Time period during which
production at the a ected
manufacturer is reduced by the
recall percentage. Assumption

based on: [6, 134]

Percentage of stored
inventory recalled

50%

Amount of production capacity
removed during the disruption
period at the a ected
manufacturer and the quantity of
that brand removed from
inventory at retailers and
distributors; based on: [6, 134]

Percentage of a retailer's
unmet WIC demand that may
be satis ed by an alternate

product

15%

Assumption based on product
substitution preferences in 2022
[85]

Percentage of a retailer's
unmet non-WIC demand that
may be substituted

30%

Assumption based on coping
strategies during formula
shortage [85]
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as inputs to each run [ 6, 11]. Figure 3.2 depicts the high level overview
of the production, demand, and and stockout rates nationally through
2022. We conducted a two-tail t-test (  a = 0:05) for these two output metrics
(monthly sales and monthly average stockout rate) for the baseline scenario

at three time periods: initial disruption, after 3 months (coinciding with
panic buying surge), and after six months (nearing stockout rate recovery).
Stockout rates at all three points in time fall outside the rejection region at

5% signi cance and two of the three monthly sales totals fall outside our
rejection region. The shape of the average stockout and sales graphs also
visually conform to the real world supply chain data during the formula
shortage. Further supporting validation, our model generally conforms
aggregate reporting. The disruption occurred in mid-February and national
out-of-stock rate was slightly below 30%. By mid-August, 6 months later,
national the national out-of-stock rate dropped to approximately 30% from

a mid-summer peak between 70% and 80% [6].

In reality, disruption occurred in mid-February when the reported na-
tional out-of-stock rate was slightly below 30%. By mid-August, 6 months
later, national the national out-of-stock rate dropped to approximately 30%
from a mid-summer peak between 70% and 80% | 6]. During the 236-day

period for the baseline scenario

3.4.7 Response strategies

The nal component of the modeling framework speci es the response
strategies that we evaluated. Of the six archetypes reviewed in Section 3.2.1,
we implement those that were most relevant to the 2022 formula short-
age. These include government interventions to expand supply (through

tari relief and accelerated imports), prioritization rules to manage scarce
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inventories, substitution policies, and e orts to mitigate panic-driven de-
mand surges. Together, these strategies represent a mix of policy actions
and coordination mechanisms that were either observed during the crisis
or proposed in o cial evaluations. The following subsections detail their

design and implementation within the model.

3.4.7.1 Prioritization

Nine prioritization rules for responding to demand in excess of supply are
simulated and compared to the baseline scenario where orders are randomly
lled without prioritization, as detailed in Figure 3.4. Whenever the manu-
facturer or distributors have su cient inventory on hand to ful Il incoming
orders, no prioritization is necessary and all demand is met for that period.
If demand is greater than the inventory on hand, then the implemented rule
determines the rank order of orders to Il. The prioritization rules t within
three general frameworks: needs-based, equitable, and contractual. Needs-
based prioritization rules attempt to sort all ordering agents (distributors
and retailers ordering from each manufacturer and retailers ordering from
each distributor, based on a de ned ranking policy). This framework allo-
cates resources by focusing on who needs them most. The guiding principle
is to serve those individuals or communities at greatest risk of harm if they
do not receive the good. The advantage of needs-based prioritization is that
it directs limited resources toward preventing the worst outcomes; however,
it requires good data in order to correctly identify the greatest need and
transparent communication between supply chain actors [ 156 ]. Equitable
distribution rules seek to treat all agents equally, but with a di ering share
of order ful llment depending on the policy. Rather than ranking based

on need or another criteria, an equitable approach tries to give each agent
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a fair share of the limited supply. The strength of equitable policies is in
preventing extreme disparities, so that no one actor or group is completely
de-prioritized and neglected. Conversely, pure equity might not account for
di ering levels of need [ 2]. Contractual approaches attempt to replicate the
outcomes of many popular supply chain frameworks agreements, such as
purchase agreements, service level agreements, minimum order quantity

contracts, buyback contracts, and revenue-sharing contracts [33].

Figure 3.4: Prioritization rules employed in modeling analysis. [ 2,4, 33, 35,
89, 102, 111, 116, 127, 156]

3.4.7.2 Alternative sourcing

Another policy that we evaluate is the timing of the relaxation of import
restrictions. Speci cally, we vary the simulation day on which additional
inventory is available at the manufacturer-level of the supply chain, approx-
imating additional inventory made from imports. The increase is approxi-
mately equal to the additional formula imports that were made available
in the summer of 2022 after the FDA relaxed import waivers, Congress
passed The Formula Act (P.L. 117-160), and the Biden Administration im-

plemented Operation Fly Formula to support the domestic formula industry
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and mitigate shortages [6, 11].

At baseline, imports are not allowed until 120 days after the disruption.
At this point, imported inventory increases for the duration of the simulation
in line with the data from Figure 3.2. As a response measure, we vary the
timing of import increases in 30-day increments from 0 days (immediately
available) to 180 days post-disruption. This is varied to determine the
importance of policy barriers to the supply chain during a disruption. The
timing within the model represents formula availability within the supply
chain, so decision support and additional transportation time from overseas
would need to lead these points in time. In other words, these represent
best case" availability dates, depending on the timeliness of policy changes
in response to a shortage. Results from this parameter could underscore the

importance of speedy action to stimulate supply during a future disruption.

3.4.7.3 Substitution

Waivers for product substitution. In some cases when a brand is out
of stock, other brands may satisfy some or all of the excess demand. This
represents a consumer choosing to purchase an alternate brand when
their preferred brand is out of stock. We analyze two types of substation
within our model. The rst aspect is consumer choice and decision making
when faced with a stockout situation, which is represented by the overall
substitution rate for non-WIC formula. At the beginning of each time step,
retailers realize new instances of normally distributed random demand for

each of the four types of product *. If demand exceeds the available stock

LIn order to generate individual means, each retailer is assigned a size" value upon
initialization of each run, which is then used to determine that retailer's share of the
system-wide demand. That share of the daily average demand for pounds of powdered
formula in the U.S. becomes the mean of the normal distribution for that retailer. As with
Chapter 2, we utilize the absolute value of the outcome of the normally distributed random
variable for each iteration of daily demand in order to truncate each instance of demand to
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for a particular product, a portion of the unmet demand may be satis ed
by a competing brand that is available at the retailer. This substitution
policy replicates an actual coping mechanism for formula seekers: switching
to another brand of formula, which was reported by 13.6% of consumers
during a post-shortage survey [85].

The substitution for unmet demand for WIC formula is more restrictive.
Due to WIC regulations, WIC purchasers cannot easily use a substitute
product without additional funds. WIC purchases are restricted to one
brand in a particular location. The survey from Katsaliaki et al. (2022)
sampled a relatively low number of formula seekers ( n= 376), SO we assume
that the low propensity to switch brands is due to WIC restrictions and then
set a higher rate for the non-WIC demand. Our baseline substitution rate
is therefore 15% for unmet WIC demand at the retailer level and 30% for
non-WIC demand. We vary these parameters between 0% (no substitution
allowed) and 100% (full freedom to substitute in the event of a stockout at

the retailer-level).

3.4.7.4 Mitigating consumer panic

During the formula shortage, formula purchases peaked well above
normal levels once there was widespread reporting of increasing stockouts,
magnifying the e ects of the already present disruption in production.

Speci cally, there was a spike in purchases for a 3-week period in May 2022,
increasing by 50% during this period and then returning to average levels
of approximately 4 million powder pounds equivalent per week [ 6]. This
rapid and acute increase in purchases approximately three months after

the production disruption (Figure 3.2) was widely attributed to consumer

a strictly positive value. There was no limit on the upper bound of outcomes.
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panic. This subsequent regression in sales coincided with surging stockout
rates, so the decreases were likely attributable to decreased availability for
retailers, rather than a true decrease in demand.

We implement and vary a parameter within the model, which we designate
as the panic factor , to rapidly increase the daily demand at the retailer
level for a short period based on the system's average stockout rate. A
lower system stockout rate does not compound overbuying as much as
a higher stockout rate, so the worse the current shortage at he time of
panic demand, the the worse the increase in panic buying. This factor
only impacts the amount of additional demand due to consumer panic, not
the random variables for ordinary formula demand, so it operationalizes
purchase restrictions on consumer overbuying but not stricter rationing or
deferring of demand. The baseline is a factor of 1.0 applied to the relative
stockout rate and we vary this factor between 0 and 1, but not at greater

levels of consumer panic buying.

3.5 Results

To evaluate the performance of the infant formula supply chain under
disruption, we present results in a structured sequence beginning with the
behavior of the baseline system and then introducing the e ects of individual
and combined response actions. The purpose of this section is to not only
report system-level outcomes, but also to assess how resilience (measured
by the proportion of demand satis ed) and equity (measured by inequality
across retailers) shift under di erent parameters. Each subsection isolates
one category of intervention to identify the marginal e ect of that aspect

before proceeding with combined policy approaches.

76



3.5.1 Baseline system disruption

We rst consider two scenarios to establish a baseline and validate the
model. The rst scenario, an undisrupted case, maintains a system with
low levels of initial overall stockouts between 20% and 30%, similar to the
levels observed in the months prior to production disruption. This serves
as a point of comparison for a system that does not experience any further
shortages. The second scenario replicates the actual disruption for the
infant formula case without any interventions or varying parameters. This
is our overall baseline for comparing results.

The baseline disruption lasts for an average of 236.1 days, approximately
eight months and equivalent to the time spanning initial disruption of
production at Abbott's Sturgis facility and a decrease in national stockout
rates. The results showed over 79.3 million pounds of unmet demand for
infant formula, which amounts to a satisfaction of 63.5%. An undisrupted
period with similar initial stockout variables resulted in an average of 92.5%
satis ed demand, meaning that the production disruption resulted in a
nearly 30% decrease in the amount of demand that was met nationally.
Demand for WIC-preferred products was consistently met at a lower rate:
60.3% under disruption compared to 65.1% for the non-WIC brands. The
disruption a ects all types of retailers under the baseline case, although the
large market and small market retailers performed slightly worse than the
hypermarket retailers.With the surge in demand due to panic buying, there
is a peak stockout rate of 83.7% for all formula. Overall, the average stockout
rate during the 236-day disruption and recovery period is 50.3%, more than
double the 22.7% average stockout rate during a similar undisrupted period.
These baseline results establish the reference conditions for evaluating

alternative prioritization rules and response actions.
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3.5.2 Comparison of prioritization rules

This analysis assesses how each rule advances di erent system objec-

tives, speci cally equity and performance, relative to the uncoordinated

baseline. Table 3.4 summarizes key metrics for each prioritization rule,

while Figure 3.6 illustrates the trade-o between overall performance and

equity.

Table 3.4: Prioritization Scenario KPIs

Disruption .
Prioritization Length Fill Rate wiIC Fill Gini
Rate
(Days)

Baseline 236.1 63.5% 60.3% 19.8%
Smallest Size First 225.9 65.9% 65.1% 15.7%
Largest Size First 264.0 69.0% 64.3% 31.3%
Contracted E:Irlr)“ (Direct 245.2 67.4% 61.2% 29.2%
Longest Waiting 232.8 63.0% 59.9% 19.6%
Smallest IP First 351.2 68.4% 61.6% 25.8%
Proportional Fill 238.9 63.2% 59.9% 19.4%
Contracted Network 258.0 68.6% 63.3% 23.2%
Greatest Need 233.5 66.1% 63.7% 20.8%
WIC First 225.3 62.9% 69.7% 10.8%

The results highlight three distinct dimensions of system performance

under disruption: overall demand satisfaction, distributional equity, and

outcomes speci ¢ to WIC patrticipants. Based on the results with 500 runs

of the baseline scenario, a 90% con dence interval for the length of the

supply chain disruption is between 233 and 239 days. Figure 3.5 shows the

range of results for all prioritization rules, with the blue box highlighting the

baseline's region. Only con dence intervals for the

Waiting, and Proportional Fill

Greatest Need, Longest

approaches overlap with the Baseline scenario.

All other rules are outside the range, showing that for these rules there is a

signi cant change in length of the recovery period (although not especially
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Figure 3.5: 90% con dence intervals for days required for the supply chain
to recover after disruption for varying prioritization rules compared to the
baseline scenario.
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meaningful since the width of the con dence interval is less than 3% of the

length of the disruption period).

Figure 3.6: Tradeo between magnitude of the disruption and equity for
each of the prioritization rules during disruption.

Although the plotted ranges appear numerically narrow, Figure 3.6 is
intended to show the trade-space of average outcomes across prioritization
rules, rather than to serve as a stand-alone test of signi cance. In the
baseline case, 63.5% of demand satis ed still corresponds to more than
79 million pounds of unmet infant formula demand. Accordingly, even
a 1% change in Il rate represents roughly 2.2 million pounds over the
disruption period, which represents over 115 thousand bottles per day when
converted to liquid form. Likewise, di erences in the Gini coe cient from
approximately 0.13 to 0.20 indicate meaningful changes in how shortages
are distributed across retailers, even if those values occupy a relatively
small portion of the unit interval. At the same time, the relatively modest
separation in |l rate across prioritization rules suggests that these rules

primarily reallocate scarcity rather than substantially increase total system
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throughput, so their value depends on whether decision makers place
su cient weight on equity to justify their implementation. The practical
importance of the variation is therefore better judged by its implications
for unmet demand and distributional equity across retailers than by the
apparent visual width of the scatter plot alone.

Several prioritization rules improved overall throughput compared to
the random- Il baseline, which had an average Il rate of 63.5% during
the disruption. The Largest Size First and Contracted Network approaches
yielded Il rates at 69.0% and 68.6% respectively, followed by the Directed Fill
at 67.4% and Smallest IP First 68.4%. These rules directed scarce inventory
to high-volume agents or those with contractual priority, producing up to a
9% improvement in total demand satis ed over the baseline and reducing
lost sales by as much as 16%. However, these same rules exhibited higher
inequality (Gini coe cients between 0.15 0.20), con rming that higher
e ciency tends to come at the expense of fairness across retailers.

Rules emphasizing fairness or recency, such as Proportional Fill, Longest
Waiting and the uncoordinated baseline, produced the lowest inequality
measures with Gini coe cients between 0.13 and 0.17. These approaches
distributed inventory more evenly across retailer classes, particularly bene-
ting smaller and independent retailers that otherwise experience delayed
recovery. The trade-o was a lower average |l rate (between 63% and 64%
during disruption) and higher aggregate lost sales. The Smallest Size First
rule improved both e ciency and equity moderately, with an average |l rate
of 65.9% and a 0.124 Gini coe cient, but did not achieve top performance
on either dimension, indicating diminishing returns from serving too many
low-volume outlets early.

The WIC First rule, designed to prioritize low-income bene ciaries, sub-
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stantially improved the WIC |l rate to nearly 70%, up 9% from baseline. Yet
prioritizing this demand came at a cost: the overall percentage of satis ed
demand fell to 62.9% and non-WIC ful Iment declined to 59.6%. Greatest
Need achieved a balanced improvement across multiple objectives, satisfy-
ing 66.1% of demand, 63.7% of WIC demand, and resulted in a 0.136 Gini
coe cient, suggesting that dynamic prioritization by unmet demand can
simultaneously promote equity and resilience, though it requires a high
level of information sharing and coordination to implement e ectively.

Figure 3.7 breaks down the system-level performance further for three
of our prioritization rules: Largest First , Longest Waiting , and Greatest Need ,
in addition to contrasting with the random baseline. Figure 3.7a groups
Il rate performance by the primary retailer types, where we observe that
without prioritization or when Longest Waiting is employed, there is little
di erence in Il rates. Under the various rules, however, outcomes shift.
Largest First understandably favors the Hyper retailers, who have the most
buying-power and direct access to order from the manufacturer's inventory.
Greatest Need also favors the largest retailers, but also lifts e ectiveness for
smaller isolated retailers. Figure 3.7b groups |l rates for WIC and non-WIC
demand at retailers, which shows that e ectiveness does not vary greatly
based on the source of demand within a given retailer-type and that WIC
demand is always satis ed at a lower rate that non-WIC demand, regardless
of the prioritization rule. Thus rules a ect performance between retailers,
but not for demand at a given location or type.

Collectively, the results as presented in Figure 3.6 reveal a clear tradeo
between e ciency and equity. Rules targeting higher throughput, such
as size or contract-based ful Iment, favor total demand satisfaction but

exacerbate disparities among retailers. Conversely, fairness-based rules
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(a) Retailer types.

(b) WIC and non-WIC demand, across all retailers.

Figure 3.7: System-level demand satis ed for infant formula under baseline
conditions, broken down by various demand sources.
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yield more uniform outcomes but slower overall recovery. The WIC First
and Greatest Need rules illustrate how policy-driven coordination can target

speci ¢ equity objectives, though neither achieves full system optimization.

3.5.3 Alternative sourcing policy

Figure 3.8: Bar chart with 90% con dence intervals for system |l rates
during disruption as timing of import restrictions varies

Another policy that we assess is the timing of relaxing import restrictions,
which leads to increased formula availability within the supply chain. Figure
3.8 shows how the percent of demand satis ed changes as the timing is
reduced from the 120-day baseline or increased beyond it. Allowing earlier
imports enables more demand to be satis ed, from 63% at baseline up to
almost 80% if import restrictions are immediately eased. Degradation in

Il rates do not scale linearly as implementation becomes less rapid, and
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past about the 120-day point there is a general plateau. Therefore, the
4-month delay to fully stimulate the supply chain with imports was about
the worst case scenario. Likewise, stockout rates also improve with more
rapid implementation, decreasing from a peak rate of over 75% at baseline
to approximately 63% with immediate action. Inequality measures improve
with faster action as well, with the lowest Gini coe cient when imports are

immediately available.

3.5.4 Demand reduction through consumer purchase limits

During the infant formula shortage, there was a 3-week period about
three months after the production disruption where purchases spiked by
over 50%, then returned to average levels. Our panic factor" parameter
similarly spikes demand for a 21-day period. We observe signi cant perfor-
mance increase for the percentage of demand satis ed as the additional
demand from panic buying decreases, as presented in Figure 3.9. For every
20% reduction in overbuying behavior, the percentage of demand satis ed
during the disruption period increases by approximately 3%, which is the
equivalent of nearly 4 millions of powdered infant formula over the course of
the 8-month disruption period. The con dence intervals for each scenario
do not overlap and are strictly greater as the panic factor is reduced. The
improvement for this measure is generally linear as panic buying decreases,
SO any e ort to impose reasonable purchase limits, discourage panic, and
prevent hoarding of a limited stock would prove bene cial.

Despite the increase in overall demand satis ed as the panic factor
decreases, there is little change in the Gini coe cient through this set of
scenarios, with the average for all scenarios similar to the baseline of 0.134.

The greatest inequity remains with the small market retailers, where the
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Figure 3.9: Bar chart with 90% con dence intervals for the percentage of
demand met during disruption as additional consumer demand increases
coinciding with shortage reporting.
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Theil index is highest compared to the other retailer types.

3.5.5 Product substitution dynamics

Recall from Section 3.4.7.3 that we implement logic for two types of
product substitution at the retailer level when demand exceeds the avail-
able inventory. Figure 3.10 presents the change in Il rates as the two
substitution rates increase. Both WIC and non-WIC substitution rates are
simulated at three treatment levels each, in addition to a counterfactual sce-
nario without any substitution. When there is no substitution allowed, only
60% of demand is satis ed during the disruption period. As substitution
rates increase, particularly the WIC substitution rate, the system |l rate
jumps to nearly 75% during the disruption period. Increasing the ability
to cross-purchase during a shortage, speci cally for the more restricted
WIC-buying population, improves outcomes, but increasing substitution
for the non-WIC formula has little e ect on system-level performance. This
suggests that the WIC demand is acting as a bottleneck on product ow
through the system, so policies to promote or enable alternative brands
during a crisis could improve outcomes.

Interestingly, results for Il and stockout rates do not move in the same
direction as we vary the substitution parameters. Typically, as the |l rates
increase, stockout rates decrease; however, we observe increasing stockout
rates for all retailer and product types as both the substitution parameter
and resulting Il rates increase. At the highest levels of substitution, the
average stockout rate increases to over 51%, yet the |l rate also rises to
approximately 75%. Greater product substitution essentially serves as an
evening" factor on unmet demand, spreading it between all brands. The

counterintuitive result is that the reported statistic (stockout rate) appears
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to be worse, but in reality outcomes are improving as there is actually a

greater share of consumer demand being met during the disruption.

Figure 3.10: Box plot for the demand satis ed (WIC vs. non-WIC) at low
and high substitution levels for each.

3.5.6 Other responses actions

An additional response action, consisting of additional slack in produc-
tion lines, was also considered. This response assumed that the other
una ected manufacturers have the ability to maintain 10% slack of addi-
tional capacity within their lines and could surge production immediately

in the event of a shortage or other disruption. This action did not result in a
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statistically signi cant di erence ( a = 0:05) when compared with the results
of the baseline scenarios, nor when implemented in conjunction with other

response actions.

3.5.7 Combined Response Scenarios

We also compare combinations of responses to determine if the e ects
compound on one another when implemented as part of a larger strategic
response. The treatment levels for each of the potential responses considered

for this analysis are:
~ Timing of Import Relief: 30 days
" Consumer Over-purchasing (Panic Buying): 0%
"~ Substitution Rate: High (99% WIC Demand; 99% Non-WIC)

When a response action is not activated, then the parameter value re-
mains at baseline level. This treatment corresponds to import relief after
120 days, no limit to the overbuying and hoarding surge, and low levels
of product substitution when the desired brand is stocked out (15% WIC
demand and 30% non-WIC demand). We elected to not consider additional
production capacity in the combined analysis due to the lack of signi cance
for the results of that response. Table 3.5 presents these results for Il rates
and average stockout rates during the disruption period at all combinations.
Enabling high rates of substitution, especially for the WIC-preferred brand
at retailers, has the greatest single impact on the percentage of demand
satis ed and average stockout rate. Combining with one or both of the other
response actions at the high treatment level further increases the bene t,
lling up to 90% of all demand with a low average stockout of 38%. In fact,

the high substitution alone is nearly as bene cial as the implementation of
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the other two responses. Limiting panic buying has the least impact on the
system overall, with an average of 2% to 3% increase in |l rate during dis-
ruption. Implementing import relief within 30-days has a moderate impact

(approximately 6% to 7% bene t) when combined with the other actions.

Import L|m|t§d High . - .
. Panic Lo Fill Rate Gini Coe cient
Relief . Substitution
Buying
+ + + 90% 0.082
+ + - 75% 0.095
+ - + 87% 0.100
- + + 84% 0.119
+ - - 71% 0.108
- + - 68% 0.116
- - + 82% 0.122
- - - 64% 0.134

Table 3.5: Comparison for combinations of response actions. +" indicates
the action implemented and -" indicates baseline assumption.

Together, these experiments demonstrated that resilience and equity
can be improved through coordinated interventions, but only by balancing
supply and demand-side measures. The following discussion interprets
these results in the broader context of policy design and supply-chain

resilience.

3.6 Discussion

In this paper, we present an agent based simulation model of a three-tier
supply chain intending to replicate the 2022 infant formula shortage in the
U.S. Based on the modeling results, coordinated actions among suppliers,
distributors, and policymakers can signi cantly improve outcomes relative
to the baseline response. This section interprets the modeling results
through two complementary lenses: theoretical contributions to the study

of supply chain resilience and equity, and practical implications for the
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management of essential goods in a shortage crisis. The rst part (Section
3.6.1) positions the results within established literature on supply chain
response strategies, identifying how this study con rms and extends prior
knowledge. Section 3.6.2 interprets the results in the context of national
policy guidance and discusses implications for practice, particularly in
relation to the recommendations of the National Academy's 2024 report on

the infant formula industry.

3.6.1 Contributions to theory

Our study is consistent with prior research on supply chain response

strategies under disruption. The results rea rm that inventory bu ers,
rationing mechanisms, and exible sourcing remain foundational to im-
proving system resilience. Prior studies have emphasized the value of such
responses in stabilizing throughput and reducing shortage durations. Our
simulation extends that work to the case of an essential and decentralized
supply chain, demonstrating that the same types of interventions when
applied to a critical good (such as infant formula) can help preserve access,
even when capacity constraints and contractual rigidities limit exibility.
In doing so, it provides additional simulation-based evidence within this
speci ¢ context that is consistent with long-standing theoretical claims
regarding the value of structural and operational redundancy for resilience
in humanitarian and public-goods supply chains.

The ndings also highlight the importance of combining multiple re-
sponse actions, o ering a theoretical advancement over studies employing
single-policy responses. Layered interventions, such as the joint imple-
mentation of additional imports, substitution allowances for WIC contracts,

and equitable prioritization rules, produce modest gains in both resilience
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and equity outcomes. Interventions targeting both the supply and demand
sides of the system yield stronger performance than more isolated measures,
and among the responses that we tested, those enabling higher levels of
substitution for the contracted WIC demand result in the greatest increases
in system performance, both for the amount of demand satis ed during
the disruption and equity between retailers. The ndings illustrate how re-
silience emerges from the coordination of multiple e orts acting at di erent
levels of the supply chain.

The analysis deepens theoretical insight into the trade-o s between
e ciency and equity that arise in disrupted systems. For example, the
Greatest Need First prioritization rule exempli es this tension, where agents
with the greatest unmet demand in the most recent time period receive
priority. It improved access for under-served retailers (and by extension,
infants in under-served areas), raising equity without signi cantly reducing
total system |l rate. It does, however, require a high degree of supply
chain information visibility. This control could stem potentially from a
fully centralized system or decision-maker in order to e ectively coordinate,
as implementation would require knowledge of past and future projected
demand, visibility of order history across all agents, status of intermediate
inventories, and authority for prioritization. These ndings suggest that
information sharing acts as a bridge between e ciency and equity, allowing
systems to target relief where it is most needed without losing e ciency.
By explicitly modeling equity through quantitative measures such as the
Gini coe cient, this study demonstrates how fairness considerations are
relevant to resilience considerations. Neglecting equity can mask the true
e ects of disruptions, which is a perspective often overlooked in traditional

operations research frameworks.

92



3.6.2 Contributions to practice

Our ndings suggest several implications for policy and management
practice, aligning closely with and also extending several recommendations
of the National Academy of Sciences (2024) and the FDA. The results of
our modeling support the calls for improved redundancy and diversi ed
sourcing, as simulation scenarios showed that increasing import exibility
substantially reduced disruption duration. Speci cally, our results align
with the National Academy to maintain bu er inventories and emergency
stockpiles and enable early import waivers or automatic triggers for trade
exibility [ 134]. Similarly, the FDA in its 2025 Long-Term National Strat-
egy recommends diversi cation of suppliers and manufactures [ 7]. Our
work also supports the National Academy's recommendation for improved
coordination and visibility across supply chain actors, speci cally with the
better results for e ciency and equity utilizing a Greatest Need First rule for
prioritization during a shortage. Both government reports also emphasize
the need for cross-tiered collaboration and layered interventions, which are
supported by the improved outcomes in our simulation when combined
responses are employed. Additionally, these responses were implemented
immediately following the production disruption, which demonstrates the
e ectiveness of recommendations for early import waivers or automatic
triggers for trade exibility (National Academy), early warning systems and
forecasting models for disruption (FDA), and the implementation of Redun-
dancy Risk Management Plans (FDA) [ 7, 134]. Our ndings do not directly
contradict any recommendations from the aforementioned government re-
ports; however we do show that a proportional |l approach increases
inequality and under-performs in WIC-speci ¢ goals, unless priority is rst

allocated to WIC demand when allocating scarce inventory to retailers.
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Expanding production capacity showed only marginal improvement. Ad-
ditional production slightly increased the capacity of the una ected manu-
facturers. However, increasing the availability of the other three products
does not help meet the demand for the a ected product that has stocked
out. When this is the WIC-preferred product (as is the case in approximately
41% of the market), no other brand can ful ll that demand, even if it is
available in greater quantities.

Although this chapter is framed primarily around public policy response
to the infant formula shortage, the results also possess some relevance for
business crisis management in commercial supply chains. In particular,
the ndings on sourcing exibility, information visibility, and prioritization
under scarcity parallel themes in the business resilience literature, where
continuity depends on understanding network vulnerabilities and respond-
ing quickly to disruptions through coordinated action across rms |
At the same time, our work does not represent rm-level objectives such
as pro tability, contracting, market competition, or brand strategy, so its
principal contribution remains the evaluation of policy-oriented response

mechanisms.

3.6.3 Recommendations

A common theme across reports of the formula shortage is the need for
increased supply chain visibility and communication with the government.
Visibility can help detect an impact to the supply chain before it manifests
to consumers, allowing policy strategies such as the ones discussed in this
chapter to be rapidly implemented to maximize impact for the public. A
national formula supply chain dashboard could be developed by the FDA

or Department of Health and Human Services to collect real-time data
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on production, inventories, and retail-level outages and be accessible to
both federal and state emergency managers. Information and data sharing
are also crucial to any e orts to prioritize products during a shortage,
which is necessary to boost equity outcomes. These actions represent an
operationalization of the National Academy's recommendation for enhanced
data sharing and transparency across the formula supply chain [134].

Our work provides support to existing policy recommendations for supply
chain disruption response. Speci cally, the FDA and USDA should establish
a joint emergency protocol allowing WIC agencies to temporarily approve
substitute formulas and alternate suppliers during declared supply disrup-
tions. With USDA approval, state WIC agencies should develop secondary
or backup WIC contracts with at least one non-primary manufacturer to
enable rapid sourcing when the primary vendor experiences production
failures. Our work supports the notion that substitution exibility and di-
versity in sourcing reduces WIC-speci ¢ stockouts and improves outcomes
across retailers.

We also found that early activation of sourcing formula from external sup-
pliers produced pronounced gains in total system performance, increasing
total available supply quickly after the production disruption. Streamlining
trade and transportation policies so that formula and other critical goods
can move unimpeded to underserved areas during a disruption would help
bolster the existing inventory [ 158]. Alternative sources could additionally
be made available by relaxing formula tari s and approving import waivers,
especially for products that could satisfy demand shortages in the WIC
formula market. U.S. trade representative could pre-authorize tari waivers
for key infant formula imports when domestic rise above a set threshold.

Equitable prioritization rules, particularly those prioritizing high-need
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populations, improved fairness across retailer types and locations. During
a disruption or declared shortage, the government could incentivize or re-
quire supply chain actors, including independent distributors and major
retailers, to prioritize downstream retailers with high WIC participation
rates under a coordinated federal response plan. Such an approach would
require cross-tier cooperation across supply chain echelons. At the same
time, the results suggest that prioritization rules function primarily as
allocation tools rather than scarcity-reduction tools. In the modeled short-
age, they produced only modest di erences in aggregate |l rate relative to
interventions that expanded or better matched available supply, but they
did alter how shortage burden was distributed across retailers. Lower Gini
values indicate a more even distribution of service, whereas higher values
indicate that shortages are borne more heavily by particular retailer groups.
Accordingly, prioritization may be most justi ed when equity or protection
of a target population is itself a policy objective, but may o er limited return

if it is di cult to operationalize and the primary goal is only to increase
total demand satis ed.

In our work, inventory bu ers slightly improved system performance
over the baseline scenario, allowing other aspects of the supply chain time
to activate and respond. Similar to the existing Strategic National Stockpile
for critical medical supplies during an emergency, Congress could require
the establishment of a national infant formula emergency stockpile, sized
to meet 30 days of WIC demand, distributed across geographically strategic
warehouses. As part of an emergency response plan, the government could
then target and release reserve allocations as necessary to alleviate the
worst shortages during a future disruption. While inventory bu ering can

provide some initial relief, it can be expensive to maintain for products with

96



shorter shelf lives. The supply chain bene t is also short-lived; however it
can provide some immediate relief to the supply chain in order to enable
the implementation of other response measures.

In summary, our simulation validates several of the FDA and National
Academy's recommendations, adding quantitative insight into their potential
impact. Policies that expand supply (through trade or substitution) deliver
the largest gains in demand satisfaction, while prioritization rules and
consumer policies improve equity or marginally boost supply. No single
measure is a panacea; however, a holistic approach employing combinations
of risk planning, diversi ed production, import exibility, rationing rules,
and clear consumer guidance could help to enable a more resilient infant

formula supply chain system.

3.7 Conclusion

This study set out to evaluate how response strategies in uence both
resilience and equity in a critical goods supply chain during a realistic
disruption scenario. Resilience is measured as the percentage of demand
satis ed during the disruption and equity is measured by the distribution
of individual service levels across retailers. Infant formula was used as
the focal case due to its critical role in infant health and its structural
vulnerability, as evidenced during the 2022 shortage in the U.S. An ABM of
a three-tier supply chain was developed and parameterized using empirical
characteristics of the real-world formula distribution system and the 2022
disruption. This model simulated disruption conditions and evaluated a set
of prioritization, sourcing, and substitution policies, enabling systematic
comparison of response mechanisms during a crisis.

Across the individual responses that we examined, no single action
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consistently improved both resilience and equity. Prioritization rules such
as Largest First increase total demand satisfaction, but produced greater
inequality across retailers. Rules such as Proportional Fill or Longest Waiting
produced more uniform outcomes, but at the cost of system-level e ciency.
WIC-focused allocation increased ful liment for that population, yet reduced
service levels for non-WIC retailers, illustrating a clear tradeo between
subgroup prioritization and overall performance. These ndings con rm the
presence of a measurable e ciency-equity trade-space in disrupted supply
chains. When response actions were combined, the system achieved modest
but simultaneous improvements in both resilience and equity, suggesting
layered interventions can further mitigate the trade-o .

Our results are consistent with the view that inventory bu ers, priori-
tization rules, and substitution policies each improve resilience. Further,
combined responses, particularly those involving supply expansion and
targeted allocation, yield the most substantial bene t. It also shows that
equity and e ciency are not mutually exclusive. Although some trade-o s
do exist, it is possible to improve both through e ective prioritization policies
that regulate behavior within the supply chain. Our research supports sev-
eral of the National Academy's key recommendations, including diversi ed
sourcing, careful management, and targeted relief planning. It also suggests
re nements not captured in the original report, such as the critical impor-
tance of intervention timing and the limitations of isolated policy levers.
Together, these insights underscore the need for layered, information-driven
response frameworks that balance speed, fairness, and feasibility during
critical shortages.

Despite the strengths of this modeling approach, several limitations must

be acknowledged. First, while this was intended to approximate a national
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shortage, we only simulated a system of 500 retailers, 10 distributors,
and 4 manufacturers. Each manufacturer produces one product, rather
than a suite of formula blends (including specialty formulations). These
simpli cations were made to reduce computational and system complexity,
without trading away too much realism. Several additional simplifying
assumptions were also implemented, such as xed lead times for all agents
regardless of distance, idealized allocation rules, and the absence of adaptive
learning or strategic ordering behavior. Geography is not implemented
in the model, although administration of the WIC program in reality is
accomplished at the state-level. Finally, while the scenarios re ect policy-
relevant response actions, actual implementation would face institutional,
regulatory, and behavioral constraints not captured within the simulation
environment.

Even with these limitations, this study contributes a structured frame-
work for quantifying the intersection of resilience and equity in essential
supply chains, o ering an analytic lens for policymakers considering the
balance of throughput and fairness during a shortage. The experimental
approach and performance metrics provide a reproducible template for eval-
uating supply chain crisis rules beyond infant formula, extending to other
public-goods, such as pharmaceuticals, vaccines, medical supplies, and
groceries.

Looking forward, the following chapter extends this modeling architec-
ture to incorporate alternative network structures and disruption types,
expanding beyond a single industry case and disruption context. Building
on the response frameworks presented here, the next stage of research will
embed response actions into multiple network con gurations and compound

disruption scenarios. This design will enable cross-network comparison of
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supply chain policies under stress. By doing so, it seeks to generalize the
insights from this chapter into a broader theoretical understanding of how
network connectedness, disruption archetype, and policy design interact to

impact resilience and equity outcomes across critical supply chains.
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Chapter 4:  Agent-Based Integration of Networks, Disruptions, and

Policy Responses for Supply Chain Resilience

4.1 Introduction

In recent years, large disruptions have repeatedly exposed the fragility of
medical and public-good supply chains. The Covid-19 pandemic o ered a
stark lesson of how quickly supply chains can unravel. Within weeks, hos-
pitals faced shortages of protective equipment, consumers emptied shelves
of routine goods, and international shipping delays compounded the sit-
uation. What made this disruption unique was not just the global scale,
but its simultaneity, with production outages, surges in consumer demand,
and transportation bottlenecks overlapping or cascading. The impacts of
disrupted supply networks were ultimately felt by organizations at all lev-
els, from nations to hospitals to households, and left many scrambling for
basic goods. In another case, a single factory shutdown in 2022 triggered
a nationwide shortage of infant formula in the United States. Because of
industry concentration, the prolonged closure of one plant due to contami-
nation cascaded into months of scarcity and stress for caregivers across the
country. In an industry lacking redundancy, a localized failure became a
systematic crisis. Finally, the May 2021 cyberattack on the Colonial Pipeline
halted fuel deliveries to much of the U.S. East Coast. Even though fuel was
available upstream, a single disruption of a critical distribution pathway
created widespread shortages, panic buying, and cascading e ects across
industries. In all cases where demand exceeded the available supply, poli-
cymakers and supply chain experts struggled to prioritize scarce resources

fairly while maintaining basic basic functionality. It is these dilemmas that
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frame our research over supply chain resilience.

Existing studies of supply chain networks have typically focused on a
single aspect of resilience, either network structure, disruption type, or
response strategy, without systematically examining the interactions of
these elements. Further, most prior work has emphasized system-level
e ectiveness and service-level performance, with less attention to equity
outcomes across heterogeneous actors. This study contributes to lling that
gap by integrating all three dimensions within one framework, utilizing an
agent-based model for implementation. We seek to understand if the ndings
from previous work and disruptions still hold under di erent networks and
disruption types.

To address these challenges, we developed an Agent-Based Model (ABM)
of a three-tier supply chain consisting of manufacturers, distributors, and
retailers. This approach enables us to incorporate realistic inventory and
ordering policies, while systematically varying the network structure, dis-
ruption types, response strategies, and other parameters. By simulating
combinations of these elements, we can directly compare tradeo s in per-
formance and equity outcomes across scenarios and illuminate tradeo s
not captured in other approaches. In doing so, we aim to answer our cen-
tral research question:  What policy strategies are e ective for response to
various types of large disruptions to medical and public good supply chains
of di ering network structure? The integrative design of this study extends
prior work by explicitly examining the interaction of structural, operational,
and policy dimensions, thereby providing insights that are not captured

when these factors are studied in isolation.
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4.2 Related Literature

4.2.1 Disruption types

Supply chain disruptions in critical sectors (such as medical goods, food,
energy, etc.) have been extensively studied in recent years, especially follow-
ing large-scale crises like hurricanes and the Covid-19 pandemic. Broad
reviews of the literature classify several general categories of disruption
types that can upset the supply and distribution of essential goods. For
example, Katsaliaki et al. (2022) identi ed common disruptions archetypes,
including breakdowns in production or supply, transportation failures, de-
mand shocks, and quality or safety incidents [ 86]. Similarly, a 2022 National
Academies analysis of medical product shortages identi ed the three pri-
mary causes of supply failures as demand surges, capacity reductions
(supply or production-based), and coordination failures [ 75]. These encom-
pass most disruption scenarios observed in practice, ranging from factory
shutdowns and logistic network collapses to sudden spikes in consumer
demand and misalignment between supply and demand. Recently, an event
like the Covid-19 pandemic and lockdowns has underscored how multiple
disruptions can coincide, such as production outages coupled with panic
buying and transportation limitations [ 1241]. As a result, a growing body
of literature emphasizes both proactive and reactive strategies to bolster
supply chains against disruption shocks. The following sections discuss
four general categories of supply chain disruption: production capacity fail-
ures, demand surges and panic buying, physical distribution breakdowns,
and information and coordination failures. Each category is illustrated with
ndings from the academic literature, highlighting how these disruption

types manifest and why they pose a threat to supply chain continuity.
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4.2.1.1 Production capacity failures

Production or supply-side disruptions occur when manufacturing output
is dramatically reduced or halted altogether, so the resulting supply cannot
satisfy even ordinary demand. Such capacity failures may result from
damage to facilities, loss of material inputs, or labor shortages, and can
be exacerbated by over concentration in the production base [ 75]. For
example, a single plant shutdown can trigger nationwide shortages for
infant formula if that facility represents a large share of total production
capacity, as was evidenced with the 2022 formula shortage in the U.S. [ 134].
In the pharmaceutical and medical goods industries, many supply chains
are decentralized...with consolidated manufacturing bases," meaning a few
factories produce most of the output. This makes them highly vulnerable,
as seen in the case of hurricanes disrupting production of saline or medical
IV uids [ 75]. Because restoring production often has long lead times,
these disruptions can persist unless risk is mitigated with backup capacity,
alternative sourcing, or more distributed and decentralized manufacturing
networks, although all of these measures have the potential to add cost at

the expense of leanness.

4.2.1.2 Demand surges and panic buying

On the demand side, a sudden surge that drives demand well above usual
levels for an extended period can overwhelm the normal supply chain, caus-
ing acute and then widespread shortages, even if production is una ected.
The research completed in Chapter 2 illustrated this example. A sudden
surge in demand for needles and syringes to immediately respond to an

anthrax outbreak in a large population would overwhelm the routine supply
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chain, even with inventory bu ering from a national stockpile, failing to fully
satisfy all emergency demand and result in months of delays for routine
procedures. Disasters and disease outbreaks frequently generate consumer
panic and induce such spikes because fear of securing scarce resources
can lead to overbuying and hoarding beyond ordinary need. Examples can
include medical supplies in an area a ected by an earthquake or essential
goods (masks, sanitizer, basic food, and toilet paper) during the Covid-19
pandemic and lockdowns [ 75]. Rahman et al. (2022) note that panic buying
instabilities led to bullwhip e ects in supply chains for essential goods, as
the erratic behavior and ordering rippled upstream supply chains [ 124].
Demand surges are especially problematic for lean" supply systems with
low inventory bu ers that struggle to absorb sudden spikes in consumption,

which ultimately result in stockouts [75].

4.2.1.3 Transportation or distribution breakdowns

Disruption to the physical distribution and logistics infrastructure can
sever the link between supply and demand, even if goods exist with man-
ufacturers or in storage. Transportation network failures, such as port
closures, road blockages, border shutdowns, or power outages at logistics
hubs, can prevent goods from reaching the locations where they are needed.
For example, hurricanes and earthquakes can damage infrastructure, which
leads to delayed shipments of food and medical supplies. The results are
localized scarcities, despite ample stocks in other locations [ 75]. Another
case was the 2021 Colonial Pipeline cyber-attack, which forced a major fuel
transportation route o ine and led to shortages throughout the U.S. east
coast purely due to distribution incapacity, even though fuel was available

upstream [ 53]. Thus, logistical bottlenecks can paralyze supply chains. In
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empirical studies, disabling transportation linkages propagates both up-
and downstream, with inventory accumulating in the wrong places. Esteso
et al. (2022) evidenced these results for scenarios in a food supply chain
where highway closures or node outages drastically reduced throughput

[56].

4.2.1.4 Information and coordination failures

Even when su cient production and distribution capacities exist, fail-
ures in information ow and coordination can lead to dysfunction and
shortages. The National Academies note that coordination failure is an
inability to match the overall available supply to the right place or group in
need. In practice, this disruption type covers issues like lack of visibility
across the supply chain, poor communication between actors, misaligned
incentives, or fragmented decision-making authority. An example from the
emergency management community is a disruption during a disaster re-
sponse, where communication systems fail and emergency supplies pile up
because communities or downstream users are unaware of existing supplies
or their location . Decentralized networks with poor data-sharing especially
struggle to redirect supplies where they are most needed | 75]. Coordina-
tion problems also stem from governance gaps. A nding from the 2022
infant formula shortage was that no U.S. federal agency had full visibility or
authority to manage supply disruptions, which delayed intervention [134].

Supply chains in a digital age can face disruptions due to technological
failures and regulatory or quality shocks. On the technology side, cyber-
attacks or IT system outages have emerged as a cause of interruptions,
as modern supply chains often depend on interconnected systems and

automated processes. Data breaches and ransomware attacks can threaten
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information ow that disrupts the smooth functioning of a global network,

as was evidenced by the 2017 malware attack on Maersk shipping that
crippled operations for weeks or a similar attack on Merck pharmaceuticals

that temporarily halted manufacturing [ 96]. Finally, regulatory and quality
shocks represent a disruption type noted in healthcare and food supply
chains, which occur when compliance or safety issues force a sudden
restriction. For example, issuing new regulations or trade restrictions

can limit the ow of goods across borders. Similarly, quality problems

like contamination outbreak can lead to recalls or shutdowns, which can

then morph into complex disruptions with production outages or demand
spikes. While regulatory interventions are crucial for safety, they can have

an unintended disruptive e ect if not paired with mitigation strategies | 75].
Azizsafaei et al. (2022) modeled risk in dairy supply chains and showed
how weak information ow though feedback loops and poor data integration
produced ine ciencies. They recommended proactive alert systems and
dynamic feedback mechanisms to mitigate risk [ 23], which parallels the
recommendations from Al-Khatib et al. (2024) to combine traditional risk

management with technology-enabled solutions [13].

4.2.2 Network topologies

Many medical and public goods supply chains feature a concentrated
production base that then links to a broad distribution network. This can
be thought of as a tree-like structure, with few upstream providers (the
trunk) supplying many downstream recipients (the branches). This can be
very lean and cost-e cient, but it also concentrates risk. The 2017-2018
saline shortage due to Hurricane Maria and 2022 infant formula shortage

occurred because of disruptions to highly concentrated production facilities
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[75]. In contrast, a decentralized or distributed network with many smaller
nodes can inherently spread risk. A local disruption might remove one
node or subset of the network, but others can compensate. This exibility

can come with a tradeo : higher operating costs or lower e ciency at
steady-state. Tafakkori et al. (2023) explored this idea with decentralized
capacity planning models that localized decision-making across nodes,
which improved responsiveness to disruptions [ 143]. Complementing these
conceptual views, Kim et al. formalize resilience as a network property and
show that supply network structure materially a ects the likelihood that
disruptions disconnect supply from demand [ 92]. Related ripple-e ect work
similarly emphasizes that disruption impacts can propagate across tiers
through structural dependencies, shaping what recovery is feasible in a
disrupted network [81].

Hau Lee proposed a framework consisting of four types of supply chain
strategies based on characteristics of supply uncertainty and demand un-
certainty [ 100]. Demand uncertainty is categorized as either predictable or
unpredictable and supply uncertainty as stable or evolving. Supply chain
strategies should be tailored to these two levels of uncertainty and the right
alignment creates e ciency, responsiveness, or resilience, depending on the
product type. For functional products, such as food staples and medical sup-
plies, there are long life cycles, low margins, and low stockout/obsolescence
risks. An E cient" strategy is appropriate for these supply chains, focusing
on cost e ciency, lean systems, and logistics optimization. This strategy
is very similar to a tree-style network, with a single upstream supplier for
each agent. Sun et al. con rmed that alignment leads to improved supply
chain performance, with regression analysis supporting the hypothesis that

rms in stable environments perform better when pursuing cost e ciency
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[142]. Scala and Lindsay (2021) provided empirical evidence that overly
lean supply strategies led to shortages and that agility was a key di eren-
tiator for healthcare supply performance during Covid-19 shortages | 132].
Conversely, higher uncertainty for both demand and supply necessitates an
"Agile" strategy, which combines responsiveness with risk hedging strate-
gies (postponement, exible supply bases, decoupling points, technological
integration, etc.). This strategy employs a fully connected network between
levels, where an agent may order from  any upstream agent. Sun et al. found
that alignment with agile strategies had one of the strongest positive e ects
on SCM performance. This pro le emphasize high exibility, service, and a
strong use of market information systems and decision support systems.
Ultimately, rms must match supply chain strategies to product uncertainty
pro les. A misalignment of structure and risk can lead to ine ciency, high
costs, and poor service [100, 142].

Tan et al. designed network topologies for a three-tier supply chain
to replicate the systems described by Lee, utilizing suppliers , distribution
centers, and retailers as agents. An e cient strategy lacked redundancies
and utilized single connections from agents in each tier, working best in
low-risk systems (for both supply and demand). Figure 4.1a below shows a
modi ed e cient supply chain with single connections branching at lower
levels of the system. Conversely, an agile strategy employs exibility, with
highly connected nodes between tiers. Agents are interlinked with multiple
connections, which can mitigate demand and supply risks more e ectively by
rerouting ows to alternate paths when a given link experienced a disruption
[144]. Figure 4.1c below shows a connected agile supply chain, where agents
at the lower level may order from any agent at a higher level. In summary,

prior work demonstrates clear tradeo s between e ciency and resilience
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across di erent network designs, yet there has been less work regarding how
these network structures perform when coupled with varied disruption types
and coordinated policy responses, an integrative approach this study seeks
to address. This gap also underscores the importance of examining response
strategies, as the e ectiveness of stockpiling, prioritization rules, or other
interventions is likely to depend on the underlying network structure in

which they are deployed.

4.2.3 Response approaches

In the previous chapter, we reviewed the literature and identi ed six
archetypal response actions or strategies for disrupted supply chains: inven-
tory bu ers and stockpiling, redundancy in sourcing and capacity, exible
logistics and routing, information sharing and early warning, prioritiza-
tion and allocation policies, and government policy interventions. Inven-
tory bu ering has been consistently validated across case studies and
simulations as a means to improve the ability to meet demand during a
disruption, although at the cost of additional inventory and potential obso-
lescence [124, 125, 151]. Redundancy in sourcing and capacity through
multi-sourcing and backup production lines can improve recovery time and
reduce total failure risk, especially when secondary suppliers or additional
production lines can be rapidly activated [ 57, 124]. Flexible logistics and
routing have emerged as a distinct resilience lever, utilizing alternate routes,
contingency carriers, multiple distribution centers, or the ability to reroute
shipments to bu er against breakdowns in network linkages as a result of
a disruption [ 56, 86, 103]. Information sharing and early warning systems
utilize proactive monitoring, technology integration, and data ow (inventory

levels, production status, and shipment tracking) to support early detection
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and rapid response to disruptions [ 13, 23]. Prioritization rules and alloca-
tion policies, whether fairness or heuristic based, are response measures to
manage who receives limited goods during periods where demand exceeds
supply. Examples include rationing, purchase limits, triaging, or other
simple rules [ 8, 9, 75]. Finally, the government can respond by invoking
emergency powers, subsidies, price controls, relaxing or tightening regula-
tions, and coordinating industry responses [ 102, 134, 161]. Prior research
also emphasizes that recovery actions operate within structural constraints

and that the same intervention can yield di erent outcomes depending

on network connectivity and where bottlenecks emerge under disruption.
Disruption propagation studies and recent resilience reviews emphasize
that recovery is conditioned by network dependencies and the availability

of alternate paths [ 82, 86]. Taken together, these works demonstrate that
no single strategy su ces. Rather, the literature converges on the need for
multi-pronged responses that combine approaches, depending on the na-
ture and risk of the system. Yet, we know little about how the e ectiveness

of these strategies interacts with di erent network structures or disruption

types, the gap this study addresses.

4.2.4 Equity during disruptions

Equity has been examined most explicitly in humanitarian logistics and
public-sector shortage modeling, where performance under disruption is
evaluated not only by aggregate demand satisfaction (e ectiveness), but
also by how service is distributed across recipients when supply is scarce.
Within this domain, equity is typically operationalized as an outcome-based
concept, such as dispersion in service levels, waiting times, or unmet de-

mand across stakeholders, rather than as procedural fairness. Common
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guantitative approaches include inequality indices like the Gini coe cient

or other criteria that protect the worst-served group (such as measurement

at the 10th percentile) [ 15, 24, 66]. Collectively, these studies show that
distributional equity is not a direct result of high average performance and

that equity must be modeled explicitly as a distinct objective [ 79], optimizing
aggregate objectives alone can yield highly inequitable allocations [ 66], and
equity conclusions can depend on the type of metric | 15]. More broadly,
this work shows that introducing explicit equity objectives or constraints

can alter allocation decisions under scarcity, revealing a tradeo with e ec-
tiveness (although structural exibility and timely intervention can mitigate

the severity of that tradeo) [ 66, 79]. Motivated by this equity-aware alloca-
tion literature, we evaluate an explicit distributional equity (Gini) outcome
integrated alongside e ectiveness when comparing disruption response

strategies.

4.2.5 Research gap

The three facets discussed in this section, network structure, disruption
type, and response strategy, are thought to highly determine the impacts
of a disruption. However, a strategy that is advantageous in one network
setting and disruption type may falter for another combination. Prior empir-
ical supply chain studies have typically examined one or two dimensions
at a time, such as optimizing network design or e ectiveness, analyzing
single disruption impacts, or evaluating a particular response framework
in a xed network. These approaches leave a gap in understanding the
integrative e ects for larger systems. As a result, there is comparatively lim-
ited insight into how topology, multiple disruption mechanisms (including

compound and overlapping events), and response strategies interact within
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a uni ed experimental framework, and whether conclusions about strategy
e ectiveness generalize across structural contexts.

Moreover, while equity has been treated explicitly in humanitarian logis-
tics and shortage allocation research, it is less commonly carried through
as a primary outcome in broader disruption-resilience evaluations that
compare interventions across varying structural conditions. In critical
public-goods supply chains, this omission is consequential because pri-
oritization rules can materially change the distribution of individual per-
formances, even when the rules have limited ability to change aggregate
e ectiveness metrics. We address this gap by explicitly integrating network
topology, disruption, and response strategy within a uni ed experimental
framework, enabling direct comparison of policy mixes on outcomes for both
e ectiveness (system |l rate) and equity (Gini of retailer Il rates during
the disruption period). Here, a response strategy comprises the selected

prioritization rule together with the selected response action or actions.

4.3 Methods

The goal of this study is to evaluate how di erent combinations of supply
chain structure, disruption type, and response strategy a ect both system-
level performance and equity outcomes. The central concept of the scenario
design is factorial: by systematically each of these elements, we are able
to assess both the main e ects of each factor and their interaction e ects
across diverse conditions. Subsections 4.3.2, 4.3.3, and 4.3.4 will discuss

the assumptions for these three aspects further.
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4.3.1 Model overview

The simulation model was implemented by building on the validated
agent-based model from Chapter 3, which reproduced the 2022 infant for-
mula shortages in the U.S. This study simpli ed the model to focus on a
single notional critical good, removed the WIC elements, then extended the
framework to incorporate exible network structures, a broader set of dis-
ruption scenarios, and potential responses. We utilized this ABM approach
in order to apply realistic inventory control decisions at all levels, subject to
random but realistic demand parameters. The model was structured as a
three-tier supply chain of manufacturers, intermediate distributors, and
retailers. Each time step consists of one day, with stochastic demand at
each retailer. Over time as demand depletes inventory, retailers will order
from the next level in the supply chain, which becomes the demand signal
for the distributors. Similar inventory control is accomplished at the in-
termediate level, with ordering from manufacturers who produce and then
store a daily production inventory. Within the model there is a continuous
ow of shipments downstream and orders upstream in the supply chain.
Simpli ed pseudocode for this version of the supply chain model is included
in Appendix C.

This model built directly on the validated model in Chapter 4, which
was grounded in empirical data from the 2022 infant formula shortage.
Additional veri cation of this extended model was accomplished by checking
that in a disruption-free scenario the supply chain maintains the expected
stockout rates. We also considered parameterizations under extreme condi-
tions to check for outcomes that made intuitive sense (such as the resulting
drop in supply and increase in stockout if one manufacturer is completely

o ine for an extended period).
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4.3.2 Network topologies

Agents are organized within networks based on one of several network
topologies or con gurations. For the minimally-connected network ( Min.,
presented in Figure 4.1a), each retailer is part of a network with the same
intermediate distributor and may only order from that distributor. Similarly,
each distributor has an assigned manufacturer and may only order from
that agent, even during a disruption event. This network con guration
is simplest and thought to function best in stable systems that can be
optimized for cost e ciency [ 142]. It resembles tree and branch networks
in the literature and the  E cient network described in Section 4.2.2.

For the fully-connected network ( Full, presented in Figure 4.1c), retail-
ers are not constrained and may order from any intermediate distributor.
Retailers can order either randomly (our default assumption) or from the
distributor with the greatest on-hand inventory. Similarly, distributors may
order from any of the four manufacturers in order to replenish their stock.
While agents may order from any upstream provider in this network, we do
not allow ordering from other agents of the same type or other cross-leveling
of inventory, even during the disruption. This network structure is similar
to the Agile network described in Section 4.2.2.

A third network type is a hybridization of the rst two structures dis-
cussed: a series of fully connected sub-networks that are self-contained
subsystems of the overall network. Sub-networks can be tiny (meaning each
retailer has one distributor), large (each sub-network is half the total number
of retailers/distributors), or anything in between. For this con guration,
Partial , we assume that all sub-networks are the same size. Figure 4.1b
displays this con guration, with retailers within a sub-network able to order

from any distributor within that same network; ordering outside the sub-
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network is not permitted. Likewise, distributors within their sub-network
may only order from their connected manufacturers. The number of sub-
networks thus is a model parameter that de nes the connectedness of the
system: a minimum number of sub-networks (a single network) corresponds
to the fully-connected system, while a maximum number of sub-networks
results in one-to-one relationships (our minimally-connected network).
These three network structures were selected as deliberately stylized or
clean” topologies so that the analysis could isolate the e ects of increasing
connectedness and path redundancy while holding other structural features
constant. This choice improves internal comparability across the factorial
design, but it also means the conclusions should be interpreted as structural
tendencies rather than direct predictions for real supply chains, many of
which display heterogeneous or scale-free degree patterns. In such networks,
hub concentration can alter resilience behavior substantially, since scale-
free structures are often robust to random failures but more vulnerable to

targeted disruption of highly connected nodes [14, 119].

4.3.3 Disruption types

We consider three types of disruptions to a functioning and stable supply
chain: production or supply, demand surge, and transportation break-
down 1. Our previous work considered speci ¢ cases for the production and
demand disruptions, the 2022 infant formula shortage in the U.S. and the
demand response for a notional anthrax attack in a major metropolitan area,
respectively. This modeling generalizes both of those supply chain disrup-

tions and also considers the breakdown of linkages between agents in the

LWe note information failures broadly as a type of disruption also described extensively
in the literature, however we will not operationalize this disruption type as it is out of the
scope of the supply chain model.
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(a) Minimally connected (e cient) net-
work structure.

(b) Partially connected with distinct sub-
networks

(c) Fully connected (agile) network struc-
ture

Figure 4.1: all 3 network structures
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model, operationalizing a real-life breakdown or blockage of a transportation

network.

Figure 4.2: Network designs and disruption types.

Our work for this e ort implements roughly the same magnitude of initial
disruption for each type, as shown in Figure 4.2. A generalized production
disruption is accomplished as a reduction of 80% of the manufacturing
capability for a single agent for a 150-day period. This represents one of the
four manufacturers being o ine due to an emergency for that time period
and reduces the overall system-wide production by 20%. For the targeted
manufacturer, we make a simplifying assumption that production drops

immediately and remains at the reduced level over the entire disruption
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time period, then immediately returns to the pre-disruption production rate,
in order to not introduce other parameters (production decay or growth
rates) to this scenario. A generalized demand disruption is implemented as
an 80% surge in demand for a 150-day period. This disruption localizes to
25% of the retailers in the network, which results in an overall system-wide
demand increase of 20% 2. Finally, the transportation disruption reduces
the amount of inventory by 80% that can ow between an a ected set of
Distributors (4 of the 16 Distributors) and downstream Retailers for 150
days, decreasing system throughput by 20% within the minimally connected
network. Since this disruption only targets the ability for Distributor-agents
to move inventory directly downstream, it does not limit the amount of
inventory that can be ordered and stockpiled mid-stream until the post-
disruption time period; nor does it prevent other Distributors from lling
orders when additional linkages are implemented with the Partially- and

Fully-Connected networks.

4.3.4 Response strategies

The disruption response strategy involve two aspects: the prioritization
rule and any additional response actions. Regarding the prioritization rule,
whenever the manufacturers or distributors have su cient inventory on
hand to ful Il incoming orders, no prioritization is necessary and all demand
is met for that period. If demand is greater than the inventory on hand,
then the prioritization rule determines the rank order of orders to Il. Based

on the results of Chapter 3, we reduced the number of prioritization rules

2 A proportional system-wide increase of 20% simultaneously a ecting all retailers was
considered, but the localized disruption is more aligned with localized emergency and
consistent with our assumptions for localized production and transportation disruptions.
The system-wide demand disruption was nevertheless model and showed better |l rates
and equity performance than the localized case, so the results here can be considered
conservative.
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that we will evaluate from nine to three to manage the scope of the factorial
design. Table 4.1 presents the three primary rules, all of which fall within

a needs-based framework: Greatest Need First , Longest Waiting First , and
Largest Size First . The advantage of needs-based prioritization is that it
directs limited resources toward preventing the worst outcomes; however,

it requires good data in order to correctly identify the greatest need and
transparent communication between supply chain actors [ 156]. These
three strategies sort all ordering agents (distributors, retailers ordering

from a manufacturer, and retailers ordering from a distributor) based on a

de ned ranking policy. We selected these policies based on the results from
Chapter 3 for varying prioritization rules for the baseline formula shortage
scenario. Recall that when percent of demand satis ed and equity were
plotted together, there were generally two clusters. One group resulted in
greater |l rates, but a higher Gini Coe cient (lower equity). We selected
Largest Size First from this grouping because it resulted in the greatest |l

rate for all rules. The other group resulted in better Gini Coe cients, but

lower Il rate. We selected Longest Waiting First from this group because of
its intuitiveness. It is essentially a rst-in rst-out  ful llment policy. Finally,
Greatest Need First t neither grouping, achieving a balanced improvement
across multiple objectives.

Table 4.1: Prioritization rules for implementation during supply chain
disruption.
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Along with the prioritization policy, we test combinations of two other
response actions: (1) alternative sourcing from outside the system and
(2) restrictions on demand that result in deferring to a later time period
(rationing and delaying). These responses are summarized in Table 4.2. Both
actions, when implemented, last for a baseline of 30 days and a magnitude
of 20% of the daily system demand. We test the impact of these assumptions
with a sensitivity analysis of the response actions in Appendix C.

Alternative sourcing can be implemented in several ways, either as an
emergency stockpile, a substitutable product, an increase in imports from
an alternative supply chain, or as an increase in the existing production
capacity. The only fundamental di erence between these methods is the
replenishment and capacity of the external supply. An emergency stockpile,
such as the Strategic National Stockpile, would be immediately available,
but has a xed capacity and is not replenished. Conversely, an increase in
imports could open up a consistent supply of additional products. Increasing
production capacity would similarly provide consistent supply, but likely
at a limited rate (and additional cost for the manufacturer). Within the
simulation, an alternative sourcing approach is implemented as an increase

in production rate for any una ected manufacturers as shown in Table 4.2

Table 4.2: Response strategies

3

Response Composition Timing
Alt. Sourcing Increased supply by 20% of 30-day emergency supply
daily demand period, available 30 days af-

ter disruption onset

Demand Reduction 20% of daily demand re- 30-day rationing period, be-
duced gins 7 days after disruption

onset

31n computing the magnitude of the increase in production, we use the undisrupted daily
demand computed during the simulation warm-up period. It does not increase increase
with the system-wide demand increase during a demand disruption.
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A demand reduction policy is meant to defer a portion of the ordinary
demand to a later point in time, subsequent to the immediate supply chain
disruption emergency. This action replicates purchase limits and rationing
that might be imposed by either a government or corporate policy in order
to maximize the number of customers that could purchase a portion of
their demand, rather than have a smaller number of individuals fully satisfy
demand at the expense of others. During the deferment period, demand
is reduced by the xed percentage from Table 4.2. Our assumption is that
this subset of demand will later be satis ed once the supply chain recovers

and there are no lingering shortages, but this aspect is not modeled here.

4.3.5 Experimental design

The experimental design of this study is structured to evaluate how
di erent combinations of supply chain structure, disruption type, and
response strategy a ect both system-level performance and equity outcomes,
leveraging the validated model from Chapter 3. The central logic of the design
is factorial: by systematically varying structural, operational, and policy
elements, we will be able to assess both the main e ects of each factor and

their interaction e ects across diverse conditions.

4.3.5.1 Scenarios

We test three network structures under all possible combinations of pro-
duction, demand and transportation disruptions, coupled with responses.
First, network topology is varied across three structures (Minimally-, Partially-
, and Fully-Connected). Second, disruption types are introduced as produc-
tion capacity reductions, demand surges, and transportation breakdowns.

To capture the compounding nature of real-world crises, disruptions are not
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evaluated solely in isolation, but also in all possible combinations, produc-
ing seven unique disruption cases in total. This approach operationalizes
situations where one disruption is triggered by or coincides with another,
such as when a production disruption triggers an increase in demand as a
result of consumer panic and hoarding. Experimental implementation of
these rst two dimensions are presented in Figure 4.3a.

Finally, the third dimension is the response strategy. For each combina-
tion of network types and disruptions, we test each of the three prioritization
rules ( Greatest Need , Largest First , and Longest Waiting ) in combination
with the remaining response actions: one without any further response,
one utilizing alternative sourcing, one utilizing demand reduction, and one
that utilizes both responses. The details of these responses as implemented
in the model are presented in Table 4.2. Thus, for each combination of
network structure and disruption scenario, there are twelve scenarios for
the response strategy combinations, as shown in Figure 4.3b. The design
produces 252 unique experimental treatments, each replicated 500 times
(based on a baseline runs analysis to achieve convergence for the KPIs), as

presented overall in Figure 4.3.

4.3.5.2 Parameters and assumptions

With only minor modi cation, parameters are carried forward from the
model in Chapter 3, including a three-tier structure of manufacturers, dis-
tributors, and heterogeneous retailers, as well as a periodic review (s,S)
inventory policy calibrated at the individual level for demand, a seven day
review period, and 21 days of shipping lead time. The basis for the periodic
review policy and other model parameters are discussed in greater detail

in Chapter 3. Additional baseline parameters for the model include a 95%
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(a) Set of experimental combinations for networks and disrup-
tions.

(b) Expansion of the rst row of 4.3a to include all combinations of response
strategies.

Figure 4.3: Overview of the factorial experimental design for simulation
scenarios to explore combinations of networks, disruptions, and responses.
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target service level for probability of stockout during an order period, and

10% daily variability in retailer demand. Service level is de ned as the
probability that an agent does not experience a stockout prior to the next
replenishment [ 44, 123]. We utilize a target service level consistent with
standard inventory theory for critical items [ 95, 133] and 21-day replenish-
ment lead time as a realistic baseline consistent with industry practice [ 152].
In all cases for the baseline design, the system consists of four manufactur-

ers, sixteen distributors, and 128 retailers. For the Minimally-Connected
network scenarios, the sixteen distributors are divided equally into networks
serviced by each manufacturer. Likewise, each of these distributor networks

then service eight retailers. For the Partially-Connected network scenarios,

there are treatments of two, four, and eight sub-networks, and within each
sub-network there are full connections between Distributors-Retailers. 4
Retailers are sized variously based on a normally distributed random vari-

able. Performance outcomes are evaluated in terms of |l rate, lost sales,

and recovery speed, while equity outcomes are assessed through the Gini

coe cient, Theil index, and dispersion of retailer Il rates.

4.3.5.3 Implementation

Implementation of the experiment was in NetLogo, as an extension of
the supply chain model utilized to analyze the infant formula shortage in
Chapter 3, and additionally managed through the nirx package in R for
batch execution. Each simulation run spans 500-600 daily steps, including
a 250-day warm-up to establish steady state before disruption, as de ned by

a stable level for the average stockout rate. All agents begin with su cient

4Retailers are hard-linked to their distributor network based on the entity number within
NetLogo. For example, with two sub-networks, Retailers 1-64 are linked to Distributor 1
but with eight sub-networks only Retailers 1-16 are linked to Distributor 1 .
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initial stock to meet demand, ensuring the supply chain is in a balanced
state before any disruption occurs.

Prior to disruption, the system is assumed to operate in steady state
under stochastic retailer-level demand. Disruptions are applied for 150
days. Our approach for unful lled demand at retailer-level is that at the end
of each time step the unmet demand renews with that same retailer at the
beginning of the next time step, in addition to the new daily demand. While
inventory levels never go negative, the demand remains with the retailer
until it is satis ed. Recovery is de ned as the time beyond the end of the
150-day disruption period at which the seven-day average (rolling) stockout
rate across all retailers decreases below the system-wide goal service level.

A simulation run will terminate at this recovery point.

4.3.5.4 Analysis

Analysis proceeds at both descriptive and inferential levels. The main
Key Performance Indicators for system-level outcomes are the percentage of
demand satis ed during the disruption and recovery periods, captured as
an average across all runs within a scenario, and equity outcomes using
the Gini coe cient. The percentage of demand satis ed is the system
Il rate and operationalizes the magnitude of the disruption. Equity is
de ned in terms of the Gini coe cient, which measures the dispersion
of individual retailers' average service levels during the disruption and
recovery periods in order to determine the degree of unevenness in demand
satisfaction. In addition to main e ects, the factorial design allows for
analysis of interactions between response strategies and disruption types,
enabling identi cation of cases where the e ectiveness of a strategy depends

on other conditions.
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Because the primary outcomes (system |l rate and the Gini coe -
cient) are bounded proportions, ordinary least squares regression is not
appropriate. These measures lie between 0 and 1, are often skewed, and
exhibit non-constant variance, which can produce biased tted values and
violate Gaussian error assumptions. We therefore use beta regression, a
likelihood-based model designed for rates and proportions that links the
conditional mean of the outcome to the experimental factors through a
monotone link (logit) and accommodates the mean-variance relationship
typical of disruption-performance metrics [47, 60, 139].

The inferential objective is to quantify how network topology, disruption
type (including compound disruptions), and response strategy jointly shape
e ectiveness and distributional equity within a factorial design. We summa-
rize model results on the original outcome scale using estimated marginal
means (EMMs), predicted Il and Gini values for each topology Odisruption O
response combination, and then compute contrasts as di erences between
two EMMs within the same topology-disruption scenario ( strategy baseling
[101]. Interpreted on the response scale, these contrasts quantify how
much expected demand satisfaction and distributional equity change under
a given strategy, which supports the development of dominant or preferred
policy response within a given scenario by ranking expected e ectiveness

and using equity as a discriminating metric [101].

4.4 Results

This section presents the results linking network topology, disruption
scenario, and response strategy to system performance (aggregate demand
satis ed and equity outcomes). We present these results starting with

an aggregate view of the performance landscape (system Il rate and Gini
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coe cient), then progressively more conditioned comparisons that support

strategy selection across a range of contexts, information availability, and
connectivity. Unless stated otherwise, reported e ects are expressed relative
to the within-scenario baseline (random allocation without any response

actions).

4.4.1 Tradespace between e ectiveness and equity

Figure 4.4 provides an initial, global view of the e ectiveness-equity
landscape across the full experimental design by plotting system |l rate
and Gini coe cient for each run result, with averages grouped by network
topology and disruption scenario. This visualization is intended as an
orienting diagnostic, rather than a nal decision tool. It establishes why
both outcomes are necessary in order to characterize resilience under stress.
Fill rates are a conventional measure in supply chain resilience to measure
the magnitude of the disruption at the system-level [ 120, 136]. In public
and medical supply chains, allocation and fairness become a performance
concern, so evaluating the dispersion of actor performance is necessary
to identify whether the disruption impacts uniformly across the system or
if there are imbalances and concentrations [ 73]. Gini operationalizes this
distribution dimension and provides an equity performance measure to
complement |l rate.

Examining Figure 4.4, the pooled results occupy a clear gradient that
de nes the overall trend: scenarios with higher Il (better performance) also
generally exhibit lower Gini coe cients (better performance). Therefore, the
relationship between demand satis ed and equity is not strictly a tradeo
in this experimental setting. At a macro-level, improved Il rate appears to

reduce the extent of extreme under-service and selection bias at the retailer-
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