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Findings 

This study introduces a supply chain network efficiency measure for networks 
with labor and associated bounds on labor availability. It also proposes two 
resilience measures with respect to (1) labor availability disruptions and (2) labor 
productivity disruptions. Solving five distinct supply chain network examples, we 
find (1) a free movement of labor across the supply chain network results in a 
higher efficiency of the supply chain as well as a higher resilience, (2) a reduction 
in labor productivity can impact the supply chain network efficiency and the 
corresponding resilience, and (3) the presence of electronic commerce escalates 
the efficiency of the supply chain network but diminishes resilience. 

1. QUESTIONS 
The COVID-19 pandemic has demonstrated the importance of labor to 
supply chain network economic activities from production and transportation 
to storage and the ultimate distribution of products to the demand markets. 
With workers getting ill from the coronavirus and many sadly perishing from 
the disease, the negative impacts of higher product prices and unfulfilled 
demand became all too common in economic sectors such as the food sector, 
the household product sector, lumber supplies, as well as high tech and 
healthcare (Helper and Soltas 2021; Nagurney 2022). The recognition that 
labor is a critical resource in supply chains and that disruptions to labor can 
have unforeseen global consequences has led to the development of both 
optimization and game theory supply chain network models with the inclusion 
of labor needed for supply chain activities and with the productivity of labor 
incorporated, along with relevant constraints as to the availability of labor 
(Nagurney 2021a, 2021b, 2022). 

In parallel, the theme of resilience of supply chains has resonated in the 
pandemic. Supply chain resilience, with seminal contributions (e.g., 
Kleindorfer and Saad (2009); Wagner and Bode (2006); Nagurney (2006); 
Tang (2006); Tang and Tomlin (2008); Nagurney and Qiang (2009); Nagurney 
et al. (2013); Sheffi (2015)) has garnered renewed interest from both academics 
and practitioners (Ivanov and Das 2020; Ivanov and Dolgui 2020; Sodhi and 
Tang 2021; Ozdemir et al. 2022; Ramakrishna 2022). This is in part due to (1) 
Russia’s war against Ukraine (Zaliska et al. 2022), (2) climate change and the 
increasing number of natural disasters, and (3) the number of people affected 
by them (Nagurney 2021c; Novoszel and Wakolbinger 2022). This necessitates 
having a tool that can quantify the resilience of a supply chain network to labor 
disruptions. 
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This study builds on the earlier contributions of Nagurney and Qiang (2009) 
in quantifying the efficiency of critical infrastructure networks as well as those 
of Qiang, Nagurney, and Dong (2009) and Li and Nagurney (2017) in 
assessing the performance of supply chain networks specifically. The 
framework constructed here, however, allows one to quantify the resilience of a 
supply chain network subject to the reduction of labor availability (capacities) 
or under a reduction in labor productivity. The former situation can arise, for 
example, as a consequence of illness, death, being unable or unwilling to work, 
labor strikes, or being called to war or other types of service. The latter situation 
can arise because of the need for social distancing, a decrease in productivity 
due to long COVID or other illness or stressors, or fatigue. Our framework, in 
particular, helps answer the following questions: 

2. METHODS 
We consider a supply chain network with the general topology depicted in 
Figure 1, with the topology being adapted for the specific supply chain under 
consideration. The topology is represented by the graph  where 
is the set of nodes and  is the set of links. 

The efficiency of a supply chain network,  is formally defined by Equation 1. 
Here, the demands,  and the incurred demand market prices, are evaluated 
at the optimal value of the firm profit, subject to supply chain network flow 
constraints in existing markets, and with the labor constraints of interest 
formulated in Supplemental Information. A supply chain is evaluated as 
performing better if, on the average, it can handle higher demands at lower 
prices. 

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

• Question 2: Does resilience with respect to labor availability yield 
similar results to resilience with respect to labor productivity? 

• Question 3: What can be the effect of a modification in the supply 
chain network topology, for example, as in the case of the 
introduction of electronic commerce, on network efficiency and 
resilience? 
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Figure 1. The Supply Chain Network Topology 

Using ideas in Nagurney and Qiang (2009) and in Nagurney and Li (2016) 
for supply chains, the importance of a component  (e.g., node, link, a 
combination of nodes and links),  is defined by Equation 2. 
represents the efficiency drop when  is removed from the network. 

Following the definition of supply chain network efficiency, we propose two 
resilience measures with respect to labor availability disruptions  and 
labor productivity disruptions  formulated by Equation 3 and Equation 
4, respectively. Here,  denotes the reduction of labor availability with 

 For example, if  this means that the labor availability 
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Table 1. Nomenclature 

: A typical link 

: A typical path 

: A typical demand market 

: Possible production locations 

: Distribution centers for storage 

: Number of demand markets 

: Set of demand markets 

: Price at a demand market 

: A vector of prices 

: Total cost on link 

: A vector of total costs 

: A positive productivity factor of link  reflecting how much an hour of labor will yield in terms of product flow on that link 

: A vector of link productivity factors 

: Bound on labor, which will be a vector if the constraints are on individual links (Nagurney 2021a, 2021b) 

: Wage on link 

: A vector of wages that are paid for an hour of labor on a link 

associated with the labor constraints is  of the original labor availability as 
in  The closer the value of our resilience measures to  the greater the 
resilience. 

We calculate    and the resilience measures  and  when 
 for five examples with supply chain network 

topology depicted in Figure 2 and Figure 3. Table 2 represents the 
characteristics of each example. 

3. FINDINGS 
Table 3 depicts the efficiency and resilience measures for the five supply chain 
network examples. Our findings, which correspond with three questions 
alluded to in Section 1 are encapsulated in the following: 

• First, comparing the results of SCN 1 with SCN 2 and SCN 3 with 
SCN 4, it is found that having labor be free to move across the supply 
chain network results in (1) a higher efficiency of the supply chain 
with the same total number of labor hours available and (2) a higher 
resilience with respect to both resilience measures and at different 
values of 

• Second, the value of  is very similar to the corresponding 
for the same value of  for each supply chain network example. They 
are, indeed, identical in many cases, until the value of  becomes 
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Figure 2. Supply Chain Network Topology for SCN 1 and SCN 2 

Figure 3. Supply Chain Network Topology for SCN 3, SCN 4 and SCN 5 

0.5 or lower. In this condition, the supply chain network resilience 
with respect to labor availability exceeds the resilience with respect to 
labor productivity as shown in SCN 1, SCN 2, SCN 4, and SCN 5. 
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Table 2. Description of Supply Chain Network (SCN) examples used for the analysis 

Example Example Description Description 

SCN 1 It has the identical data to that in Example 1 - Baseline in Nagurney (2021a) with the exception that the link labor 
bounds  for all links . 

SCN 2 It has the same data as SCN 1, except that now there is a single bound on labor . In other words, labor is free 
to work on any link, provided that the sum of the labor hours does not exceed . Note that  is the sum of 
the labor bounds on all the links in SCN 1. 

SCN 3 It has the identical data to that of SCN 1 except that now electronic commerce links  and  are added. The additional 
data for SCN 3 associated with the electronic commerce links are 

SCN 4 It has the same topology and data as SCN 3 except that the labor availability constraint is for the entire supply chain 
with . The value of  is chosen since there are 9 links in SCN 3, with each link having a bound of 
and, hence, there would be a total labor availability of  under the assumption that laborers would be free and 
interested in doing whichever tasks that are needed in the supply chain network with the productivity factors being as 
in SCN 3. 

SCN 5 It has the same data as SCN 4, but now the labor hours available are no longer 90,000, rather there are only 70,000 
hours available. Hence, the results for SCN 5 allow us to make a comparison with SCN 2 in terms of the impact of 
adding electronic commerce and having the same total amount of labor in the supply chain network available as before 
but having additional supply chain activities of electronic commerce. 

Table 3. Efficiency and Resilience Measures for SCN 1, SCN 2, SCN 3, SCN 4, and SCN 5 

Efficiency and Resilience Efficiency and Resilience SCN 1 SCN 1 SCN 2 SCN 2 SCN 3 SCN 3 SCN 4 SCN 4 SCN 5 SCN 5 

0.0667 0.0909 0.1424 0.1538 0.1538 

0.0658 0.0909 0.1263 0.1538 0.1538 

0.0505 0.0909 0.0956 0.1538 0.1538 

0.0357 0.0909 0.0665 0.1538 0.1538 

0.0212 0.0909 0.0388 0.1538 0.1538 

0.0071 0.0909 0.0126 0.1538 0.1538 

0.0658 0.0909 0.1263 0.1538 0.1538 

0.0505 0.0909 0.0956 0.1538 0.1538 

0.0355 0.0909 0.0665 0.1538 0.1391 

0.0210 0.0909 0.0388 0.1092 0.0877 

0.0069 0.0362 0.0126 0.0470 0.0362 

0.9872 1.0000 0.8872 1.0000 1.0000 

0.7571 1.0000 0.6712 1.0000 1.0000 

0.5351 1.0000 0.4467 1.0000 1.0000 

0.3178 1.0000 0.2727 1.0000 1.0000 

0.1064 1.0000 0.0886 1.0000 1.0000 

0.9870 1.0000 0.8872 1.0000 1.0000 

0.7566 1.0000 0.6712 1.0000 1.0000 

0.5327 1.0000 0.4467 1.0000 0.9044 

0.3149 1.0000 0.2727 0.7098 0.5704 

0.1035 0.3977 0.0886 0.3054 0.2350 

This suggests that the firms should take care of their workers since a 
reduction in labor productivity can impact the supply chain network 
efficiency and the corresponding resilience. 
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• Third, comparing the results of SCN 5 with SCN 2, it is clear that 
the efficiency of the supply chain network with electronic commerce 
options (SCN 5) is consistently higher than that for the supply chain 
network without electronic commerce (SCN 2) at the same value of 
labor availability and disruption and at the same level of disruption 
to labor productivity on the links with the exception of the respective 
values of  (and those respective values are equivalent to two 
decimal points). In addition, both these supply chain networks, 
under the specific data, retain their efficiency under even restrictive 
disruptions to labor availability. However, that is not the case when 
there are disruptions to labor productivity. Interestingly, as can be 
seen from the values of  SCN 2 that without electronic 
commerce is more resilient than SCN 5 for  This 
can be explained by noting that the available labor hour amount is 
divided among fewer supply chain network economic activities in the 
case of SCN 2. Again, we see, from the investigation of results for 
SCN 5 versus those for SCN 2, that labor productivity on the links, 
when disrupted, can have an even bigger impact on resilience than a 
disruption to labor availability. 
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