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Abstract. We study systemic risk in a supply chain network where firms are connected 
through purchase orders. Firms can be hit by cost or demand shocks, which can cause defaults. 
These shocks propagate through the supply chain network via input-output linkages between 
buyers and suppliers. Firms endogenously take contingency plans to mitigate the impact gener-
ated from disruptions. We show that, as long as firms have large initial equity buffers, network 
fragility is low if both buyer diversification and supplier diversification are low. We find that a 
single-sourcing strategy is beneficial for a firm only if the default probability of the firm’s sup-
plier is low. Otherwise, a multiple-sourcing strategy is ex post more cost effective for a firm.
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1. Introduction
Over the past decade, supply disruptions caused by vari-
ous types of shocks, including bankruptcies of suppliers, 
natural and man-made disasters, labor strikes, and pub-
lic health crisis, have presented serious concerns to firms. 
Major examples of supply chain disruptions include 
bankruptcy filings of 30% of preexisting North American 
automotive suppliers by 2008; the 2011 Great East Japan 
Earthquake that caused wide damages to supply chains in 
automobile and electronics industries; the fire at a Philips 
plant in New Mexico in 2000 that stopped the supply of 
semiconductor chips to major cell phone manufacturers for 
several months; the labor disputes, wage strikes, and walk-
outs that occurred in China, Bangladesh, Cambodia, and 
Vietnam in 2010 and exposed firms in developing markets 
to high supply disruption risk1; and the most recent coro-
navirus disease 2019 (COVID-19) pandemic that triggered 
both supply and demand shocks across a wide spectrum 
of industries. We refer to Brinca et al. (2020, 2021) for stud-
ies on supply and demand shocks that occurred during the 
COVID-19 pandemic and to Guerrieri et al. (2022) for the 
causal relationship between supply shocks and demand 
shortages experienced during the pandemic.

If a firm defaults after being hit by a shock, downstream 
firms that purchased goods from it will be negatively 
affected. These firms would experience a decline in their 

outputs if they are not able to replace their suppliers and 
may themselves default because of a drop in revenues. 
Moreover, the shock hitting the defaulting firm also propa-
gates upstream to its suppliers, which will not deliver 
orders to a firm defaulting on its payments. If a supplier 
cannot reroute the undelivered orders and the drop in rev-
enues caused by the defaulting firm is significant, the sup-
plier may also default and create further distress through 
the network. Hence, the default of a firm has implications 
on the overall system. We refer to the risk of contagious 
failures as systemic risk. The negative externalities created 
by defaults are material, as empirical evidence suggests. 
For instance, the study of Kolay et al. (2016) considers trad-
ing partners of firms that file for Chapter 11. They find that 
suppliers and buyers of a bankrupt firm experience losses 
when they lose the bankrupt partner, and the suppliers suf-
fer larger losses than buyers. Suppliers and buyers may, in 
turn, default if the negative externalities imposed by the 
bankrupt firm are too large, as in the bankruptcy cases 
described next.

Pipeline Foods, a Minnesota-headquartered organic 
food company, filed for bankruptcy in July 2021 because 
of the reduced customer orders during the COVID-19 
pandemic. Many farms were hit hard by this bankruptcy; 
in addition to their claims on delivered grain, they could 
not sell undelivered grain that was under contract to 
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Pipeline Foods to other buyers. Assisted by Oliver Larson, 
an assistant attorney general who petitioned the court on 
behalf of Minnesota farmers for permissions to sell the 
undelivered grain, Chris and Andrea Koller’s farm was 
granted permission to sell the grain to other buyers. 
Proceeds from this sale provided the farm with enough 
funds to survive (see Pates 2021 for additional details). 
Another noticeable case is that of Hanjin Shipping, a 
world top 10 container carrier that filed for bankruptcy 
in September 2016 because of sluggish freight rates 
caused by weak demand and soaring global capacity. 
The bankruptcy affected global supply chains because 
half of Hanjin’s container ships were denied access to 
ports. Major U.S. retailers, such as J.C. Penney and Wal-
mart, began to divert and switch demand of carriers for 
their containers to other suppliers (e.g., Hyundai Mer-
chant Marine) right after assessing the impact. We refer 
to AP News (2016), DW News (2016), and Dong-chan 
(2017) for additional details.

Pipeline Foods and Hanjin are two examples of firms 
that went bankrupt because of demand shocks. The 
Pipeline Foods’ supplier managed to reroute its grain, 
and Hanjin’s buyers were able to switch suppliers to 
prevent further distress. This should be contrasted with 
the many suppliers and buyers of firms damaged by 
the Great East Japan Earthquake in 2011, which were 
unable to withstand the shock induced by the earth-
quake after trying to find alternative buyers and switch 
suppliers, respectively.2

Although systemic risk has been the subject of consid-
erable investigation in the finance literature,3 there are 
only a handful of studies on systemic risk in supply 
chain networks. Nevertheless, supply chain systemic 
risk is economically significant considering that the gross 
output in the manufacturing industry is more than twice 
that in the finance and insurance industry ($5,712 billion 
against $2,408 billion in the United States in 2016 accord-
ing to the U.S. Department of Commerce).

The goal of our study is to analyze the systemic 
implications of shocks to the supply chain network 
when firms are reactive and ex post take contingency 
plans to mitigate the adverse effects from disruptions. 
We develop a network model for an industry whose 
firms are interconnected through purchase orders of 
different goods. Each firm in the network incurs a net 
production cost in the time from order placement until 
order delivery. The net production cost includes the 
cost of fulfilling orders minus the revenue generated 
from transactions outside the network (e.g., income 
generated from consumer sales of retail firms). Upon 
the occurrence of a shock, if the net production cost of a 
firm plus its safety stock cost exceeds its initial equity 
plus the revenue generated from the sale of goods, then 
the firm will fundamentally default. The firm’s default 
will have consequences on the entire network via the 
input-output linkages between buyers and suppliers.

Each firm optimally mitigates the potential losses 
triggered by a default of its buyers or suppliers by 
rerouting undelivered orders to alternative buyers and 
switching excess demand to alternative suppliers. If the 
firm’s net worth is still negative after these mitigating 
actions, then the firm will default and trigger another 
wave of contagious defaults in the network. A unique 
equilibrium is reached when the default cascade stops 
and simultaneously, buyers and suppliers of any de-
faulting firm agree on an efficient profile of switched 
demands and rerouted supplies. We develop an algo-
rithm to compute this equilibrium. Under such equilib-
rium, all firms have the largest ex post net worth, and 
the number of defaults in the network is minimized.

We analyze the impact of buyer and supplier diversifi-
cation on systemic risk in tiered supply chain networks. 
A tiered network is more diversified than another if each 
firm in this network distributes its orders to a larger 
number of suppliers and buyers than the other. We mea-
sure the ex ante performance of a supply chain network 
using two metrics: resilience and fragility.

The resilience of a network is measured by its reduction 
of out-of-stock risk quantified by the fraction of losses 
caused by switching suppliers, which can be reduced by 
holding safety stocks. The fragility of a network is mea-
sured by the expected total loss conditioned on the event 
that at least one contagious default occurs (i.e., that the net 
production costs are sufficiently high to trigger contagion).

We show that higher diversification always results in a 
more resilient network. With respect to fragility, instead 
the result depends on the capitalization of firms in the 
network. If firms’ initial capital is sufficiently low, less 
diversification amplifies losses from defaults and leads to 
a more fragile network. However, if firms’ initial capital 
is high, higher diversification results in a more fragile net-
work. Despite that higher diversification yields larger 
loss-sharing benefits to firms in the supply chain net-
work, it also presents a cost for two main reasons: (i) a 
larger number of contagious defaults and as a result, (ii) a 
larger amount of rerouted supply and switched demand. 
We show that the loss-sharing benefits are outweighed 
by the losses resulting from higher contagion. These 
results stand in contrast with the findings of Acemoglu 
et al. (2015) in the context of financial networks. They 
show that if banks have a sufficiently large cash buffer to 
absorb a shock, denser interconnections among banks 
result in a less fragile financial system.

On a firm level, we compare the two types of sourc-
ing most commonly used in supply chain systems, 
namely single and multiple sourcing. We begin by con-
sidering the event (i) in which a common supplier to 
both the single-sourcing and multiple-sourcing firms 
defaults. Then, the single-sourcing firm needs to switch 
the entire demand, whereas the multiple-sourcing firm 
only needs to switch part of it because the remaining de-
mand is served by other solvent suppliers. As a result, 
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the single-sourcing firm ends up with a lower net worth 
than the multiple-sourcing firm. The recent study of Cro-
signani et al. (2020) lends support to this model implica-
tion. They find that if the buyer of victims of cyberattacks 
has fewer alternative suppliers, then it will experience a 
larger revenue reduction than those firms with more sup-
pliers. Next, we consider event (ii) in which the supplier 
of the single-sourcing firm remains solvent while at least 
one of the multiple-sourcing firm’s suppliers defaults. 
In this circumstance, the entire demand of the single- 
sourcing firm is served, whereas the multiple-sourcing 
firm needs to switch the demand that is unserved by its 
defaulted suppliers. As a result, the net worth of the 
single-sourcing firm would be higher. If the probability of 
event (i) is higher than the probability of event (ii), the 
expected cost under the single-sourcing strategy would be 
higher. Otherwise, the multiple-sourcing strategy would 
result in higher expected costs.

Our findings provide theoretical support to empirically 
observed patterns. According to Chopra and Sodhi (2004), 
Nokia swiftly adopted a multiple-sourcing strategy after 
the fire at Philips’ Albuquerque plant in the United States. 
This strategy was based on the belief that the supply dis-
ruption would have had long-lasting consequences. By 
contrast, the communication technology company Ericsson 
opted for a single source of supply, believing that the dis-
ruption effect would have only been temporary. Mukher-
jee (2008) reported that Nokia’s purchasing manager had 
worked in the semiconductor industry before and was 
able to estimate a very high probability that the fire would 
cause supply disruption. Under these conditions, our the-
oretical results imply that the supply disruption resulting 
from the fire would cause a smaller loss to Nokia than 
Ericsson. This is consistent with realized facts as the dis-
ruption had severe consequences, and Ericsson suffered 
much larger losses than Nokia.

The rest of the paper is organized as follows. In Section 2, 
we develop the model of the supply chain network. In 
Section 3, we formalize the notion of partial and general 
equilibrium in a supply chain network. In Section 4, we 
characterize the unique general equilibrium and develop 
an algorithm that recovers the equilibrium. In Section 5, 
we study the impact of buyer and supplier diversifica-
tion on network performance. We also compare single- 
sourcing with multiple-sourcing strategies. We conclude 
in Section 6. All technical proofs and auxiliary results are 
relegated to the e-companion. A supplementary study 
on the impact of firms’ mergers on network performance 
is also provided in the e-companion.

1.1. Related Literature
Our paper is related to a branch of literature on supplier 
selection and risk in supply chains. Anupindi and 
Akella (1993), Tomlin (2006), and Babich et al. (2007, 
2012) characterize the optimal multisourcing strategies 
of a firm that is exposed to supply disruption risk. Deng 

and Elmaghraby (2005) evaluate the performance of the 
tournament selection among suppliers in the face of 
unknown supplier quality and unverifiable investment. 
Chod et al. (2019) focus on buyer default risk. They study 
how the buyer’s own riskiness affects its supplier selec-
tion strategy. Deo and Corbett (2009) and Tang and Kou-
velis (2011) model supply chain disruptions using a 
Cournot competition model. Behzadi et al. (2020) use the 
net present value of the loss of profit, time to recovery, 
and level of recovery to measure supply chain resilience. 
The authors evaluate the effectiveness of a port backup 
strategy in reducing the port closure disruption risks in 
a supply chain with fresh perishable goods. All these 
papers deal with suppliers’ selection strategies for miti-
gating the adverse consequences of disruptions from the 
perspective of an individual firm. Our study instead 
focuses on the implications of supplier diversification on 
systemic risk in the supply chain network.

A separate branch of literature has focused on opera-
tional tools that can mitigate the impact of supply dis-
ruption. Babich (2010) and Wadecki et al. (2012) analyze 
the optimal subsidy (on suppliers) decisions of manu-
facturers under different network topologies in the pre-
sence of supply disruption risk. Serel et al. (2001), 
Kouvelis and Milner (2002), and Babich (2006) investi-
gate the impact of supplier default risk, capacity reser-
vation requirements, and demand (supply) uncertainty 
on manufacturer procurement and production deci-
sions. Tomlin and Wang (2005) consider the resource 
investment problem in the presence of demand and 
supply uncertainty. Shan et al. (2022) study the problem 
of a retailer that orders from two competing strategic 
suppliers, subject to disruption risk, and responds by 
setting the retail price upon delivery. Schmitt et al. 
(2015) compare a centralized with a decentralized inven-
tory strategy in a two-echelon system that is subject to 
supply or demand disruptions. They find that the de-
centralized strategy is preferred to the centralized one 
if there is demand or supply uncertainty. Lim et al. 
(2011) study a bipartite network consisting of products 
and plants owned by a single firm. They investigate the 
design of the optimal network architecture, in which 
each plant is ex ante assigned to a certain product so to 
minimize the expected costs account for supply disrup-
tions. Further, they solve for optimal allocation of a 
plant’s capacity to its products after demand is realized. 
Hopp et al. (2008) use a two-stage model to identify the 
optimal strategies that minimize losses caused by supply 
disruptions. In the predisruption stage, two firms deter-
mine the investment in precautionary measures that 
facilitate quick detection of a supply disruption. Then, in 
the postdisruption stage, firms compete for alternative 
suppliers in a Stackelberg game. In most of these studies, 
firms determine ex ante the optimal strategies to prevent 
losses that may be caused by supply and demand dis-
ruptions, whereas in our model, firms ex post take 
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contingent actions, such as order rerouting and supplier 
switching, to mitigate the negative impact from disruptions.

Most of the literature surveyed focuses on supply 
chain models with a single product and a two-tier set-
ting; the retailer at the downstream tier sources from 
the suppliers at the upstream tier. In contrast, we ana-
lyze a multitier supply chain network consisting of 
multiple firms that supply and purchase several goods. 
In particular, the multitier network allows us to analyze 
how the default of a firm affects the firms that are more 
than one tier apart. A noticeable exception is Bimpikis 
et al. (2019), who also consider multitier supply chain 
networks accounting for supply disruption risk. They 
develop an equilibrium model to determine how firms 
optimally source their inputs from suppliers and set 
prices of intermediate goods (i.e., those produced by 
firms in intermediate tiers). Although their focus is on 
the formation of such a supply chain network, in our 
paper the supply chain network is exogenously speci-
fied. However, firms are strategic ex post and optimally 
choose contingency plans to mitigate the adverse effects 
of default contagion.

Battiston et al. (2007) develop a multiperiod frame-
work to simulate the propagation of bankruptcy shocks, 
accounting for the cost of supply disruption. In their 
model, the propagation of contagious defaults in the net-
work is caused by delayed trade credit payments rather 
than supply and demand disruptions. Kim et al. (2015) 
consider a supply network consisting of a collection of 
facility nodes and transportation arcs that connect differ-
ent facilities. They define a disruption as the event that, 
after local disruptions occur in the nodes or arcs, there 
no longer exists a path between the source and sink 
nodes. Different from our paper, they do not consider 
the adverse effect caused by a failed node or arc on its 
adjacent nodes or arcs. In their model, the local disrup-
tions are exogenous and do not cause contagion. In con-
trast, in our model, fundamental defaults may lead to 
default contagion via input-output linkages.

On the empirical side, Carvalho et al. (2021) provide 
evidence that input-output linkages contributed to pro-
pagation and amplification of economic shocks trig-
gered by the Great East Japan Earthquake of 2011. Ellis 
et al. (2010) provide a survey on purchasing managers 
and buyers that identifies how firms make decisions in 
the face of supply disruptions. We refer to Yano and 
Lee (1995), Snyder et al. (2006), and Tang (2006) for 
excellent surveys on supply chain risk.

2. Model
We develop a model to quantify the linkages between 
firms triggered by cost and demand shocks in the sup-
ply chain network.

In Section 2.1, we describe the firms’ response to cost 
and demand shocks at the time when orders are due. 

Hence, firms have zero pipeline inventory, and one 
does not need to specify the replenishment lead time 
between order placement and order delivery. In Section 
2.2, we introduce the downstream markets where firms 
reroute their supply and upstream markets where firms 
switch their excess demand. We quantify the firms’ ex 
post net worth after all contingency actions are taken in 
Section 2.3.

We consider an industry consisting of a set of firms 
N :� {1, : : : , N}. Each firm supplies, consumes, or pur-
chases at least one good, and we denote the set of avail-
able goods by M :� {1, : : : , M}, where goods 1 and M 
represent raw materials and finished products, respec-
tively. For example, in the steel industry, miners supply 
iron ore, steel producers purchase and consume iron ore 
and supply steel, and steel consumers purchase steel. 
The order om

ij specifies the quantity of good m that firm i 
commits to deliver to firm j. We use pm to denote the exo-
genously specified price paid by buyers for each unit of 
the good m.4 Each firm i is assumed to be initially solvent 
with equity wi and endowed with safety stock θm

i of 
good m whose unit holding cost is λm

i per unit time. The 
safety stock acts as a buffer stock to protect firm i from a 
supply disruption. We use a supply chain network to 
describe the interconnected market between firms in 
the same industry, defined as a five-tuple (O, p, w, �, �), 
where O :� {om

ij }m∈M,i,j∈N , p :� {pm}m∈M, w :� {wi}i∈N , � 
:� {θm

i }m∈M,i∈N , and � :� {λm
i }m∈M,i∈N .

2.1. Cost and Demand Shocks and 
Firms’ Response

Each firm i incurs a random net production cost ci, 
which captures the expenses required to produce the 
good minus revenues from transactions outside the 
supply chain network (e.g., sale of goods to consum-
ers). We define the cost shock and demand shock to be 
sudden and unexpected change, respectively, in the 
expenses to produce a good and in the demand for a 
good. Uncertainty in the net production cost comes 
from the occurrence of cost and demand shocks caused 
by unforeseeable events occurring in the time interval 
from order placements until final delivery. Cost shocks 
include labor strikes, fire at plants, and changes in 
wages or energy prices. For example, the 2019 General 
Motors strike was estimated to cost General Motors up 
to $100 million a day (Wayland 2019). In 2000, the fire at 
a semiconductor chip plant in Albuquerque, New Mex-
ico caused the loss of millions of cell phone chips, dam-
aged and contaminated cleanrooms, and led to a loss of 
approximately six weeks of production for Philips 
(Sheffi 2005). Another example is the bankruptcy of 
about 30 UK energy suppliers in 2021 because of the ris-
ing wholesale prices of natural gas for power genera-
tion (Cyrus 2022). Demand shocks, instead, are induced 
by natural or human-made disasters, such as earth-
quakes and terrorist attacks. The most recent COVID-19 
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pandemic has caused large demand shocks in many sec-
tors. We refer to Miron and Zeldes (1988) for a discussion 
of cost shocks and to Brinca et al. (2020) for an analysis of 
demand shocks caused by the COVID-19 pandemic.

When orders are due, the net production costs of all 
firms are realized. The financial state of each firm i is 
determined by its net worth ei (i.e., assets minus liabili-
ties), which is observable by all firms. We use a struc-
tural default model (i.e., firm i defaults if ei < 0 and stays 
solvent if ei ≥ 0). A default event is common knowledge 
among all firms in the supply chain network. This is 
consistent with current practices, where a defaulting 
firm files for either Chapter 7 or Chapter 11 bankruptcy. 
If a firm’s net production cost is too high to be absorbed 
by the firm’s initial equity plus revenues from its 
buyers’ payments, then the firm defaults. The suppliers 
do not deliver any good to a defaulting firm because 
they are not compensated for such a delivery. Hence, 
the amount of good m delivered by firm i to firm j, 
denoted by qm

ij , is given by

qm
ij :�

�
om

ij if ej ≥ 0,
0 otherwise,

(1) 

and it is referred as the delivery amount. The amount 
of undelivered orders is then given by the difference 
between the ordered and delivered amount: that is,

γm
ij :� om

ij � qm
ij for m ∈ M, i, j ∈ N : (2) 

It follows that firm i’s total amount of undelivered 
orders for good m is given by

rm
i :�X

j∈N

γm
ij : (3) 

These undelivered orders reduce firm i’s revenue by an 
amount equal to its claims on the defaulting buyers. To 
mitigate this loss, firm i will reroute those undelivered 
orders to alternative buyers that are either part of the 
supply chain network or outside it. We refer to those 
orders as the rerouted supply and use rm

i to denote firm 
i’s rerouted supply of good m. Notice that rm

i ∈ [0, rm
i ], 

and we will quantify rm
i precisely in the next section. If, 

after rerouting, the initial equity plus revenue is still 
lower than the costs for these suppliers, they will also 
default and in turn, negatively affect their own suppli-
ers and buyers.

A defaulting firm delivers the orders to its buyers but 
ceases its operations afterward.5 This, in turn, forces the 
firm’s buyers that do not possess sufficient safety stock 
to switch to new suppliers to fill their future orders. 
Such an operation is costly because of the transaction 
costs in switching between identical brands; market 
research expenditures to learn about new brands of the 
same product; loss of benefits resulting from long-term 
relationships with the old suppliers; and adaptation 
costs incurred by new suppliers, which may need to 

scale up their production processes to satisfy additional 
demand. These costs are inversely proportional to pro-
duct substitutability (i.e., they are high when product sub-
stitutability is low and low when product substitutability 
is high). We will refer to the total costs as the switching 
costs incurred by the buyers. See also Klemperer (1987), 
Burnham et al. (2003), and Swinney and Netessine (2009) 
for additional details. If the buyers cannot find new sup-
pliers, they incur the back-order (penalty) costs of not 
filling the orders on time as they had committed (see 
Tomlin 2006).

Example 2.1. A prominent example of the mechanism 
described is the fire at the Philips semiconductor chip 
plant in Albuquerque, New Mexico, which occurred 
in 2000. The fire severely affected the cell phone pro-
duction of Ericsson. After the fire, Ericsson started 
looking into new suppliers of microchips but failed to 
obtain the chips needed for a new generation of cell 
phone products. In the end, Ericsson reported before- 
tax losses ranging from U.S. $430 million to U.S. $570 
million because of a lack of semiconductor chips (see 
chapter 1 of Sheffi 2005 for more details).

Suppose firm j defaults, and let firm i be a buyer of 
goods from firm j. We use the amount of orders 
placed by firm i on firm j to approximate the amount 
of input lost by firm i if it does not switch to a new 
supplier. This is the residual loss of inputs after 
accounting for available inventory of firm i but not for 
safety stock. Our approximation is accurate if firms 
are under supply contracts with quantity commit-
ments. This type of contract is widely used when a 
buyer commits to purchase a fixed quantity of good 
from the same supplier per period over a certain time 
horizon (see, for instance, Anupindi and Bassok 1999, 
Bassok and Anupindi 2008). The firm i’s unserved 
demand of good m because of firm j is then given by

δm
ji :�

�
0 if ej ≥ 0,
om

ji otherwise: (4) 

In practice, a safety stock carried by a firm is used to 
reduce the risk of stockouts only during the lead time 
between order placement and delivery. Its amount is 
typically smaller than the order quantity if a reorder 
point/reorder quantity policy is used.

Example 2.2. For a firm with a single supplier, let τ be 
the replenishment lead time in days. Suppose this firm’s 
daily customer demand is random and follows a nor-
mal distribution with mean μ and standard deviation 
ϑ. The order quantity of the firm will be the maximum 
between its average demand τ × μ during the lead time 
and economic order quantity 

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2kμ=λ

p
, where k denotes 

a fixed cost incurred every time an order is placed and 
λ denotes a per-unit per-time inventory holding cost. 
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The safety stock of the firm will be zα × ϑ × ffiffiffi
τ

√
, where 

zα denotes the service factor chosen to guarantee that 
the probability of stockouts during the lead time is 
1 � α. In practice, we expect μ > ϑ and τ ≥ (z99:9%)2 �
3:082 ≈ 9 days . This directly leads to the inequality

τμ � ffiffiffi
τ

√ × ffiffiffi
τ

√ × μ >
ffiffiffi
τ

√ × z99:9% × ϑ ≥ ffiffiffi
τ

√ × zα × ϑ

for any 0 < α ≤ 99:9%:

Hence,

Order quantity � max

�
τμ,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kμ=λ

q �
> zα × ϑ × ffiffiffi

τ
√

� Safety stock with α service level:

This example supports the following assumption on θm
i .

Assumption 2.1. The safety stock of good m carried by 
firm i is smaller than the minimum order of good m made 
by firm i: that is, θm

i ≤ minj∈N {om
ji } for i ∈ N :

Then, the firm i’s total unserved demand of good m 
after accounting for safety stock is given by

σm
i :�

 X
j∈N

δm
ji � θm

i

!+

�
0 if

X
j∈N

δm
ji � 0

X
j∈N

δm
ji � θm

i otherwise,

8>><
>>:

(5) 

where we use the notation x+ :� max{0, x}, for x ∈ . 
See Figure 1 for an illustration of the total unserved 
demand on an inventory-level curve. Each buyer aims 
at filling up the unserved demand, if any, by switching 
to new suppliers so to reduce the back-order costs 

caused by not filling up the orders placed by its own 
buyers. We refer to the portion of unserved demand, 
which is filled after switching suppliers as the switched 
demand, and use σm

i to denote the switched demand of 
firm i on good m. It clearly holds that σm

i ∈ [0,σm
i ]. The 

switching cost incurred by firm i depends on the 
amount of firm i’s switched demand. If switching 
demand cannot effectively reduce the back-order costs, 
the buyers of the defaulting firm may go bankrupt and 
adversely affect their own buyers and suppliers.

Remark 2.1. It is worth mentioning that traditional lit-
erature on disruptions considers supply shocks in the 
form of reduced (or zero) replenishment capacity. In 
our model, although the cost and demand shocks are 
exogenous and may cause fundamental defaults, the 
supply shocks are endogenous and triggered by fun-
damental defaults. Whenever a firm defaults, it cre-
ates a supply shock to its buyer. If the buyer is not 
able to replace the defaulted supplier, it will experi-
ence a decline in its output and then, incur back-order 
costs. Our model does not capture how exogenous 
supply shocks (not triggered by fundamental defaults) 
affect a supply chain network, unless they are large 
enough to cause fundamental defaults. If a firm hit by 
an exogenous supply shock remains solvent, it will 
not create a supply shock to its buyer in our model.

Figure 2 describes the time line of events following 
a default. The default of a firm is said to be fundamen-
tal if the firm is not able to honor its promises, even 
though all its buyers and suppliers are solvent (i.e., 
even if all the firm’s orders are delivered and the 
entire demand is served). We call the default of a firm 
contagious if it is only caused by defaults of other firms 
but would otherwise be avoided if all the firm’s orders 
are delivered and the demand is served.

Figure 1. The Inventory of Good m Held by Firm i Over Time Under a Reorder Point/Reorder Quantity Policy 

Notes. Suppose firm j is the only supplier to firm i under a supply contract with a quantity commitment. If firm j fundamentally defaults at the 
order delivery time, the current order will be delivered, but future orders will be stopped. This results in an input loss for firm i. Although firm i 
can still fill existing customer orders using its cycle stock (i.e., om

ji ), its pipeline inventory is zero. Hence, firm i cannot use future orders delivered 
from j to fill new/recurring customer orders. Such input loss can be reduced by firm i’s safety stock.
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2.2. Sourcing and Secondary Markets
Secondary markets are those where firms sell the sur-
plus of stock caused by random shifts in demand, the 
bullwhip effect, and inaccurate forecasting models. See 
Lee and Whang (2002) and Angelus (2011) for a more 
in-depth analysis. Examples of such markets include 
Virtual Chip Exchange and tradinghubs.com for elec-
tronic components. Firms reroute their supply of good 
m; let Rm :� {i ∈ N |rm

i > 0} be the set of firms with unde-
livered orders and dm(π) be the demand function. If π ∈

is higher than the exogenously specified reservation 
price pm, potential buyers gain zero utility from buying 
good m in the rerouted market; hence, the total de-
manded quantity is zero.

Assumption 2.2. The demand function dm(π) of each 
rerouted good m is twice-continuously differentiable, concave, 
and strictly decreasing for all π such that dm(π) > 0. More-
over, dm(π) � 0 for all π ≥ pm and dm(0) ≥Pi∈N

P
j∈N om

ij .

Given a profile of prices, we next describe the alloca-
tion mechanism for the aggregate demand of a rerouted 
good among the |Rm| firms. We assume that the buyers 
choose the firm offering the lowest price (of the re-
routed good) if such a firm has any remaining undeliv-
ered orders (it is worth remarking that a similar notion 
has been used by Acemoglu et al. (2009) to define the 
flow equilibrium). If demand exceeds this firm’s capac-
ity, buyers are served in decreasing order of their 
valuations (i.e., starting with high-valuation buyers). 
Further, if two or more firms charge the same price, 
buyers are served by each of these firms with a proba-
bility proportional to the relative size of undelivered 
orders (hence, a firm with a higher amount of undeliv-
ered orders has a larger probability of being chosen rel-
ative to a firm with smaller amount of those orders). 
Formally, we capture this mechanism through the con-
cept of efficient rerouted supply.

Definition 2.1 (Efficient Rerouted Supply). For a given 
profile of total undelivered orders {rm

i }i∈Rm 
and prices 

{πm
i }i∈Rm

, define

X :� {xi}i∈Rm

����xi

xj
� rm

i

rm
j

for any i, j ∈ Rm

(

such that πm
i � πm

j

)
: (6) 

{rm
i }i∈Rm 

is an efficient rerouted supply profile if

{rm
i }i∈Rm

∈ arg max
xi∈[0, rm

i ]∀i∈Rm  Z P
i∈Rm

xi

0
d�1

m (x)dx �
X
i∈Rm

πm
i xi

!
∩ X : (7) 

The first and second terms in the arg max expression 
are the consumers’ willingness to pay and the amount 
actually paid when the total quantity purchased is P

i∈Rm
xi, respectively. The difference between those 

two quantities is the consumer surplus. Maximizing 
the consumer surplus guarantees that the buyers with 
high valuation are served first by the set of firms offer-
ing low prices. Taking the intersection of the arg max 
set and X ensures that, at the same time, buyers allo-
cate their demands to the firms that charge the same 
price in the amount proportional to the relative size of 
those firms’ undelivered orders.

The sourcing markets (e.g., Mouser Electronics for 
electronic components), where firms search for alter-
native suppliers, behave symmetrically to the second-
ary market where supply is rerouted. Given good m, 
let Sm :� {i ∈ N |σm

i > 0} be the set of firms with strictly 
positive unserved demand, and let sm(κ) be the aggre-
gate quantity supplied if the cost of switching suppliers 
is κ ∈ .

Assumption 2.3. The supply function of any switched 
good m, sm(κ), is twice-continuously differentiable, con-
cave, strictly increasing, and sm(κ) > 0 for all κ > 0.

Next, we define the concept of efficient switched 
demand profile.

Figure 2. The Sequence of Events Caused by Firm 2’s Fundamental Default 
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Definition 2.2 (Efficient Switched Demand). For a 
given profile of total unserved demands {σm

i }i∈Sm 
and 

costs {κm
i }i∈Sm

, let

X :� {xi}i∈Sm

����xi

xj
� σ

m
i

σm
j

for any i, j ∈ Sm

(

such that κm
i � κm

j

)
: (8) 

A switched demand profile {σm
i }i∈Sm 

is efficient if

{σm
i }i∈Sm

∈ argmax
xi∈[0,σm

i ]∀i∈Sm  X
i∈Sm

κm
i xi �

Z P
i∈Sm

xi

0
s�1

m (x)dx

!
∩ X : (9) 

The difference between the two terms in the arg max 
expression is the switching cost incurred by firms with 
unserved demand net of the firms’ expenses for finding 
new suppliers. Fixing a profile of switching costs, the 
maximization criterion ensures that new suppliers try 
to sell to the firm incurring high switching costs first. 
Whenever the market supply exceeds this firm’s capac-
ity, new suppliers exhaust their supply in increasing 
order of switching costs (i.e., starting with suppliers 
whose cost is lower). Furthermore, if two or more firms 
incur the same switching cost, we break the tie by 
letting the suppliers serve each of these firms with a 
probability proportional to the firm’s total unserved 
demand. This is implemented by taking the intersection 
of the arg max set and X in Equation (9).

We remark that the secondary and sourcing mar-
kets of a specific good are two separate markets. The 
reason is that sellers in the secondary market aim to 
sell and deliver the good immediately to cash out pay-
ments. The buyers in the sourcing market, instead, 
submit an order of the good and only make payments 
at the time the good is delivered.

2.3. Firm’s Ex Post Net Worth
The ex post net worth of a firm includes its initial equity 
plus the profits earned from filling the orders and sell-
ing the rerouted supply minus the safety stock holding, 
back-order, and supplier switching costs. The profits 
earned by firm i from rerouting good m are given by 
(πm

i � ιmi )rm
i , where πm

i represents the unit price of 
rerouted supply, ιmi is the (average) unit cost of rerout-
ing good m, and we recall that rm

i is the amount of 
rerouted supply. The total costs of firm i, including 
its back-order and switching costs, are given by κm

i σ
m
i +

bm
i (σm

i � σm
i ), where κm

i is the unit cost of switching sup-
pliers and bm

i is the back-order cost per unit of remain-
ing unserved demand (i.e., which cannot be switched) 
of good m. We recall that σm

i denotes the unserved 
demand after disruption and before mitigation, whereas 

σm
i denotes the switched demand. The term bm

i σ
m
i �

κm
i σ

m
i may also be interpreted as the net reduction in 

back-order costs. Altogether, firm i’s ex post net worth is

ei � wi +
X
m∈M

pm

 X
j∈N

om
ij � rm

i

!
� ci

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
profits from filling the orders

�
X
m∈M

θm
i λ

m
i|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

safety stock holding cost 

+
X
m∈M

(πm
i rm

i � ιmi rm
i )|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

profits from rerouted supply

�
X
m∈M

bm
i σ

m
i|fflfflfflfflfflffl{zfflfflfflfflfflffl}

back-order costs
in the absence of switched demand 

+ X
m∈M

(bm
i σ

m
i � κm

i σ
m
i )|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

net reduction in back-order costs

, (10) 

where we recall that 
P

j∈N om
ij � rm

i �Pj∈N qm
ij is the 

quantity of good m delivered by firm i.
Our aim is to understand how fragility of a tiered 

supply chain network is affected by buyer and supplier 
diversification. Figure 3 illustrates the main economic 
forces at play in our model. For the sake of illustration, 
we assume the losses caused by rerouted supply and 
switched demand to be exogenous and set the amount 
of each firm’s safety stock to zero.

3. Supply Chain Network Equilibrium
In this section, we introduce the equilibrium concept. 
In Section 3.1, we begin by examining the decision 
problem of a firm in a single secondary and sourcing 
market. We then provide the definition of a partial 
equilibrium for a given market, where the prices of 
rerouted goods and switching costs in other markets 
are taken as given. In Section 3.2, we introduce the 
notion of a market stable state (i.e., the state reached 
when the default cascade in the supply chain network 
stops). We then use it to define the general supply 
chain network equilibrium, where all secondary and 
sourcing markets in the network are simultaneously 
taken into account.

3.1. Partial Equilibrium
We model the secondary and sourcing markets as Ber-
trand oligopoly and oligopsony markets with capacity 
constraints, respectively. We first analyze the second-
ary market. Taking the profile of undelivered orders of 
good m as fixed, firms with strictly positive undelivered 
orders simultaneously choose prices of rerouted sup-
ply. Each firm chooses the price of good m that maxi-
mizes its own ex post net worth given the prices of the 
same good chosen by any other firms. That is, in the sec-
ondary market of good m, firm i ∈ Rm chooses the price 
πm

i , which solves the following maximization problem:

max
πm

i

ei(πm
i ;π

m
�i, {rm

i }i∈Rm
), 
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where πm
�i denotes the price profile of good m (i.e., the 

set of prices chosen by all firms in Rm \ {i}).
Next, we turn to the sourcing market. Taking the pro-

file of unserved demands of good m as fixed, firms with 
strictly positive unserved demand all incur switching 
costs. Each of these firms controls the switching cost of 
good m to maximize its own ex post net worth given 
the cost chosen by any other firm for the same good. 
Firm i ∈ Sm solves the maximization problem:

max
κm

i

ei(κm
i ;κ

m
�i, {σm

i }i∈Sm
), 

where κm
�i denotes the cost profile of good m (i.e., the set 

of costs incurred by firms j ∈ Sm \ {i}). Because the sec-
ondary and sourcing markets are two separate markets 
in our model,6 the choice of πm

i does not depend on 

κm
i , κm

�i and {σm
i }i∈Sm

, and vice versa, the choice of κm
i is 

not influenced by πm
i , πm

�i and {rm
i }i∈Rm

. Hence, πm
i and 

κm
i can be determined separately.

Definition 3.1 (Partial Rerouted Supply Equilibrium). 
Fix a profile of undelivered orders {rm

i }i∈Rm 
for good 

m. A profile of prices {πm
i }i∈Rm 

is a partial equilibrium 
in the oligopoly market if the corresponding rerouted 
supply {rm

i }i∈Rm 
is efficient, and for all i ∈ Rm,

ei(πm
i ;π

m
�i, {rm

i }i∈Rm
) ≥ ei(π;πm

�i, {rm
i }i∈Rm

)
for any π ≥ 0: (11) 

Definition 3.2 (Partial Switched Demand Equilibrium). 
Fix a profile of unserved demands {σm

i }i∈Sm 
for good 

m. Then, {κm
i }i∈Sm 

is a partial equilibrium in the oligop-
sony market if the corresponding switched demand 
{σm

i }i∈Sm 
is efficient, and for all i ∈ Sm,

ei(κm
i ;κ

m
�i, {σm

i }i∈Sm
) ≥ ei(κ;κm

�i, {σm
i }i∈Sm

)
for any κ ≥ 0: (12) 

3.2. Cascading Defaults and General Equilibrium
In our model, the suppliers of fundamentally default-
ing firms reroute the excess supply to mitigate the costs 
from demand disruption. If these costs are large, those 
suppliers may themselves default and negatively im-
pact their own suppliers and buyers. The buyers of fun-
damentally defaulting firms also suffer from supply 
disruption. They switch to new suppliers to reduce the 
back-order costs. If, after this mitigation plan, the back- 
order costs are still high, those buyers may also default. 
This will in turn further force their own buyers to 
switch suppliers and their own suppliers to stop deliv-
ery. These effects propagate upstream and downstream 
through the entire supply chain network, starting from 
the fundamentally defaulting firms and continuing 
until a stable state is reached (i.e., a state where no addi-
tional firm defaults). Reaching this state means that no 
new firm wants to enter the secondary and sourcing 
markets, and thus, aggregate undelivered orders and 
unserved demands no longer increase. We refer to such 
a state as a market stable state and formally define it next. 
Set � :� {γm

ij }m∈M,i,j∈N , � :� {δm
ij }m∈M,i,j∈N .

Definition 3.3 (Market Stable State). Define a seq-
uence of undelivered order and unserved demand 
profiles (�(n), �(n)), n � 0, 1, : : : recursively by �(0) :�
0N×N×M, �(0) :� 0N×N×M, �(n+1) :� Φ(�(n), �(n)), and �(n+1) :�
Ψ(�(n), �(n)), where the functions Φ and Ψ specify the 
relation between the input and the output of each term 

in the sequence. A market stable state in the supply chain 
network (O, p, w, �, �) is a profile of undelivered orders 

and unserved demands, (�, �), such that (�, �) �
limn→∞(�(n), �(n)) and (�, �) � (Φ(�, �), Ψ(�, �)).

Figure 3. The Impact of Buyer and Supplier Diversification 
on the Fragility of a Supply Chain Network 

(a)

(b)

Notes. The denominator in the ratio denotes the firm’s ex post net worth, 
after shocks are realized and before they propagate through the system. 
The numerator in the ratio denotes the firm’s ex post net worth after the 
propagation of shocks. The edge labels are the amount of orders. They 
are chosen to satisfy z > h > y > x > 0 and 2h > max{x+ z, y+ z}. Both 
unit losses of rerouted supply and switched demand are exogenous and 
equal to one. The fundamentally defaulting firms are shaded in dark 
grey, and those that default because of contagion are shaded in light 
grey. (a) Highly capitalized networks. Each firm in panel (a) has initial 
equity higher than or equal to the corresponding firm in panel (b). The 
more diversified network is more fragile than the less diversified net-
work. This is the case because in a highly capitalized network, the loss- 
sharing benefits are outweighed by higher contagion losses. In the less 
diversified network, contagion effects are lower, and fewer firms default. 
Moreover, firms whose loss-sharing benefits are smaller than in the more 
diversified network remain solvent (e.g., firm 2). (b) Lowly capitalized 
networks. The more diversified network is less fragile than the less diver-
sified network. Firms that default in the less diversified network (e.g., 
firm 2) no longer default in the more diversified network where loss- 
sharing benefits are higher.
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In this definition, the condition (�, �) � (Φ(�, �), 
Ψ(�, �)) guarantees that undelivered order and un-
served demand profiles no longer change, and thus, 
no additional firm defaults when the market stable 
state is reached. This condition is needed because 
(�, �) � limn→∞(�(n), �(n)) does not necessarily guaran-
tee that (�, �) is a fixed point. Because Φ and Ψ are 
not continuous everywhere in (�, �), then (�, �) �
(Φ(�, �),Ψ(�, �)) is not guaranteed to hold.

A general supply chain network equilibrium is reached 
when (i) no new firm defaults, (ii) excessively supplied 
goods are optimally rerouted, and (iii) all supplier switch-
ing decisions have been made. Hence, in the general 
supply chain network equilibrium, undelivered orders, 
unserved demands, and prices are determined simulta-
neously accounting for interactions between secondary 
and sourcing markets of different goods.

Definition 3.4 (General Supply Chain Network Equilib-
rium). A general supply chain network equilibrium 
consists of a profile of rerouted supply prices � :�
{πm

i }m∈M,i∈N , switching demand costs K :� {κm
i }m∈M,i∈N , 

undelivered orders � :� {γm
ij }m∈M,i,j∈N , and unserved de-

mands � :� {δm
ij }m∈M,i,j∈N , such that (i) a partial equilib-

rium in each secondary and sourcing market and (ii) a 
market stable state in the supply chain network are simul-
taneously reached.

4. Finding a General Equilibrium
In this section, we first characterize the partial equilibria 
described in Section 4.1. Next, we show existence and 
uniqueness of a general equilibrium in Section 4.2.

4.1. Characterization of Partial Equilibria
We begin by imposing the following assumption on the 
amount of undelivered orders.

Assumption 4.1. The marginal revenue from a differential 
increase in r at 

P
i∈Rm

rm
i is strictly greater than the maxi-

mum unit rerouting cost of each firm i ∈ Rm: that is,

d(rd�1
m (r))
dr

����
r�Pi∈Rm

rm
i

> max
i∈Rm

ιmi
� �

, (13) 

where d�1
m (r) is the inverse demand function of the rerouted 

good m.

Assumption 4.1 imposes that the aggregate amount 
of undelivered orders is sufficiently small to make it 
profitable to reroute every unit of it. Despite this 
assumption being stated in terms of the endogenous 
variable rm

i , we can provide a sufficient condition for it 
to hold depending only on the model primitives {om

ij }:
d(rd�1

m (r))
dr

����
r�Pi∈N

P
j∈N om

ij

> max
i∈N

ιmi
� �

: (14) 

This condition is sufficient because maxi∈N {ιmi } ≥
maxi∈Rm

{ιmi },
P

i∈Rm
rm

i ≤Pi∈N

P
j∈N om

ij , and the mar-
ginal revenue is decreasing on r.

Under the assumption, we can show that the partial 
equilibrium for each rerouted good m exists and is 
unique.

Proposition 4.1. For each good m, fix the total amount of 
undelivered orders {rm

i }i∈Rm
. Then, there exists a unique 

partial equilibrium given by πm
i � d�1

m (Pj∈Rm
rm

j ) for 
i ∈ Rm, and the corresponding efficient rerouted supply is 
given by rm

i � rm
i for i ∈ Rm.

Next, we characterize the partial equilibrium of 
switched demand. We make the following assumption 
on the total unserved demand.

Assumption 4.2. The marginal cost from a differential 
increase in σ at 

P
i∈Sm
σm

i is strictly smaller than the mini-
mum unit back-order cost of each firm i ∈ Sm: that is,

d(σs�1
m (σ))
dσ

����
σ�Pi∈Sm

σm
i

< min
i∈Sm

bm
i

� �
, (15) 

where s�1
m (σ) is the inverse supply function of good m.

This assumption guarantees that the aggregate un-
served demand is small enough that the cost of sourc-
ing alternative material suppliers is always lower than 
the back-order cost of not filling an order on time. A 
sufficient condition for Assumption 4.2 to hold, given 
in terms of model primitives, is

d(σs�1
m (σ))
dσ

����
σ�Pi∈N

P
j∈N om

ij

< min
i∈N

bm
i

� �
: (16) 

To see it, observe that mini∈N {bm
i } ≤ mini∈Sm{bm

i },
P

i∈Sm 

σm
i ≤Pi∈N

P
j∈N om

ij , and the marginal cost is increasing 
in σ.

Proposition 4.2. For each good m, fix the total amount of 
unserved demands {σm

i }i∈Sm
. Then, there exists a unique 

partial equilibrium given by κm
i � s�1

m (Pj∈Sm
σm

j ) for i ∈
Sm, and the corresponding efficient switched demand is 
given by σm

i � σm
i for i ∈ Sm.

In the rest of the paper, we use e∗i to denote firm i’s ex 
post net worth under the partial equilibrium of re-
routed supply and switched demand. The quantity e∗i is 
monotonically decreasing with respect to undelivered 
orders (�) and unserved demands (�). We refer to 
Lemma A.7 in the e-companion for the technical proof.

4.2. Existence and Uniqueness of a General 
Equilibrium

Before we proceed to show existence and uniqueness of 
a general equilibrium, we observe that under the partial 
equilibrium, each firm i ∈ Rm charges the same price 
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for its rerouted supply, and each firm i ∈ Sm incurs the 
same cost for its switched demand. Without loss of gen-
erality, we set πm

i � d�1
m (Pj∈Rm

rm
j ) for i ∈ N \Rm (i.e., 

for the firms without undelivered orders) and κm
i �

s�1
m (Pj∈Sm

σm
j ) for i ∈ N \Sm (i.e., for the firms without 

excess demand). Such a specification will not affect the 
ex post equities of those firms and will not alter the ana-
lytical results in the paper.

Let Φ∗ and Ψ∗ be the undelivered orders and un-
served demands, respectively, given the ex post net 
worth under the partial equilibrium. They are defined 
by

φm,∗
ij (�, �) :�

�
0 if e∗j (�, �) ≥ 0,
om

ij otherwise, and 

ψm,∗
ij (�, �) :�

�
0 if e∗i (�, �) ≥ 0,
om

ij otherwise (17) 

for all m ∈ M, i, j ∈ N . Observe that the difference bet-
ween Φ∗ and Ψ∗ here and Φ and Ψ in Definition 3.3 is 
that the Φ∗ and Ψ∗ are evaluated using the ex post net 
worth under the partial equilibrium, whereas Φ and Ψ
are not. By definition, both Φ∗ and Ψ∗ are bounded. 
Moreover, they are monotonically increasing in � and 
� because φm,∗

ij and ψm,∗
ji are decreasing in e∗j , and e∗j is 

decreasing in � and �. We refer to Lemma A.8 in the 
e-companion for the precise statement.

Next, we show the existence and uniqueness of a gen-
eral equilibrium. We first construct a sequence of sets 
{�(n), �(n), �(n), K(n)}, n � 0, 1, : : : , defined recursively by

�(0) :� 0M×N×N, �(0) :� 0M×N×N, �(n+1) :� Φ∗
	

�(n), �(n)



, 

�(n+1) :�Ψ∗
	

�(n), �(n)



,πm,(n)
i :� d�1

m

 X
j∈Rm

rm,(n)
j

!
, 

κm,(n)
i :� s�1

m

 X
j∈Sm

σm,(n)
j

!
for all m ∈ M, i ∈ N ,

(18) 

where we recall that rm,(n)
j �Pg∈Nγ

m,(n)
jg and σm,(n)

j �	P
g∈N δ

m,(n)
gj � θm

j


+
(see Equations (3) and (5)). Fix a 

profile of undelivered orders �(n) and unserved 

demands �(n). Then, the partial equilibrium rerouted 
supply price and switching demand cost are given by 

d�1
m

P
j∈Rm

rm,(n)
j

	 

and s�1

m

P
j∈Sm
σm,(n)

j

	 

, respectively 

(see Propositions 4.1 and 4.2). Moreover, Φ∗ and Ψ∗ are 
defined using the ex post net worth under the partial 

equilibrium, e∗i (�(n), �(n)) for i ∈ N , which depends on 

�(n) and K(n). Because of the boundedness and monoto-
nicity of Φ∗ and Ψ∗, we can show that the sequence 
defined by Equation (18) converges monotonically to a 
limit. This limit is the unique general equilibrium.

Proposition 4.3. In a supply chain network (O, p, w, 
�, �), there exists a unique supply chain network general 
equilibrium.

We can construct the general equilibrium using an 
algorithm, reported in Section A.5 of the e-companion, 
that traces the sequence of contagious defaults propa-
gating in the supply chain network. This sequence 
allows us to measure each firm’s resilience to systemic 
risk. More precisely, the algorithm mimics how conta-
gious defaults propagate in the supply chain network. 
The firms defaulting in the nth iteration have a lower 
resilience than those defaulting in the (n+ 1) th iteration 
because the latter remain solvent in the nth iteration, 
while the former cannot absorb the losses incurred by 
the firms defaulting in the (n � 1) th iteration.

5. Performance Analysis of Supply 
Chain Networks

In this section, we define two metrics, resilience and fra-
gility, to quantify the performance of a supply chain net-
work. We then analyze how the performance of the 
network depends on buyer and supplier diversification. 
We also compare the cost effectiveness of single- versus 
multiple-sourcing strategies from the viewpoint of an 
individual firm.

Remark 5.1. We study resilience of the entire supply 
chain network. This is different from the resilience of a 
single firm in the network, which we have defined to be 
the number of iterations necessary to induce a given 
firm into default at the end of previous section. Both 
single-firm and network resilience measures depend on 
how orders connect firms in the supply chain network. 
Low resilience of the supply chain network means that 
firms are connected through orders in such a way that 
default contagion is likely to occur in the network. As a 
result, it takes fewer iterations for each firm to default, 
resulting in low idiosyncratic firm’s resilience. Vice 
versa, a high resilience of the supply chain network 
implies a high resilience of the individual firms.

5.1. Performance Measures
The ex ante performance of the supply chain network 
(i.e., before net production costs are realized) is evalu-
ated using two metrics: resilience and fragility. In the 
remainder of the paper, we use σm

i (X , y) to stress the 
dependence of firm i’s efficient switched demand of 
good m on a set of defaulted firms X and firm i’s safety 
stock y. Specifically, σm

i (X , y) � (Pk∈X om
ki � y)+ (which 

follows from the result σm
i � σm

i in Proposition 4.2).
The resilience is measured by the reduction in out-of- 

stock risk, defined as the fraction of losses from switch-
ing demand, triggered by fundamental defaults, that 
can be reduced by the safety stock. Specifically, we use 
D0(θ) to denote the set of fundamentally defaulting 
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firms if θ is the safety stock of each good held by any 
firm: that is,

D0(θ) :�
(

i ∈N

�����wi +
X
m∈M

 
pm
X
j∈N

om
ij � θλm

i

!
� ci < 0

)
:

For each i ∈ N ,

ζi(θ) :�
X
m∈M

"
θλm

i|ffl{zffl}
safety stock

inventory cost

+ σm
i (D0(θ),θ)|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

amount of switched demand 

× s�1
m

X
j∈N

σm
j (D0(θ),θ)

0
@

1
A

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
unit cost of switching suppliers

#

is the inventory cost plus the costs from switching demand 
because of fundamental defaults after accounting for the 
safety stock θ. Holding safety stock reduces firm i’s out-of- 
stock risk by ζi(0)� ζi(θ). The total percentage reduction 
of all firms in the network is then given by

ζ(θ) :�
P

i∈N ζi(0)� ζi(θ)P
i∈N ζi(0) :

The higher ζ(θ), the more resilient the supply chain net-
work, as formalized in the next definition.

Definition 5.1. Consider two supply chain networks 

A :� (OA, p, w, �, �) and B :� (OB, p, w, �, �) subject 
to the same ex post realization of net production costs. 

Let ζA(θ) and ζB(θ) be their corresponding total per-
centage reduction in out-of-stock risk. Network A is 

more resilient than B if [ζA(θ) ≥ ζB(θ)] � 1 for any θ
satisfying Assumption 2.1.

The fragility of a network depends on its systemic loss. 
The latter consists of three components: (i) the total loss 
from undelivered orders net of the income from rerouted 
supply, (ii) the back-order costs after the implementation 
of contingency plans, and (iii) the costs of switching the 
unserved demand. The systemic loss is the difference 
between the aggregate net worth of all firms in the 
absence of fundamental defaults and the corresponding 
quantity under the general equilibrium (where defaults 
occur). Specifically, we use ei to denote the net worth of 
firm i under the general equilibrium. The precise expres-
sion of the systemic loss, denoted by �, is given by

� :�X
i∈N

"
ei

�����wi +
X
m∈M

 
pm
X
j∈N

om
ij � θm

i λ
m
i

!
� ci ≥ 0 for all i ∈ N

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
event that

no firm fundamentally defaults

#

�
X
i∈N

[ei]: (19) 

Define the spread of contagion to be the event that at 
least one contagious default occurs.

Definition 5.2. Consider two supply chain networks 

A :� (OA, p, w, �, �) and B :� (OB, p, w, �, �) subject 
to the same ex post realization of net production costs 

{ci}i∈N . Let �A and �B be the corresponding systemic 
losses. Network A is more fragile than B if, condition-

ing on the spread of contagion, �A ≥ �B.

5.2. Tiered Supply Chain Network
We analyze the performance of tiered supply chain net-
works (i.e., those that satisfy the following criteria); its 
underlying directed graphs are weakly connected (re-
placing all directed edges with undirected edges pro-
duces a connected graph). Each firm must (i) supply 
good m and buy good m – 1 if m > 1, (ii) supply good 1 
but buy nothing, or (iii) supply nothing but buy good 
M. Each firm also holds safety stock for the good it 
buys. Firms supplying good m ∈ M are said to be at tier 
m of the supply chain network, and those purchasing 
good M are said to be at tier M + 1. The set of firms in 
tier m is denoted by Fm. The firms at the most down-
stream tier (tier M + 1) are retailers of finished products, 
and those at the most upstream tier (tier 1) are suppliers 
of raw material. The net production cost of firm i in tier 
m ∈ M is the cost of supplying good m, whereas the net 
production cost of each firm in tier M + 1 includes both 
the cost of selling good M to consumers and the reve-
nue generated from those sales. Each net production 
cost ci is a continuous random variable taking values in 
the interval [ci, ci]. The average unit cost of rerouting 
supply is set to be the same for all firms in the same tier 
(i.e., ιmi � ιm for i ∈ Fm, m ∈ M).

5.3. Buyer and Supplier Diversification
For each firm i ∈ N in a tiered supply chain network, we 
use mi to denote firm i’s tier. We denote the set of firm i’s 
buyers and suppliers by Li and U i, respectively, and 
next use them to compare buyer and supplier diversifi-
cation between two networks. We use yX to specify the 
variable y associated to network X whenever the value 
of y is not the same in different networks.

Definition 5.3. Consider two tiered supply chain net-
works: A :� (OA, p, w, �, �) and B :� (OB, p, w, �, �). 
Network B is more diversified than network A if it has 
both higher buyer and supplier diversification. That 
is, for i ∈ N , 

i. 
P

j∈UA
i
oA,mi

ji �Pj∈UB
i
oB,mi

ji and 
P

j∈LA
i
oA,mi

ij � P
j∈LB

i 

oB,mi
ij ,

ii. UA
i ⊆ UB

i and LA
i ⊆ LB

i , and
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iii. 

�
minj∈UA

i
{oA,mi

ji } ≥ maxj∈UB
i
{oB,mi

ji } if UA
i ⊂ UB

i

oA,mi
ji � oB,mi

ji for j ∈ UA
i if UA

i � UB
i 

and 

�
minj∈LA

i
{oA,mi

ij } ≥ maxj∈LB
i
{oB,mi

ij } if LA
i ⊂ LB

i

oA,mi

ij � oB,mi

ij for j ∈ LA
i if LA

i � LB
i

.

In the definition, the first condition fixes the total 
orders placed and received by each firm to be the 
same in both networks. The second and third condi-
tions require that such total orders are distributed to 
more suppliers and buyers in the network with higher 
diversification. See Figure 4 for an illustration.

Theorem 5.1. Let A :� (OA, p, w, �, �) and B :� (OB, 
p, w, �, �) be two tiered supply chain networks. If B is 
more diversified than A, then B is more resilient than A.

The statement in the theorem is intuitive. Suppose firm i 
fundamentally defaults. The total unserved demand of all 
firm i’s buyers, before accounting for safety stocks, is equal 
to the total quantity firm i commits to deliver. This is the 
same in both networks (i.e., it is not affected by the degree 
of diversification). Instead, it is the accumulated safety 
stock buffer over firm i’s buyers that matters. The degree of 
diversification determines the total amount of safety stocks 
that can be used to reduce the total unserved demand. Less 
diversification yields a smaller accumulated amount of 
safety stocks. This, in turn, generates a larger amount of 
unserved demand for firm i’s buyers after accounting for 
safety stocks and hence, imposes larger out-of-stock risk on 
the supply chain network.

Suppose one firm defaults fundamentally in a tiered 
supply chain network. Then, for each i ∈ N ,

ρi,1 :� ci � pmi

X
k∈Li

omi

ik +θmi�1
i λmi�1

i 

+min
k∈Li

(
omi

ik ×
 

pmi + ιmi � d�1
mi

 X
j∈Fmi

omi

jk

!!)
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
lower bound for the loss generated from rerouting supply

when one of firm i's buyers defaults fundamentally

and 

ρi,2 :� ci � pmi

X
k∈Li

omi

ik +θmi�1
i λmi�1

i 

+min
k∈U i

σmi�1
i ({k},θmi�1

i ) ×s�1
mi�1

X
j∈Fmi

σmi�1
j ({k},θmi�1

j )
0
@

1
A

8<
:

9=
;|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

lower bound for the loss generated from switching demand
when one of firm i's suppliers defaults fundamentally 

are the levels of firm i’s initial equity below which firm i 
defaults with probability one because of contagion 
when, respectively, any of its buyers and suppliers 
defaults fundamentally. If ρi,1 ≥ ρi,2, then the funda-
mental default of a downstream firm will cause higher 
losses to firm i than the fundamental default of an 
upstream firm. If instead ρi,1 < ρi,2, firm i will suffer a 
larger loss from the fundamental default of an up-
stream, rather than a downstream, firm. Next, we ana-
lyze the impact of buyer and supplier diversification on 
the fragility of the network. Before stating the main 
results, we introduce terminology and notation. First, 
we define two collectively exhaustive and mutually 
exclusive sets of firms N 1 :� {i ∈ N |ρi,1 ≥ ρi,2} and 
N 2 :� {i ∈ N |ρi,1 < ρi,2}. Then, let C :� {i ∈ N |wi < max 
{ρi,1,ρi,2}}. If firm i ∈ C ∩ N 1, then it defaults because of 
contagion if any of its buyers defaults; otherwise, if 
i ∈ C ∩ N 2, then it defaults because of contagion if at 
least one of its suppliers defaults.

Given a tiered supply chain network (O, p, w, �, �), 
we construct a directed graph G :� (V, E), which will be 
used to identify vulnerabilities in the network. The set 
of nodes V � N and set of links E � {(j, i) ∈ N 2|i ∈ U j ∩
N 1 ∩ C}∪{(j, i) ∈ N 2|i ∈ Lj ∩ N 2 ∩ C}. If (j, i) ∈ E, then 
firm i must be either firm j’s supplier with wi < ρi,1 or 
firm j’s buyer with wi < ρi,2. This means that the default 
of firm j imposes a large-enough loss on firm i to induce 
its default. For a subset X ⊆ V, we denote by VX the set 
of nodes that can be reached via directed paths from 
any node j ∈ X (by convention, X ⊆ VX ). If X is the set 
of fundamentally defaulted firms, we refer to VX as the 
most vulnerable set induced by X because each firm in 

Figure 4. Network A in Panel (a) Is Less Diversified Than Network B in Panel (b) 

(a) (b)

Notes. We set N � 14,M � 3. The dashed arrows in network B represent the diversified orders. The number beside each arrow denotes the size of 
orders that one firm receives from the other (e.g., oA

15 � 2 and oB
15 � 1).
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this set would default because of contagion. Each 
directed path started at j ∈ X is a chain of sequential 
defaults triggered by firm j’s fundamental default. 
Hence, the graph captures the domino effect of defaults 
in the supply chain network and will be referred to as 
the domino graph throughout the rest of the paper. See 
Figure 5 for an illustration.

Remark 5.2. The most vulnerable set, VX , may not 
include all firms that default in the general equilib-
rium. In the presence of multiple directed paths or of 
a single directed path heading first upstream and 
then, downstream (or vice versa), it is possible that 
multiple firms from the same tier can belong to the 
most vulnerable set. As a result, those firms can lead 
to the default of others that are not in VX .

For i ∈ N , we define

νi :� ci � pmi

X
k∈Li

omi

ik +θmi�1
i λmi�1

i 

+ X
k∈VD0

omi

ik ×
 

pmi + ιmi � d�1
mi

 X
j∈Fmi

X
k∈VD0

omi

jk

!!
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

loss generated from rerouting supply
because of the defaults of all firms in the most vulnerable set 

+σmi�1
i (VD0 ,θmi�1

i ) × s�1
mi�1

 X
j∈Fmi

σmi�1
j (VD0 ,θmi�1

j )
!

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
loss generated from switching demand

because of the defaults of all firms in the most vulnerable set 

to be the minimum initial equity needed by firm i VD0 

to stay solvent whenever the set of fundamentally 
defaulted firms is D0. Depending on the value of νi, the 
extent of buyer and supplier diversification may impact 
the fragility of the network differently.

Theorem 5.2. Let A :� (OA, p, w, �, �) and B :� (OB, p, 
w, �, �) be two tiered supply chain networks such that 

N A
1 � N B

1 , N A
2 � N B

2 , and CA � CB. Suppose the amount 
of each firm’s safety stock is zero and the same set of firms 
defaults fundamentally in both networks. Let Qi :� Li ∪
U i ∩ VD0 denote firm i’s suppliers and buyers, which are 
part of the most vulnerable set (i.e., firm i is a supplier or 
buyer of at least one firm in the most vulnerable set if 
Qi ≠ ∅).

Suppose network B is more diversified than network A. 
Then, we have the following implications. 

i. Network A is more fragile than network B if [wi <
νA

i |i VA
D0

and QA
i ≠ ∅] � 1 holds for any i ∈ N .

ii. Network A is less fragile than network B if [wi ≥
νA

i |i VA
D0

and QA
i ≠ ∅] � 1 holds for any i ∈ N .

We next discuss the result stated in the theorem. 
We condition on the event that firm i is not in the set 
of those firms that will surely default because of con-
tagion, but some of its buyers or suppliers are. If firms 
in both networks are lowly capitalized (i.e., have 
small initial equity), then a lower buyer and supplier 
diversification will lead to a more fragile network. 
This is because contagious defaults propagate not 
only locally in the neighborhood of fundamentally 
defaulting firms but also, globally to all firms in the 
network that is less diversified; this may not be 
the case in the more diversified network, where the 
amount of switched demand (rerouted supply) is 
lower and may not drive the buyers (suppliers) of 
defaulting firms to default.

If firms in both networks are highly capitalized (i.e., 
have high initial equity), then a lower diversification 
would result in a less fragile network. In both networks, 
contagious defaults would spread only locally around 
defaulting firms. Higher diversification makes each 
firm more likely to default because of its higher connec-
tivity in the network. Moreover, it makes the number of 
defaulting firms in each tier larger, which increases the 
aggregate amount of rerouted supply and switched 

Figure 5. (a) Supply Chain Network and (b) the Domino Graph of the Supply Chain Network 

(a) (b)

Notes. Suppose in the network in panel (a) we have N 1 � {1, 2, 3, 4, 5, 7, 10, 11, 12}, N 2 � {6, 8, 9, 13, 14}, and C � {2, 3, 5, 6, 7, 9, 11, 12,14}. Then, we 
have N 1 ∩ C � {2, 3, 5, 7, 11, 12} and N 2 ∩ C � {6, 9, 14}, based on which we derive the corresponding domino graph in panel (b). In the graph, we 
can identify the most vulnerable set induced by a set of fundamentally defaulted firms (e.g., if D0 � {5, 10, 14}, then VD0 � {3, 5, 7, 9, 10, 
11,12, 14}). Although firm 8 is not in VD0 , it may still default in the general equilibrium because of the costs of switching demand due to the 
defaults of firms 5 and 7.
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demand, leading to higher losses from rerouted supply 
and switched demand.

The result that more diversified networks are more 
fragile if highly capitalized stands in contrast with 
results from the literature on financial networks. Ace-
moglu et al. (2015) show that, in the small shock regime, 
a completely diversified financial network is the least 
fragile. (There is an analogy between small/large shock 
regimes and highly/lowly capitalized networks. If the 
shock is small, the cash held by each bank remains 
high. Hence, the small shock regime corresponds to 
a highly capitalized network.) Although increasing 
diversification distributes the potential losses among a 
larger set of firms, similarly to the effect of diversifying 
interbank liabilities in financial networks, in our model 
it also increases the individual default probability of 
each firm (because of the higher connectivity of each 
firm). This, in turn, generates a higher amount of 
rerouted supply and switched demand, leading to 
larger losses that offset the benefits of loss sharing and 
make the network more fragile.

5.4. Single Vs. Multiple Sourcing
We next compare the net worth of the firm that chooses 
single sourcing against that of a firm that uses a 
multiple-sourcing strategy. This comparison serves to 
quantify how supplier diversification impacts an indi-
vidual firm.

Theorem 5.3. In a tiered network (O, p, w, �, �), suppose 
i and j are two otherwise identical firms in the same tier 
except that i has firm k as its single supplier, whereas firm j 
has multiple suppliers, including k (i.e., U i � {k} ⊂ U j, Li �
Lj, omi�1

ki �Pη∈U j
omi�1
ηj , omi

iη � omi

jη for any η ∈ Li, wi � wj, 

θmi�1
i � θmi�1

j , λmi�1
i � λmi�1

j , and ci and cj follow the same 
probability distribution). Denote by A the event that firm k 

defaults in the general equilibrium and by B the event that 
firm k remains solvent and at least another supplier of firm 
j defaults in the general equilibrium. There exists β > 0 
such that 

i. [ej] ≥ [ei] if [A] ≥ β × [A{ ∩ B] and
ii. [ej] < [ei] if [A] < β × [A{ ∩ B].
In this theorem, we consider two firms that are identi-

cal, except that one uses a single-sourcing strategy and the 
other uses a multiple-sourcing strategy. We then study 
under which conditions a firm prefers a single-sourcing 
strategy over a multiple-sourcing strategy. We consider 
two default events (also see Figure 6 for an illustration). 

• Event A. Firm i’s single supplier k defaults. Despite 
k being also one of the suppliers of firm j, firm i always 
incurs a larger loss because it needs to switch the entire 
demand compared with firm j, whose demand is in part 
served by other solvent suppliers. This makes firm 
i’s net worth smaller than firm j’s. These findings 
are consistent with empirical patterns reported in Cro-
signani et al. (2020). They analyze the impact of cyberat-
tacks on the supply chains using the Petya malware in 
2017. Based on the amount of losses reported by buyers 
of the attacked suppliers, the authors find that buyers 
with fewer alternative suppliers experienced larger losses 
than buyers with more suppliers.

• Event A{ ∩ B. Firm k remains solvent, but at least 
another supplier of firm j defaults. Then, the entire 
demand of firm i is served, and no switch occurs, 
unlike firm j, which needs to switch the demand un-
served by its defaulted suppliers. Because of the demand 
switching costs incurred by j, firm i has a higher net worth 
than firm j.

If the probability of event A is sufficiently higher 
than that of A{ ∩ B, firm i will have on average a lower 
net worth than firm j. Hence, single sourcing is a less 
cost-effective strategy than multiple sourcing. Otherwise, 

Figure 6. Single vs. Multiple Sourcing 

(a) (b)

Notes. D denotes the set of defaulted firms in the general equilibrium. In panel (a), D � {5, 9, 14, k}, k ∈ D, and 6 D. In panel (b), D � {5, 6, 
9, 14}, k D, and 6 ∈ D. (a) In equilibrium, both firm i and j reroute six units of the supplied good 3. Although firm i switches the demanded six units 
of good 2, firm j only switches one demanded unit of good 2. Hence, firm i ends up with lower net worth than firm j. (b) As in panel (a), both firms 
i and j reroute the same supplied amount of good 3. However, because firm k remains solvent, firm i has no demand to switch. Firm j instead needs to 
switch the demand of good 2 in the amount of five. Therefore, firm i is left with a higher net worth than firm j.
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firm i will have a higher expected net worth than firm j (i.e., 
single sourcing is on average more profitable than multiple 
sourcing).

Theorem 5.3 implies that a firm that strongly believes 
that one of its suppliers will fail to deliver the ordered 
goods should adopt a multiple-sourcing strategy. Such 
a strategy would reduce potential losses from supply 
disruption. Vice versa, if such a firm believes that one 
of its suppliers will default with low probability, then it 
would be better off with a single-sourcing strategy. 
This model implication is consistent with empirical 
evidence from past accidents. In 2000, after being in-
formed about the fire at the Philips microchip plant in 
Albuquerque, New Mexico, Nokia and Ericsson took 
completely different actions. Nokia estimated the sup-
ply disruption to last longer than the one week prom-
ised by Philips, so it reacted swiftly to secure spare 
capacity at other Philips and non-Philips plants. Erics-
son, instead, estimated the disruption to be only tempo-
rary and opted for the same single source of supply. 
Nokia’s chief component-purchasing manager Tapio 
Markki, who had past working experience in the semi-
conductor industry, estimated that the postfire cleanup 
would take more than one week. Hence, Nokia esti-
mated the probability of Philips failing to deliver on 
time to be quite high. Under these circumstances, Theo-
rem 5.3 states that Nokia would suffer a smaller loss 
because of its swift switch from single to multiple sourc-
ing, which turned out to be the most successful strategy. 
As it turned out, the supply disruption from Philips 
lasted for six weeks and imposed much larger losses on 
Ericsson than on Nokia. We refer to Chopra and Sodhi 
(2004) and Mukherjee (2008) for more details.

6. Concluding Remarks
This paper provides a tractable framework to quantify 
the relationship between the structure of the supply 
chain network and systemic risk. Specifically, we use 
out-of-stock risk reduction and systemic loss as perfor-
mance measures to quantify network resilience and fra-
gility. We then analytically quantify the implications of 
buyer and supplier diversification on the performance 
of tiered networks.

Our main result is that in a highly capitalized net-
work, higher diversification leads to a more fragile 
network. In addition, we find that a single-sourcing 
strategy is less cost effective than a multiple-sourcing 
strategy if the probability that the single supplier 
defaults is high. This result implies that during eco-
nomic downturns when the probability of supplier 
defaults is high, maintaining fewer suppliers makes 
firms more vulnerable to shocks, and conversely, ex-
panding the set of suppliers reduces firms’ vulnerabil-
ity. Such an action was taken during the 2008 financial 

crisis by Innocent Ltd., a UK-based premium drink pro-
ducer. In early 2008, Innocent was using a single supplier 
for copacking smoothies into polyethylene terephthalate 
bottles. Unlike most firms that focused on cutting costs and 
consolidating suppliers during the global financial crisis, 
Innocent noticed that its sole supplier was at a high finan-
cial risk and started bringing in a new supplier. This early 
move protected Innocent from the bankruptcy of its origi-
nal supplier in January 2009. See Hoberg and Alicke (2014) 
and Purvis et al. (2016) for a more detailed discussion.

Our model is based on fully rational firms, which 
maximize their ex post net worth. In practice, firms 
may face constraints that prevent them from freely opti-
mizing to achieve the highest possible net worth. For 
example, there may be limitations in the amount that 
can be rerouted. These frictions introduce discontinu-
ities in the system of equations characterizing undeliv-
ered orders and unserved demands and may lead to 
the existence of multiple equilibria. These frictions are 
especially acute in times of crisis, where firms would 
also face bounded rationality constraints. We expect 
our results would still hold in the presence of extreme 
frictions, such as when no supply can be rerouted or no 
demand can be switched. Reduced mitigation strategies 
would make default contagion stronger, which in turn, 
leads to a smaller ex post net worth for all firms and 
thus, strengthens the main conclusions of our study. 
We leave the design of a framework, which incorpo-
rates bounded rationality constraints and allows for a 
large set of frictions, for future research.

Our model produces testable implications, which set 
the ground for follow-up empirical research. Our ana-
lytical results imply that higher diversification leads to 
higher fragility during economic expansion when firms 
have strong balance sheets, and the opposite holds dur-
ing economic contractions when firms’ balance sheets 
are weaker. These implications can be tested using 
firm-level supply chain data.
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Endnotes
1 See the report “Building the supply chain of the future” released 
by McKinsey & Company in 2011 (https://www.mckinsey.com/ 
capabilities/operations/our-insights/building-the-supply-chain-of- 
the-future).
2 According to Business Today (2011) and The Japan Times (2016), 
8.3% of the bankruptcies were linked to direct causes with cost 
implications, such as damage to offices or plants because of the 
earthquake. However, about 90% of these failures were attributed 
to indirect factors, such as the loss of buyers or suppliers directly 
damaged by the earthquake. We refer to World Bank (2020) for a 
more detailed treatment.
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3 See, for instance, the pioneering works of Allen and Gale (2000) 
and Eisenberg and Noe (2001) on counterparty risk networks and 
further developments in recent years by Elliott et al. (2014), Acemo-
glu et al. (2015), Glasserman and Young (2015), and Capponi et al. 
(2016).
4 Firm i may use trade credit to delay payments. This would reduce 
the cash position of firm j and increase the account receivable of 
firm j, but it would not affect firm j’s total assets and net worth. 
Hence, different payment methods will not affect the analytical 
results in the paper, which all depend just on a firm’s net worth.
5 In 2006, General Motors had made a deal with the defaulting com-
pany Clark-Cutler-McDermott, its longtime supplier of auto parts. 
Such a deal allowed the automaker General Motors to buy any 
product completed by its supplier during the bankruptcy procedure 
(see Korosec 2016).
6 This separation is empirically supported; in practice, manufac-
turers tend to build long-term relationships with their suppliers, as 
also pointed out by Kalwani and Narayandas (1995). Searching sup-
pliers is time consuming, and it is unlikely to find them in the sec-
ondary market, where transactions are not made on the premise of 
long-term relationships.
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