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A B S T R A C T   

The poultry industry is one of the most important agricultural sectors, which constitutes a sig-
nificant part of the per capita consumption of protein and meat. Integrating operations of poultry 
industry sections including production, distribution and consumption becomes vital. Although the 
proper poultry supply chain has been established and made plenty of benefits for a long time, the 
global outbreak of COVID-19 shows that operations under pandemic are still challenge for the 
poultry industry. In this paper, the impacts of pandemic on poultry industry is investigated by 
developing a multi-period multi-modal stochastic poultry supply chain. Two models are devel-
oped aiming to mitigate the negative effects of pandemic occurrence through product stocking 
policy. In the first model, distribution system is in accordance with a multi-component structure, 
while the second model allows direct connections between suppliers (farmers) and demanders 
(customers). In both models, poultry productions are negatively affected by COVID 19. Due to the 
complexity of the model, a hybrid solution approach based on Branch and Cut and Dynamic 
Programming is developed. To validate the performance of the proposed model and solution 
procedure, a case study on the broiler industry in the state of Mississippi is performed. The results 
show that storing poultry products in the pre-pandemic along with direct logistics during 
pandemic period can save the broiler supply chain cost up to 30%.   

1. Introduction 

Poultry industry is one the largest commercial sectors in the agriculture commodities in the world. According to the National 
Chicken Council report, poultry industry in the U.S. provides 1,682,269 jobs, $441.15 billion in economic activity, and $34 billion in 
government revenue (National Chicken Council, 2020). In the state of Mississippi which is the fourth largest poultry producer in the 
US, there are 1,700 family-run poultry farms (MS Poultry Association, 2020), which not only support domestic customers, but also play 
a key role in broiler meat export to Mexico, Cuba and Taiwan (US Poultry, 2020). Given this scale, ensuring the resilience of poultry 
industry is extremely important. Having a synchronized supply chain system that incorporating the poultry farmers’ production 
policies, distribution channels and customer demand satisfaction can maintain the resilience and profitability of the whole poultry 
industry (Kalhor et al., 2016). 
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Recently, one of the most significant challenges in the poultry supply chain is the catastrophic impact of COVID-19 (Antipova, 
2020). COVID-19 will certainly not be the last “black swan” event, and the entire poultry industry will be paralyzed if production and 
distribution policies are not prepared to deal with such pandemics. COVID-19 has severe negative impacts on poultry industry, which 
creates several significant challenges for different segments of its supply chain. From the manufacturer perspective, the decline of 
consumption demand leads to the reduction of poultry production. According to National Agricultural Statistics Service (USDA-NASS), 
in U.S., broiler chicks hatched were 5.6% and 5.9% lower in April and May 2020, compared with the same months a year ago. From the 
social perspective, chicken plant workers are at risk of infection by COVID-19. For example, 1438 confirmed cases were recognized 
among chicken plant workers in Mississippi and 25 of them were passed away until Nov. 17, 2020. From the logistic perspective, 
COVID-19 pandemic leads to the lockdown in the supply market and interruption in the transportation system. The global chicken 
meat trade declined by 4% due to the impact of COVID-19 on poultry supply chain (Das & Samanta, 2021). 

COVID 19 pandemic has resulted in different consequences of poultry industry supply chain segments depending on the severity. 
Pandemic will affect poultry production rate (Kolluri et al., 2021; Palouj et al., 2021), customer access and demands (Kolluri et al., 
2021; Uyanga et al., 2021) and transportation (Uyanga et al., 2021). The more severe of pandemic, the lower production rate, customer 
access/demands, and transportation availability. Therefore, depending on the pandemic severity, poultry supply chain needs to take 
corresponding activities to mitigate the pandemic’s impacts. There is an urgent need to investigate how to adjust poultry supply chain 
strategies under COVID-19 pandemic, which motivates this study. 

Due to the significant impact of pandemic (e.g., COVID 19, poultry diseases) on poultry supply chain, many studies were conducted 
to investigate how to mitigate the negative impacts. For example, Le Hoa Vo & Thiel (2011) proposed a simulation model to analyze 
the French chicken meat production under decease. Parvin et al. (2018) provided a review analysis of effect of co-circulating H5N1 and 
H9N2 avian influenza viruses on poultry production in Bangladesh. However, these studies focused on part of supply chain, such as 
production, and neglected the other segments in the supply chain. In this paper, we investigate the effect of pandemic on the entire 
poultry industry supply chain by implying a stochastic two-stage multi-modal multi-period model. To synchronize the cooperation 
among farmers, customers and distributors, a poultry supply chain strategy is designed in which farmers serve both domestic and 
international customers through a multi-modal hub distribution network. To study the potential effect of pandemic (e.g., COVID 19) on 
the proposed poultry supply chain, the problem has been divided into different periods in which farmers’ capacity and customers’ 
demand vary periodically. In each period, there is a chance of pandemic and its severity can be different. To mitigate the effects, the 
policy of stocking farmers’ products in hub facilities during pre-pandemic period is investigated. This storage policy, on the one hand, 
allows farmers to keep their sale power under difficult pandemic conditions, and on the other hand, satisfies customers in these pe-
riods. Since solving the proposed model using commercial solution software is time consuming, a customized hybrid solution pro-
cedure is developed based on Branch and Cut algorithm and dynamic programming approach. A case study is conducted in the state of 
Mississippi’s broiler industry to evaluate the proposed model and solution approach. 

Our paper has multiple contributions. First of all, from the theoretical perspective, this paper 1) considers inventory control policy 
in the hub facility management. In the most of existed logistic studies and especially the hub location problems, hub centers only 
perform collecting, sorting and distributing duties. Although these activities could reduce the total amount of direct paths from origin/ 
destination pairs, they do not support suppliers during the pandemic. The storing activities/inventories in the hub facilities allow the 
suppliers to have ample opportunities in the pre- and early-pandemic periods to meet their customers’ demands during the pandemic 
period; 2) introduces a multi-modal transportation system considering land, rail and water ways to optimize large scale poultry dis-
tribution system; and 3) considers the impacts of severity of pandemics on farmers’ production rate, multi-modal transportation system 
operations, and access of customers. 

Furthermore, from the perspective of methodology, this paper 1) develops an efficient hybrid solution approach based upon Branch 
& Cut and Dynamic Programming approaches to optimize the proposed poultry supply chain model; and 2) determines the tight upper 
and lower bounds through expanding Variable Neighborhood Search algorithm and multi-stage relaxations procedure. 

Additionally, this paper also contributes to practical implementations, including 1) providing optimal distribution strategies for 
logistics companies to support farmers during pandemics while controlling their cost and 2) being able to expand the implementations 
to similar food supply chains such as pork and beef to mitigate the negative impacts under pandemic. 

2. Literature review 

The poultry industry plays the significant role in the health and economy sections around the world. The poultry meat has the 
highest protein efficiency compare with other meat sources, and 19.4% of protein in poultry feed inputs are effectively converted into 
poultry products (Ritchie & Roser, 2017). Because of its nutritive advantages, the global poultry market is growing and estimated as 
$322.55 billion in 2021 (Researchandmarkets, 2021). Hence, poultry industry and its relevant supply chain become popular and 
attract growing attentions in the academia. 

The supply chain resilience receives significant attentions recently (Amrani et al., 2021). The investigation of supply chain resil-
ience can be categorized depending on whether the crisis/uncertainty involved (e.g., Park et al., 2018; Alizadeh et al., 2019a, 2019b). 
Poultry supply chain is not an exception. The existing poultry supply chain studies can be clustered into two groups based on the 
involvement of crisis, the first group of studies is investigating the supply chain under normal circumstances without the sign of crisis 
(e.g., Ghozzi et al., 2016; Tsolakis et al., 2018; Xiao et al., 2019; Chaudhry & Miranda, 2020). The investigation approaches include 
mathematical modeling and optimization (e.g., mixed integer linear programming, multi-objective programming, mixed integer 
programming, integer programming, etc), and simulation. Among them, Sebatjane & Adetunji (2020) designed a three-echelon poultry 
supply chain network including farming, processing, and consumption (retail) components. Their proposed model showed that 
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Table 1 
Literature review summary.  

Paper Seasonal 
variation 

Poultry disease 
effect 

Pandemic 
effect 

Mathematical Logistic Demand 
nature 

Multi- 
period 

Multi- 
modal 

Multi- 
echelon 

Explanations 

Le Hoa Vo & Thiel 
(2011)  

✓    Deterministic ✓   Simulation/System dynamics 

Ala-Harja & Helo 
(2014)    

✓ ✓ Deterministic    Greenhouse emission controlling 

Balaman & Selim 
(2014)    

✓ ✓ Deterministic ✓  ✓ Anaerobic digestion systems 

Ghozzi et al. (2016)     ✓ Deterministic    Transaction cost approach/resource-based view 
Mogale et al. (2018)    ✓ ✓ Deterministic ✓ ✓  Model grain silo location-allocation problem 
Tsolakis et al. (2018)      Deterministic ✓   System dynamics 
Chowdhury & Morey 

(2019)      
Deterministic    QR code 

Wu et al. (2019) ✓ ✓  ✓ ✓ Deterministic ✓✓   Cross-sectional surveys 
Xiao et al. (2019)    ✓      Predictive models 
Amankwah-Amoah 

(2020)   
✓  ✓     Greenhouse emission controlling 

Aslam et al. (2020)  ✓    Deterministic    Value chain maps 
Brevik et al. (2020)    ✓ ✓ Deterministic ✓   Rolling horizon heuristic 
Chaudhry & Miranda 

(2020)    
✓ ✓ Deterministic ✓   Error-correction model 

Gital Durmaz & 
Bilgen (2020)    

✓ ✓ Deterministic ✓   Analytical hierarchy process 

Govindan et al. 
(2020)   

✓  ✓     Decision support system to manage healthcare SC 

Ivanov (2020)   ✓  ✓     Investigating the effect of outbreaks on global SC 
Maples et al. (2020)   ✓ ✓ ✓ Deterministic ✓   Static and stochastic budget analyses 
Maslova, et al. (2020)      Deterministic ✓   Survey and data collection 
Singh et al. (2021)   ✓  ✓     Conceptual method 
Sebatjane & Adetunji 

(2020)    
✓ ✓ Deterministic ✓  ✓ Heuristic/Inventory control 

Unveren & Luckstead 
(2020)    

✓ ✓ Deterministic ✓✓   Theoretical model and numerical analysis 

Weersink et al. (2020)   ✓       Data analysis 
Choi (2021)   ✓  ✓     Studying different aspects of risk in logistic 

systems during and after COVID-19 
This study ✓ ✓ ✓ ✓ ✓ Stochastic ✓ ✓ ✓ Hybrid algorithm based on Branch & Cut and 

Dynamic programming  
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customer demands are largely dependent on the selling price and the expiration date. Unveren & Luckstead (2020) proposed a 
simulation model for analyzing the US broiler industry under corn and soybeans tariff imposed by China and the variation of the 
Canadian tariff-rate quota proposed by Mexico–Canada–Agreement. To make the appropriate decisions about bio-poultry-mass supply 
and product distribution, Balaman & Selim (2014) developed a mixed integer linear programming model to optimize the locations of 
biogas plants and biomass storages in order to have an effective poultry supply chain network. Ala-Harja & Helo (2014) studied the 
impact of greenhouse emission controlling policies on food sections, especially the poultry industry, from the perspectives of order- 
picking, distribution and transportation. Mogale et al. (2018) proposed a multi-objective, multi-modal, multi-period model to study 
grain silo location-allocation problem to help government of India controlling poultry shortage. Gital Durmaz & Bilgen (2020) 
investigated the designing and planning of the bio-poultry-mass supply chain network by means of a multi-objective mixed linear 
programming model in Turkey. Brevik et al. (2020) applied a mixed integer programming model to optimize Norwegian broiler supply 
chain by determining the optimal schedule of broiler production, chicken flock size and reducing the allowed age difference between 
parent hens for each chicken flocks. 

The second group of poultry supply chain literatures studied the destructive effects of crisis factors such as seasonal variation, 
poultry diseases and outbreak of pandemics on the supply chain. These factors include a wide range of damages from farmer’s pro-
duction fluctuations by seasonal changes to severe damages such as the death of millions of poultry due to Avian influenza (AI) or 
irreparable damages such as death of thousands of poultry workers and loss of billions of dollars by pandemics outbreaks (Kalhor et al., 
2016; World Bank, 2005; Kolluri et al., 2021). Among these studies, Barnes et al. (2019) developed a stochastic mathematical model to 
formulate the risk impact of HPAI in the commercial poultry industry. Later, Scott et al. (2020) reviewed all HPAI outbreaks since 1976 
in poultry farms and low pathogenic avian influenza (LPAI) cases in Australia. Wu et al. (2019) performed four rounds of cross- 
sectional surveys to study AI spread in poultry supply chain sections in Guangdong, China using logistic regression. The results 
indicated that since there is a transmission risk to human, the poultry supply chain should be closely monitored. Aslam et al. (2020) 
characterized the chicken industry in Pakistan based on detailed value chain maps and added the role of health service providers to 
suppress poultry diseases. 

Although AI has had devastating effects on the poultry supply chain, the occurrence of pandemics such as COVID-19 can have far 
more irreversible effects. As of Aug. 2020, there were approximately 50,000 cases among poultry workers in Brazil. In India, COVID-19 
caused $3 million loss in poultry industry (Kolluri et al., 2021). Several latest studies future investigated how the COVID-19 affects 
poultry supply chain. Waltenburg et al. (2020) reported the impact of COVID-19 on the workers in meat and poultry processing in-
dustry in U.S. Hafez & Attia (2020) investigated the current and future challenges imposed by COVID-19 outbreak on poultry industry. 
They concluded that new supply chain operational strategies are needed to mitigate the disease impacts on the poultry industry. 
Esiegwu & Ejike (2021) studied the poultry production under COVID-19 in south-east agro-ecological zone of Nigeria using multistage 
and purposive sampling technique. The results showed that the COVID-19 led to shortage in feed ingredients and increased the price. 
Consequently, the production cost and selling prices were increased which imposed high pressure to poultry meat consumers. 
Weersink et al. (2020) studied how COVID-19 has impacted the poultry supply chain in Canada between the period of December 2019 
and March 2020 and suggested two major strategies. Firstly, the automation level should be increased during production process to 
reduce the amount of dependence on manpower. Secondly, poultry production should be localized to decrease the degree of 
dependence on global suppliers. The suggestions may help to decrease the negative effects of COVID-19, but would create long term 
consequences like unemployment. Maples et al. (2020) demonstrated how broiler producers have been impacted by COVID-19. Static 
budget analysis is performed to determine the reduction in net revenue and stochastic budget analysis is conducted to draw the cu-
mulative distribution of net cash flow for a particular number of chicken flocks per year. The model is useful for farmers to estimate 
their losses due to COVID-19 and accordingly, their search for relief policies will be more realistic. 

While most of the current studies endeavor to recognize and approximate the effect of COVID-19 on poultry producers through 
either simulation approaches or conceptual models, there is an urgent need to focus on the whole poultry supply chain and provide 
long term strategies that not only mitigate problems of different segments of supply chain, but also do not create new problems like 
unemployment. Table 1 provides a summary on the reviewed literature. Compared with the literature, this study saves farmers’ cost by 
means of optimal strategies of production and storage during pre and peak of pandemic. Also, this study provides optimal distribution 
strategies for logistics companies to support farmers during pandemic while control their costs. Finally, this paper brings some clues for 
similar supply chains such as pork and beef to how mitigate the negative impact of pandemics (i.e. COVID-19). 

The rest of the paper is organized as follows: problem statement and mathematical formulation of the poultry supply chain are 
described in section 3. The proposed hybrid solution approach is described in section 4. Section 5 presents the results of optimizing the 
broiler supply chain in the state of Mississippi and finally conclusion and future research is explained in Section 6. 

3. Problem description and model generation 

In this section, problem description will be provided in the first subsection; followed by model assumptions, sets, parameters and 
variables in the second subsection; then, the mathematical formulation of Model 1 and Model 2 will be introduced in the third 
subsection. 

3.1. Problem description 

Consider a poultry supply chain defined by a network of G = (N,A), where N represents a set of nodes and A presents a set of arcs. 
Set N = S ∪ D ∪ H contains three subsets: suppliers or farmers (setS), customers (setD) and distribution centers or hub nodes (setH). Arc 
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set A = A1 ∪ A2 ∪ A3 ∪ A4 includes four sets, A1 is set of arcs between farmers and hub nodes, A2 is arc set of inter-hub nodes, A3 shows 
set of arcs between hub nodes and customer nodes, and A4 represents the set of arcs that directly link farmers to customers. To 
distribute the farmers’ products among customers, we propose a multimodal hub location structure in which there are three types of 
transportation modes (setP = R ∪ V ∪ RV) including rail (setR), ship (setV) and truck (setRV). Farmers should support two types of 
customers (setD = DC ∪ IC) in different time periods (set T), domestic customers (setDC) with constant demand rate and international 
customers (setIC) with stochastic demand. At each period t ∈ T, there is a chance of pandemic which negatively affects production rate, 
the availability of transportation modes, and access to the customers, depending on the pandemic severity. A farmer should decide 
sending product to customers either by direct logistic policy along arc (s, d) ∈ A4 or indirect logistic strategy by using multimodal hub 
routes (s, h) ∈ A1 → (h, h) ∈ A2 → (h, d) ∈ A3. While under direct logistic policy, only trucks are available; in multimodal hub routes 
not only all transportation modes can be accessed but also stocking products in hub facilities are available. In the indirect logistic 
strategy, firstly products are transported from farmers to the origin hub facilities along arc (s, h) ∈ A1 by truck. Then depending on 
regional specification, ships or railway fleet carries the collected products from origin hubs to the designation hubs along arc 
(h, h) ∈ A2. At the destination hub facilities, to mitigate the effect of pandemic, farmers can stock their products at pre-pandemic 
periods for supporting their customers during pandemic. It should be noted that since destination hubs are closer to customer 
zones, selecting them as warehouses is always superior to origin hubs. Finally, the products are delivered to the customers from 
destination hubs by truck through arc (h, d) ∈ A3. In addition, farmers’ production capacity at each period t ∈ T is affected by risk of 
global pandemic such as COVID pandemic. To calculate the farmers’ production capacity, Ω defines the scenarios set regarding the 
production rate of farmers’ poultry house with a fixed number of scenarios |Ω| associated with probability of Prω (Prω ≥ 0). 

Therefore, in the first step, the poultry supply chain aims to determine the optimal location of hub facilities in the distribution 
network and optimally assign farmers and customers to the located hub facilities. In the second step, depending on the pandemic 
severity at each period, it aims to determine the optimal amount of each farmer’s productions that should be delivered to each 
customer and its optimal logistic policy (direct or indirect). For this purpose, at first, we formulate the poultry supply chain model 
under pandemic occurrence where only indirect logistic policy is available (Model 1). Then, the initial model will be expanded by 
having access to both direct and indirect transportation strategies (Model 2). Fig. 1 shows the network configuration of Model 2. 

3.2. Mathematical model generation 

3.2.1. Assumptions  

1) There is only one poultry product type.  
2) At each period, the occurrence of pandemic and its severity are pre-known.  
3) There is some risk of diseases or global pandemic such as COVID 19, which affects the production rate of farmers.  
4) International customers’ demand at each period is stochastic follows normal distribution.  
5) Available transportation modes in each path at each period are predetermined.  
6) Transportation cost is positively related to traveling time among two nodes.  
7) Farmers cannot send their products to each other.  
8) Farmers and customers should be allocated to one hub facility.  
9) Customers can be directly supported by more than one farmer.  

10) Transporting products from non-hub to hub is performed by trucks and inter-hub routes are served either by ships or rail. 

Fig. 1. Poultry supply chain structure under pandemic with access to both direct and indirect transportation strategies.  
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3.2.2. Notations 
Sets, parameters and variables of the model are presented below. 
Sets  

N  Set of nodes including farmers, hubs and customers 
S  Set of farmers 
D  Set of customersD = {DC, IC}
DC  Domestic customers 
IC  International customers 
P  Set of transportation modes 
R  Set of trains 
V  Set of ships 
RV  Set of trucks 
Ω  Set of scenarios 
T  Set of time periods  

Parameters  

ccp
jq  Installation cost of hub j ∈ H with capacity q ∈ Q for transportation mode p ∈ P  

NHF  Number of hub facilities 
t  Time period. 
L tk(ω) The available number of poultry homes (poultry production line) for supplier k ∈ S at time period t ∈ T under scenario ω ∈ Ω.  
Ï¼tk(ω) The production rate of each poultry home for supplier k ∈ S at time periodt ∈ T under scenario ω ∈ Ω.  
demandlt  Customer demands l ∈ D at period t ∈ T (if l ∈ DC, demandt

l is constant and if l ∈ IC,demandt
lhas stochastic nature).  

capt
ijp  Transportation capacity of transportation modep ∈ P through path i → j at time periodt ∈ T.  

Vmaxp
q  The maximum number of vehicles of transportation mode p ∈ P with capacity of q ∈ Q.  

ACPEt
l  The accessibility level to customerl ∈ D with respect to pandemic severity, during periodt ∈ T  

MPEt  The percentage of production rate that can be accessed during time t ∈ T regarding the pandemic severity  
VPEt

p  The accessibility level of transportation mode p ∈ P at period t ∈ T due to the pandemic effect  
μlt  The average demand of customer l ∈ D at period t ∈ T.  
σ2

lt  The variance of demand of customer l ∈ IC at period t ∈ T.  
Ξ  Lowest probability that each international customer’s demand should be satisfied by at least one farmer. 
Ƌ The minimum fraction of inter-hub transportation handled by ships for getting the economy advantageous of waterways. 
pckt  Production cost of one unit product for farmer k ∈ S at time t ∈ T.  
cabp  The distance among two nodes a ∈ N and b ∈ N, regarding transportation modep ∈ P  
ocp  Operation cost of one vehicle of transportation mode p ∈ P for traveling one 3unit distance.  
Cndlt  Penalty cost of one unsatisfied demand of customer l ∈ D at periodt ∈ T  
hcjk  Holding cost of one unit inventory of farmer k ∈ S at destination hubj ∈ H.  
M  A big number.  

Decision Variables  

Zkj  Binary variable which is one, if farmer k ∈ S is allocated to hub j ∈ H.  
Zlj  Binary variable which is one, if customer l ∈ D is allocated to hub j ∈ H.  
Gp

jq  Binary variable which is one, if the capacity of q ∈ Q is established for transportation mode p ∈ P at hub j ∈ H.  

NVt
ijp(ω) The number vehicles of transportation mode p ∈ {R,V} at time t ∈ T used for transporting products from hub i to hub j ∈ H under scenario ω ∈ Ω.  

NRVSt
ki(ω) The number of trucks during period t ∈ T used for transporting products from farmer k ∈ S to hub i ∈ H under scenario ω ∈ Ω.  

NRVDt
jl(ω) The number of trucks during period t ∈ T used for transporting products from hub j ∈ H to customer l ∈ D under scenario ω ∈ Ω.  

NDVt
kl(ω) The number of trucks during period t ∈ T used for transporting products from farmer k ∈ S to customer l ∈ D under scenario ω ∈ Ω.  

f t
ijkp(ω) The number of products produced by farmer k ∈ S and transmitted by transportation mode p ∈ {R,V} from origin hub i ∈ H to destination hub j ∈ H at 

time period t ∈ T under scenario ω ∈ Ω.  
wt

kijl(ω) The number of products that farmer k ∈ S send to customer l ∈ D, through hub origin i ∈ H and hub destination j ∈ H at time period t ∈ T under 
scenario ω ∈ Ω.  

w
Ấ t

kijl(ω)
The products sent from destination hub j ∈ H toward customer l ∈ D which are supplied by farmer k ∈ S from origin hub i ∈ H at period t ∈ T under 
scenario ω ∈ Ω.  

Ot
ki(ω) The total amount of products that farmer k ∈ S send to hub i ∈ H at time period t under scenario ω ∈ Ω.  

St
ijkp(ω) The number of stocked products of farmer k ∈ S at destination hub j ∈ H transmitted by transportation mode p ∈ P at period t ∈ T from origin hub 

i ∈ Hunder scenario ω ∈ Ω.  

S
Ất

ijkp(ω)
The number of pickup inventories of farmer k ∈ S at destination hub j ∈ H transmitted by transportation mode p ∈ P at period t ∈ T from origin hub 
i ∈ Hunder scenario ω ∈ Ω.  

Itkijl  The inventory level of farmer’s products k ∈ S transported from origin hub i ∈ H and is stocked at destination hub j ∈ H at period t ∈ T to support 
customer l ∈ D under scenario ω ∈ Ω.  

dft
kl(ω) The number of products directly transmitted from supplier k ∈ S to customer l ∈ D by truck at period t ∈ T under scenario ω ∈ Ω.  

ndlt(ω) The slack variable that shows the amount of demand shortage for customer l ∈ D during period t ∈ T under scenario ω ∈ Ω.  
pdlt(ω) The surplus variable shows the amount of extra satisfied demand of customer l ∈ D during period t ∈ T under scenario ω ∈ Ω.  
xt

kl(ω) The binary variable is one, if farmer k ∈ S decides to send its products to customer l ∈ D by direct logistic policy at period t ∈ T under scenario ω ∈ Ω.  
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3.3. Mathematical modeling 

In this section, the model components including the network’s infrastructure, farmers supplying strategy and customers’ demand 
nature will be discussed. In the proposed poultry supply chain network, one great challenge is defining a suitable distribution system, 
where it ascertains the best locations of distribution centers (hub facilities), the interactions of farmers/customers with the located 
distribution centers, optimal storage policies of farmers’ production during pre-pandemic periods, and the optimal transportation 
modes for delivering of farmers’ products to customers. To cope with the above-mentioned issue, a multi-modal hub transportation 
system will be extended to the distribution system of the proposed poultry supply chain. 

3.3.1. Multimodal hub transportation system under pandemic 
Distributing commodities among a set of suppliers and customers in a large area, can be achieved either from establishing a direct 

path among each customer/supplier pair (Amin-Naseri et al., 2018) or using classical distribution systems that are adjusted only on one 
transportation type (Serper & Alumur, 2016). Hubs are facilities for collecting, sorting and dispatching flow that can not only reduce 
the number of direct paths and related costs, but also bring economy of scale through flow consolidation in inter hub routes. Hence, we 
propose a multi-modal hub transportation system consisting of track, ship and rail. 

H ∈ N is set of hub facilities. Suppose the binary variable Zkj (Zlj) is one, if farmer k ∈ S (customer l ∈ D) is allocated to hub j ∈ H. 
Therefore, by assuming that each farmer/customer should be assigned to exactly one hub we have: 

∑

j∈H
Zkj = 1,∀k ∈ S (1)  

∑

j∈H
Zlj = 1,∀l ∈ D (2) 

Constraints (3) and (4) demonstrate that as long as at node j the hub is not established, it cannot support customers or farmers. 

Zkj ≤ Zjj,∀k ∈ S, j ∈ H (3)  

Zlj ≤ Zjj, ∀l ∈ D, j ∈ H (4) 

While hub nodes support the whole transportation types, constraint (5) ensures that a single capacity needs to be selected for each 
transportation mode at each hub. 

∑

q∈Q
Gp

jq ≤ Zjj,∀j ∈ H, p ∈ P, (5)  

where Gp
jq is a binary variable that is one, if the capacity of q is established for transportation mode p at hub j. 

Constraint (6) shows the number of hubs that should be located on the network. 
∑

j∈H
Zjj = NHF (6) 

Constraints (7) and (8) control the total number of vehicles that arrive at or depart from each hub node, respectively. 
∑

j∈H,j∕=i

NVt
ijp ≤

∑

q
Vmaxp

qVPEt
pGp

iq,∀i ∈ H, p ∈ {R,V}, t ∈ T (7)  

∑

i∈H,i∕=j

NVt
jip ≤

∑

q
Vmaxp

qVPEt
pGp

jq,∀j ∈ N, p ∈ {R,V}, t ∈ T (8) 

The number of vehicles at each distribution path needs to be determined periodically. Hence, in equations (7) and (8), variable 
NVt

ijp includes period index and is defined as the number of vehicles for transportation mode p ∈ {R,V} at time t used for transporting 
farmers’ products from hub i ∈ H to hub j ∈ H. Vmaxp

q is the maximum available number of vehicles of transportation mode p ∈ P with a 
capacity of q that can be accessed. Moreover, VPEt

p is the accessibility level of transportation mode p at period t due to the pandemic 
severity. To balance the flow commodity among hub facilities we have: 

∑

j∈H,j∕=i

∑

p∈P
f t
ijkp −

∑

j∈H,j∕=i

∑

p∈P
f t
jikp = Ot

ki −
∑

l∈D
wt

kilZli, i ∈ H, k ∈ S (9)  

where f t
ijkp is the number of products that are produced by farmer k ∈ S and is transmitted by transportation mode p ∈ {R,V} from 

origin hub i ∈ H to destination hub j ∈ H at period t ∈ T. Variable wt
kil is the number of products that farmer k send to customer l at 

period t, and variable Ot
ki expresses the total amount of products that farmer k send to hub i at period t. The term wt

kilZli in equations (8) 
makes the model non-linear. To linearize this equation, we propose the below procedure. 

In equation (9), wt
kilZli calculates the number of products that farmer k send to customer l at period t, through only one hub i which 

A. Yazdekhasti et al.                                                                                                                                                                                                  



Transportation Research Part E 154 (2021) 102463

8

means both farmer k and customer l are assigned to hub i. Therefore, wt
kilZli can be substituted by variable wt

kiil according to equations 
(10)-(13). 

wt
kiil ≥ wt

kil − M.(2 − Zki − Zli),∀k ∈ S, ∀l ∈ D, i ∈ H, t ∈ T (10)  

wt
kiil ≤ wt

kil,∀k ∈ S, ∀l ∈ D, i ∈ H, t ∈ T (11)  

wt
kiil ≤ M.Zki, ∀k ∈ S, ∀l ∈ D, i ∈ H, t ∈ T (12)  

wt
kiil ≤ M.Zli, ∀k ∈ S, ∀l ∈ D, i ∈ H, t ∈ T (13) 

Also the variable Ot
ki can be obtained by equation (14): 

Ot
ki =

∑

l∈D

∑

j∈H
wt

kijl, ∀k ∈ S, i ∈ H, t ∈ T (14) 

Now by replacing variable wt
kiil in equation (9), the linearized flow balance equation is introduced according to equation (15). 

∑

j∈H,j∕=i

∑

p∈P
f t
ijkp −

∑

j∈H,j∕=i

∑

p∈P
f t
jikp = Ot

ki −
∑

l∈D
wt

kiil, i ∈ H, k ∈ S (15) 

To control the negative effect of pandemic, a farmer will decide to stock or remove a fraction of products at hub facilities. As 
destination hubs are closer to customer zones, selecting them as a warehouse is always superior to origin hubs. Therefore, the output 

flow from destination hub j toward customer l that is supplied by farmer k from origin hub i at period t (w
Ấ t

kijl) can be concluded as 
follows: 

wẤ
1

kijl = w1
kiilACPE1

l − S1
kijl, k ∈ S, i, j ∈ H, l ∈ D (16)  

wẤ
t

kijl = wt
kiilACPEt

l − St
kijl + S

Ất

kijl, k ∈ S, i, j ∈ H, l ∈ D, t ∈ T\{1, |T|} (17)  

wẤ
T

kijl = wT
kiilACPET

l + S
ẤT

kijl, k ∈ S, i, j ∈ H, l ∈ D (18) 

According to equation (16), a farmer only can stock products during the first period (S1
kijl), since there is no initial inventory of 

products at destination hubs. Based on equation (18), in the last period, farmers cannot stock their products (ST
kijl = 0), since there are 

no farther periods. In the middle periods (t ∈ T\{1,|T|}) either stocking (St
kijl) or removing (S

Ất

kijl) the inventories is permitted (equation 
(17)). In equations (16) to (18), ACPEt

l ∈ [0, 1] is a parameter which shows the accessibility level to customer l with respect to pandemic 
severity during period t. The higher value of ACPEt

l , the more accessibility to customer l. 
Now the value of inventory production of farmers k that is transported from origin hub i and is stocked at destination hub j at period 

t to support customer l (It
kijl) can be obtained by equations (19)-(21). 

I1
kijl = I0

kijl + S1
kijl, k ∈ S, i, j ∈ H, l ∈ D (19)  

It
kijl = It− 1

kijl + St
kijl − S

Ất

kijl, k ∈ S, i, j ∈ H, l ∈ D, t ∈ {2,⋯, |T| − 1} (20)  

I|T|kijl = I|T|− 1
kijl − S

Ất

kijl, k ∈ S, i, j ∈ H, l ∈ D (21) 

Equation (21) computes the number of vehicles of each transportation mode for inter-hub routes under Pandemic condition. 
∑

k∈N
f t
ijkp ≤ capt

ijpVPEt
pNVt

ijp∀i, j ∈ H, i ∕= j, p ∈ {R,V}, t ∈ T, (22)  

where capt
ijp is the maximum capacity of transportation mode p at period t in path i → j. 

3.3.2. Farmers’ supplying strategy and customers’ demand nature 
The poultry supply chain network consists of S farmers. For the farmer k, the total production at each period t depends on the 

number of poultry home (L tk) and the production rate of each poultry home (̈I¼tk) that is affected by COVID-19. ̈I¼tk(ω) shows the 
production rate of each poultry home at period t under scenario ω ∈ Ω. Under scenario ω ∈ Ω the amount of production for farmer k at 
period t (tpkt(ω)) can be calculated as follows: 

tptk(ω) = L tk Ï¼tk(ω)MPEt,∀k ∈ S, t ∈ T (23) 
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where MPEt is the percentage of production rate that can be accessed regardless of pandemic severity during time t. Under scenario 
ω ∈ Ω, farmer k at period t should decide the amount of products that need to supply to customer l through hub origin i and hub 
destination j (wt

kijl(ω)), which depends on the customers’ demands. The domestic customer l ∈ DC has a constant demand rate μlt ,∀l ∈
DC at period t; while the international customer l ∈ IC has stochastic demand pattern (demandlt) that follows normal distribution 
function with mean μlt ,∀l ∈ IC and variance σ2

lt ,∀l ∈ IC at each period t ∈ T. To model the customers’ stochastic demand, the chance 
constraint procedure is applied. According to the equation (24), under scenario ω ∈ Ω, to avoid penalty cost on poultry supply chain, 
the demand of international customer ∀l ∈ IC should be satisfied by at least one farmer with the probability of at least Ξ: 

Pr

(
∑

k∈S

∑

i∈H

∑

j∈H
wt

kijl(ω) ≥ demandlt

)

≥ Ξ, ∀l ∈ IC, t ∈ T (24) 

With demandlt N(μlt , σ2
lt), the chance constraint of equation (25) can be expressed as follows: 

∑

k∈S

∑

i∈H

∑

j∈H
wt

kijl(ω) ≥ μlt +Z Ξσlt,∀l ∈ IC, t ∈ T (25)  

where Z Ξ is the Z –value regarding the 100Ξth percentile from the standard normal distribution. During the pandemic (especially 
severe condition), different parts of the supply chain are affected; thus, meeting constraint (25) is practically impossible. To overcome 
this shortcoming, we relax constraint (24) by imposing a penalty cost for each unit demand shortage relative to the minimum required 
confidence to meet customers’ demand. In equation (26), ndlt(ω) and pdlt(ω) are slack and surplus variables regarding the right side of 
the equation. It should be noted that slack variable ndlt(ω) shows the amount of demand shortage for customer ∀l ∈ D during period 
t ∈ T under scenario ω ∈ Ω. Hence, ndlt(ω) imposes a penalty cost of Cndltndlt(ω) to the poultry supply chain, where Cndlt shows the 
unit penalty cost that should be paid to customer ∀l ∈ D during period t ∈ T. 

∑

k∈S

∑

i∈H

∑

j∈H

wẤ
t

kijl(ω)+ ndlt(ω) − pdlt(ω) = μlt +Z Ξσlt,∀l ∈ IC, t ∈ T (26)  

3.3.3. Model 1: Poultry supply chain Model under pandemic without direct path among farmers and customers 
Since the farmers’ production policies are affected by risk of diseases, the model’s variables are categorized in two categories: 

strategic variables (X ) and uncertain variables (ω). The strategic variables determine the hub facility locations, farmer/customer 

allocation to them and transportation capacity installation for different conveyers x =
{

Zkj,Zlj, Zjj,Gp
jq

}
. The uncertain variables are 

associated with flow distribution polices and should be considered under the scenario ω ∈ Ω as f t
ijkp(ω) ≥ 0,Ot

ki(ω) ≥0,St
kijl(ω) ≥ 0,

S
Ất

kijl(ω) ≥ 0,It
ijkp(ω) ≥ 0,wt

kiil(ω) ≥ 0, NVt
ijp(ω) ≥ 0,NRVSt

ki(ω) ≥ 0 and NRVDt
jl(ω) ≥ 0. Hence, we organize the model’s formulation in 

two sub-models. The first sub-model is design and the second sub-model is operation. Prω is the probability of scenario ω ∈ Ω for 
poultry diseases risk. is the expected value of the second sub-model’s objective function. Therefore, the mathematical 
formulation of Model 1 can be formulated as follows: 

Subject to: 
(1)~(6) 

Zij ∈ {0, 1},Gp
jq ∈ {0, 1}, ∀j ∈ H, i ∈ N, p ∈ P, q ∈ Q (27) 

The objective function aims at minimizing the total costs of establishing transportation at hub facilities and the expected cost of the 
second sub-model. In the first term of objective function, parameter ccp

jq is the cost of establishing capacity q of transportation mode p at 
hub j. When the hub facilities are located, in the second sub-model, the production costs, the flow distribution policy including 
transportation costs from farmers to hub nodes, inter hub flow distribution costs, transportation costs from hub nodes to customers and 
holding inventory costs are minimized. To address the poultry diseases risk, a fixed number of scenarios |Ω| are randomly generated 
and applied in the model. Thus, the mathematical formulation of the second sub-model can be presented as follows: 

(28)  

where, for ω ∈ Ω, 
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∑

k∈S

∑

t∈T
pckttpkt(ω)+ (28.1)  

∑

k∈S

∑

i∈H

∑

t∈T
ckiRV NRVSt

ki(ω)ocRV + (28.2)  

∑

l∈D

∑

j∈H

∑

t∈T
cjlRV NRVDt

jl(ω)ocRV + (28.3)  

∑

i∈H

∑

j∈H

∑

p∈P\RV

∑

t∈T
cijpNVt

ijp(ω)ocp + (28.4)  

∑

l∈D

∑

t∈T
Cndltndlt(ω)+ (28.5)  

∑

k∈S

∑

i∈H

∑

j∈H

∑

l∈D

∑

t∈T
hctIt

kijl(ω) (28.6) 

Subject to: 
(23), (26) 
∑

i∈H
Ot

ki(ω) ≤ tpkt(ω), ∀k ∈ S, t ∈ T (29)  

∑

k∈S

∑

i∈H

∑

j∈H

wẤ
t

kijl(ω)+ ndlt(ω) − pdlt(ω) = μlt,∀l ∈ DC, t ∈ T (30)  

∑

j∈H,j∕=i

NVt
ijp(ω) ≤

∑

q∈Q
Vmaxp

qVPEt
pGp

iq, ∀i ∈ H, p ∈ {R,V}, t ∈ T (31)  

∑

i∈H,i∕=j

NVt
jip(ω) ≤

∑

q∈Q
Vmaxp

qVPEt
pGp

jq, ∀j ∈ H, p ∈ {R,V}, t ∈ T (32)  

Ot
ki(ω) =

∑

l∈D

∑

j∈H
wt

kijl(ω), ∀k ∈ S, i ∈ H, t ∈ T (33)  

wt
kiil(ω) ≤ M.Zki,∀k ∈ S, ∀l ∈ D, i ∈ H, t ∈ T (34)  

wt
kiil(ω) ≤ M.Zli,∀k ∈ S, ∀l ∈ D, i ∈ H, t ∈ T (35)  

∑

j∈H,j∕=i

∑

p∈P
f t
ijkp(ω) −

∑

j∈H,j∕=i

∑

p∈P
f t
jikp(ω) = Ot

ki(ω) −
∑

l∈D
wt

kiil(ω), i ∈ H, k ∈ S (36)  

wẤ
1

kijl(ω) = w1
kiil(ω)ACPE1

l − S1
kijl(ω), k ∈ S, i, j ∈ H, l ∈ D (37)  

wẤ
t

kijl(ω) = wt
kiil(ω)ACPEt

l − St
kijl(ω)+ S

Ất

kijl(ω), k ∈ S, i, j ∈ H, l ∈ D, t ∈ T\{1, |T|} (38)  

wẤ
T

kijl(ω) = wT
kiil(ω)ACPET

l + S
ẤT

kijl(ω), k ∈ S, i, j ∈ H, l ∈ D (39)  

I1
kijl(ω) = I0

kijl(ω)+ S1
kijl(ω), k ∈ S, i, j ∈ H, l ∈ D (40)  

It
kijl(ω) = It− 1

kijl (ω)+ St
kijl(ω) − S

Ất

kijl(ω), k ∈ S, i, j ∈ H, l ∈ D, t ∈ {2,⋯, |T| − 1} (41)  

I|T|kijl(ω) = I|T|− 1
kijl (ω) − S

Ất

kijl(ω), k ∈ S, i, j ∈ H, l ∈ D (42)  

∑

k∈S
f t
ijkp(ω) ≤ capt

ijpNVt
ijp(ω)VPEt

p,∀i, j ∈ H, i ∕= j, p ∈ {R,V}, t ∈ T (43)  

Ot
ki(ω) ≤ capt

kiRV NRVSt
ki(ω)VPEt

RV ,∀k ∈ S, i ∈ H, t ∈ T (44)  
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∑

k∈S

∑

i∈H

wẤ
t

kijl(ω) ≤ capt
jlRV NRVDt

jl(ω)VPEt
RV ,∀k ∈ S, j ∈ H, t ∈ T (45)  

∑

k∈S

∑

i∈H
NRVSt

ki(ω)+
∑

l∈D

∑

j∈H
NRVDt

jl(ω) ≤
∑

q∈Q
VmaxRV

q VPEt
RV , t ∈ T (46)  

(47)  

f t
ijkp(ω) ≥ 0,Ot

ki(ω) ≥ 0, St
kijl(ω) ≥ 0, S

Ất

kijl(ω) ≥ 0, It
ijkp(ω) ≥ 0,wt

kiil(ω) ≥ 0  

NVt
ijp(ω) ≥ 0,NRVSt

ki(ω),NRVDt
jl(ω)integer∀k ∈ S, l ∈ D, i ∈ H, j ∈ H, p ∈ P (48) 

According to the objective function, the equation (28.1) counts the total production costs of whole farmers. Equations (28.2) and 
(28.3) represent the total costs of trucks for transportation products from farmers to origin hub routes and destination hubs to cus-
tomers routes, respectively. Equation (28.4) shows the total conveyor costs for inter-hub routes. Equations (28.5) shows the total 
penalty costs of unsatisfied customers’ demands. Equation (28.6) shows the total inventory holding costs of farmers’ production at 
destination hub nodes during different periods. Constraints (23) and (29) show the capacity and the amount of production at each 
period for each farmer. Constraints (26) and (30) guarantee that international and domestic customers’ demands are met, respectively. 
Constraints (31) and (32) restrict the total number of conveyor units including ship and train for inter hub routes regarding pandemic 
effect. Constraints (33) shows the number of farmers’ productions. Constraints (34) to (36) calculates the flow balance equations of the 
distribution network. Constraints (37) to (39) determine the output flow of destination hubs under inventory policy and pandemic 
effect for the first period, median periods and the last period, respectively. Constraints (40) to (42) compute the inventory level of each 
farmer at each destination hub in each time period. Constraint (43) calculates the total number of ships or trains in inter-hub routes 
regarding pandemic effect. By considering pandemic effect and for each time period and under each scenario ω ∈ Ω, constraint (44) 
and (45) determine the total number of trucks for farmer-origin hub routes (NRVSt

ki(ω)) and total number of trucks for destination hub- 
customers routes (NRVDt

jl(ω)), respectively. Constraint (46) restricts the number of trucks in non-hub to hub routes. Constraint (47) 
guarantees that a specific percentage (Ƌ) amount of flow transmission should be handled by ships for using the potential economy 
advantageous of water-way transportation. Constraint (48) enforces the binary and non-negativity conditions for the variables. 

3.3.4. Model 2: The poultry supply chain model under pandemic with direct paths among farmers and customers 
In the model 1, to satisfy the customers’ demands, farmers cannot send their products directly to the customers and must use multi- 

modal logistic policy. This strategy may decrease the distribution system efficacy, especially when customers are located near the 
farmers. To cope with this issue, we further develop model 2 under the condition that there is a possibility of sending products from 
farmers to customers through direct routes. 

Let df t
kl(ω) define the amount of products directly transmit from farmer k ∈ S to customer l ∈ D using truck at period t under 

scenario ω ∈ Ω. Thus, the farmers production equation (29) needs to be revised based on this new variable as follows: 
∑

i∈H
Ot

ki(ω)+
∑

l∈D
df t

kl(ω) ≤ tpkt(ω), ∀k ∈ S, t ∈ T (48) 

To control the transportation costs, farmer k ∈ S must choose only one of the direct (df t
kl(ω)) or indirect ways (w

Ấ t

kijl(ω))for trans-

porting its products toward customer l ∈ D. Therefore, in period t, the value of w
Ấ t

kijl(ω) × dft
kl(ω) must be zero. Accordingly, let xt

kl(ω)
define a binary variable which is one, if farmer k ∈ S decides to send its products to customer l ∈ D by a direct path at period t and zero 
otherwise. 

df t
kl(ω) ≤ Mxt

kl(ω),∀k ∈ S, t ∈ T, l ∈ D (49)  

wẤ
t

kijl(ω) ≤ M
(
1 − xt

kl(ω)
)
,∀k ∈ S, t ∈ T, l ∈ D, i ∈ H, j ∈ H (50) 

When xt
kl(ω) = 1, the right side of equation (49) will be a big number and permits the variable df t

kl(ω) to get value. On the contrary, 

the right side of equation (50) will be zero which means the variable w
Ấ t

kijl(ω)must be zero. For the situation that xt
kl(ω) = 0, the value of 

dfkl(ω) is zero and variable w
Ấ t

kijl(ω) can get value. By introducing two types of supplying strategy, the chance constraint equations (26) 
and (30) of international and domestic customers’ demand should be revised as follows: 

∑

k∈S

∑

i∈H

∑

j∈H

wẤ
t

kijl(ω)+
∑

k∈S
df t

kl(ω)+ ndlt(ω) − pdlt(ω) = μlt +Z Ξσlt,∀l ∈ IC, t ∈ T (51)  
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∑

k∈S

∑

i∈H

∑

j∈H

wẤ
t

kijl(ω)+
∑

k∈S
df t

kl(ω)+ ndlt(ω) − pdlt(ω) = μlt,∀l ∈ DC, t ∈ T (52) 

Based on equations (51) and (52), it can be seen that the first part of Model 2 is the same as the first part of Model 1. The second-sub 
model of Model 2 is as follows: 

(53)  

where, for ω ∈ Ω, 

∑

i∈S

∑

t∈T
pcittpit(ω)+ (53.1)  

∑

k∈S

∑

i∈H

∑

t∈T
ckiRV NRVSt

ki(ω)ocRV + (53.2)  

∑

l∈D

∑

j∈H

∑

t∈T
cjlRV NRVDt

jl(ω)ocRV + (53.3)  

∑

i∈H

∑

j∈H

∑

p∈P\RV

∑

t∈T
ckipNVt

ijp(ω)ocp + (53.4)  

∑

l∈D

∑

t∈T
Cndltndlt(ω)+ (53.5)  

∑

k∈S

∑

i∈H

∑

j∈H

∑

l∈D

∑

t∈T
hctIt

kijl(ω)+ (53.6)  

∑

k∈S

∑

l∈D

∑

t∈T
cklRV NDVt

kl(ω)ocRV (53.7) 

Subject to: 
(23), (31)–(45) 
∑

i∈H
Ot

ki(ω)+
∑

l∈D
df t

kl(ω) ≤ tpkt(ω), ∀k ∈ S, t ∈ T (48)  

df t
kl(ω) ≤ Mxt

kl(ω),∀k ∈ S, t ∈ T, l ∈ D (49)  

wẤ
t

kijl(ω) ≤ M
(
1 − xt

kl(ω)
)
,∀k ∈ S, t ∈ T, l ∈ D, i ∈ H, j ∈ H (50)  

∑

k∈S

∑

i∈H

∑

j∈H

wẤ
t

kijl(ω)+
∑

l∈D
df t

kl(ω)+ ndlt(ω) − pdlt(ω) = μlt +Z Ξσlt,∀l ∈ IC, t ∈ T (51)  

∑

k∈S

∑

i∈H

∑

j∈H

wẤ
t

kijl(ω)+
∑

l∈D
df t

kl(ω)+ ndlt(ω) − pdlt(ω) = μlt,∀l ∈ DC, t ∈ T (52)  

df t
kl(ω) ≤ capt

klRV NDVt
kl(ω)VPEt

RV ,∀k ∈ S, l ∈ D, t ∈ T (54)  

∑

k∈S

∑

i∈H
NRVSt

ki(ω)+
∑

l∈D

∑

j∈H
NRVDt

jl(ω)+
∑

k∈S

∑

l∈D
NDVt

kl(ω) ≤
∑

q∈Q
VmaxRV

q VPEt
RV , t ∈ T (55)  

xt
kl(ω) ∈ {0, 1}, ∀k ∈ S, l ∈ D, t ∈ T (56) 

The objective function aims at minimizing the total production cost, transportation costs in direct and indirect routes from farmers 
to customers, total inventory costs and total penalty costs of unsatisfied customers’ demands. In this regard, equations (53.1) to (53.6) 
have the same definitions to equations (28.1) to (28.6) and equation (53.7) calculates the total transportation costs of trucks in direct 
routes from farmers to customers. According to constraint (48) the total amount of direct and indirect flow distribution for each farmer 
should not exceed its production capacity. Constraints (49) and (50) guarantee that to support a customer each farmer should select 
either direct or indirect logistic policy. Constraints (51) and (52) ensure that in each period international and domestic customers’ 
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demands should be satisfied. Constraint (54) counts the total number of trucks that should be employed in direct logistic routes 
regarding pandemic effect. Constraint (55) restricts the number of trucks in whole the poultry supply chain in both the direct and 
indirect logistic policies. Constraint (56) shows the new binary variable xt

kl(ω) that has been introduced in this section. 
In addition to consider the infrastructure required for the agriculture supply chain, the develop model also takes into account the 

specific items of poultry supply chain, including: 1) modeling the impacts of uncertainties related to seasonal variations and the 
COVID-19 pandemic on farmers’ production rate; 2) considering to store farmers’ poultry products at hub facilities during pre and 
early pandemic outbreak, to respond customers’ demand during the pandemic period; 3) modeling the negative effects of COVID-19 
pandemic regarding its severity in different periods on different segments of the poultry supply chain including farmers, distribution 
system and customer areas; and 4) developing a multi-echelon transportation system under different logistics policies to improve the 
performance of the distribution network during pandemic period at with least cost. 

To estimate the order complexity of Model 1 and Model 2, we apply an approximation procedure. Considering the fact that S ∈ N,

D ∈ N,H ∈ N, we use |N| as an upper bound for S,D and H sets. Therefore, the upper bound of the number of constraints for Model 1 will 
be 2|N|

4
|T| + 2|N|

3
|T| + 6|N|

2
|T| + 8|N||T| + 2|N|

4
+ 2|N|

2
+ 5|N| + 2|T| + 1, and the upper bound for the number of variables for 

Model 1 will be 5|N|
4
|T| +|N|

3
|T| +3|N|

2
|T| with the rest |N|

3
|T| +2|N|

2
|T| variables are integer. The order complexity for Model 1 is 

approximately O
(
|N|

4
|T|
)

. Similarly, the upper bound for the number of constraints for Model 2 is approximately 3|N|
4
|T| + 2|N|

3
|T| +

6|N|
2
|T| + 8|N||T| + 4|N|

4
+ 2|N|

2
+ 5|N| + 3|T| + 1, and the upper bound of the number of variables for Model 2 can be approxi-

mated as 5|N|
4
|T| + |N|

3
|T| + 4|N|

2
|T|, the rest |N|

3
|T| +3|N|

2
|T| variables are integer. Hence, O

(
|N|

4
|T|
)

is the order complexity of 

Model 2. The approximated order complexities of Model 1 and Model 2 indicate that obtaining exact solutions even for small problem- 
size will be challenging. To overcome this shortcoming, in section 4, an efficient solution procedure will be introduced. 

4. Solution approach 

To obtain solutions for the proposed poultry food supply chain model, a hybrid algorithm based on Branch-and-Cut (B&C) and 
Dynamic Programming (DP), that henceforth is called BBDP, is developed. The B&C part of the proposed solution approach includes 
three steps: step1) hub facilities selection, step2) farmers/customers allocation to the selected hubs, and step 3) determining the 
amount of flow that should be sent from each farmer to each customer at each period. For improving the performance of the B&C, we 
employ series of inequalities, lower bounds estimation and two variable neighborhood search algorithms as the upper bound esti-
mators. The DP part of the BBDP solution procedure aims at determining the amount of stock/pick up inventory values for each farmer 
at each destination hub in each period, as step 4 of BBDP model. In the following each step of BBDP is introduced in detail. 

4.1. Step 1: Hub selection 

The B&C algorithm determines the location of hub facilities among set H. For this purpose, a Breadth-First Search (BFS) structure is 
applied. The first depth of the search tree includes H branches. For node i at the second depth, |H| − i sub-branches can be imagined. 
This is due to the fact that firstly each node can be selected as one hub facility and secondly the algorithm needs to determine only a 

combination set of hub facilities. Therefore, at depth , the algorithm opens at most branches. Fig. 2 shows the BFS tree 

search of step1. 

Fig. 2. BFS tree of B&C Step 1.  
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4.2. Step 2: Farmers/Customers allocation 

This step aims at allocating non-hub nodes (farmers/customers) to the selected hubs. For this purpose, for every branch of step one, 
as one possible hub facilities structure, the B&C algorithm determines the allocation structure of farmers/customers to the current hubs 
of that branch. Therefore, search tree follows BFS policy under which at most |S| +|D| depths can be opened. At this step, the algorithm 
starts with first farmer’s node and opens p branches as different possible allocation structure for the farmer. According to this policy for 
farmer/customer that is at depth , at most branches can be imagined. The lower bound of this step is calculated 
as follows. 

4.2.1. Lower bound estimation 
At depth , consider branch , where É§i ∈ H shows the hub facility which supports the 

non-hub node i (i ∈ {S,D}(and zero values show the non-assigned nodes. The lower bound of transportation costs for this branch 
( ) can be calculated according to the sub-problem A. 

Sub-problem A 

(57) 

Subject to: 

(58)  

(59)  

χki ∈ {0, 1}, χẤkijl ∈ {0, 1}, ∀k ∈ S, l ∈ D, i, j ∈ H (60) 

According to equation (57), the first term shows the transportation costs among farmers and customers whom are assigned to the 
current hub facilities. Second term calculates the total amount of transportation cost from assigned farmers to those customers that are 
not assigned to any hub. Third term attains the total transportation cost from non-assigned farmers to assigned customers and fourth 
term shows the total transportation cost among non-assigned farmers to non-assigned customers. Constraint (58) relaxed the single 
allocation assumption of the original model. Therefore, every farmer for sending its products to a given customer, have access to 
different origin/destination hubs. Constraint (60) ensures the feasibility of path k → i → j → l, when farmer k and customer l are 
assigned to hub origin i and hub destination j, respectively. To calculate second to fourth terms of objective function, the sub-problem A 
need to determine the allocation of non-hub nodes that are not assigned. In this regard, for farmer k, suppose the origin hub is specified 
as ́E§k, so ckÉ§k

+min∀i∈H
{
cÉ§ki +cli

}
is the lowest transportation cost path among farmer k and customer l. Let, cmin

É§k il
=min∀i∈H

{
cÉ§k i +cli

}
, 

now the second term of objective function can be rewritten as follows . For customer l, 

suppose the destination hub is specified as É§l, so min∀i∈H
{
cki +ckÉ§l

}
+cÉ§l l 

is the lowest transportation cost path among farmer k and 

customer l. Let, cmin
kiÉ§k

= min∀i∈H
{
cki +ckÉ§l

}
, now the third term of objective function can be rewritten as follows 

. Consider the case under which both farmer k and customer l are not assigned to the hubs’ set, 

at this condition by introducing cmin
kijl = min∀i,j∈H

{
cki +cij +clj

}
, the fourth term can be rewritten as follows 

. Hence, the lower bound of branch is calculated by equation (61) 

A. Yazdekhasti et al.                                                                                                                                                                                                  



Transportation Research Part E 154 (2021) 102463

15

(61)  

4.2.2. Upper bound estimation (VNS algorithm) 
In this section we will expand a variable neighborhood search (VNS) algorithm to obtain a tight upper bound solution for hub 

location and farmer/customer allocation to the selected hubs. VNS has been widely applied to solve optimization problems (Duan 
et al., 2021). The pseudo-code of the VNS algorithm of the can be seen in Fig. 3. 

4.3. Step 3: Determining the amount sent from each farmer to each customer 

At this step the B&C algorithm needs to specify the distribution policy of farmers to support the customers. For this purpose, for 
each branch of step 2, B&C applies BFS policy to explore different possible branches of step 3. Each branch of step three can be 
imagined as a super matrix of (|S| × |D| × |T|), where the element (k, l, t) of this matrix shows the number of products that farmer k ∈ S 
sends to customer l ∈ D at time period t ∈ T. For improving the performance of the algorithm, we utilize the variable fixing approach 
(cutting strategies) as follows. 

4.3.1. Variable fixing approach (cutting strategies) 

Consider branch B =
{

B 1,B 2,⋯,B |T| },where B t =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

wt
1i 1 j 11(ω) wt

1i 1 j 22(ω) ⋯ wt
1i 1 j l l (ω) 0 ⋯ 0

wt
2i 2 j 11(ω) wt

2i 2 j 22(ω) ⋯ ⋮ 0 ⋯ 0

⋮

wt
|S|i |S| j 11(ω)

⋮

wt
|S|i |S| j 22(ω)

⋯

⋯

wt
K i K j l l (ω) 0 ⋯ 0

0 0 ⋯ 0

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

. In B t , 

Input: Network topology and information of farmers, customers and potential hub facilities
Output:
Initialize:  
Create a random solution  by randomly select the  nodes as hub and assign farmers and customers to 
their nearest hubs. 
Calculate the objective function of  as 

for  1 to do
       if then 

Randomly select a non-hub node and reassign it to a different hub in random order
      else 

Randomly select a hub node and remove it from hub set and randomly select a non-hub node and 
reassign it to a different hub in random order

       end if 
Calculate the objective function of  as 

if  then 

else 

end 
end 

Fig. 3. The pseudo-code of the VNS algorithm for location of hub nodes and allocation of non-hub nodes to the hub.  
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wt
K i K j l l (ω) presents the amount of flow that farmer K ∈ S sends to customer l ∈ D, through origin hub facility i K and destination hub 

facility j l that have been specified at step two of the B&C algorithm. Also, zero values are related to the non-assigned elements of B t . 
At this condition, for farmer k ∈ S, if the amount of distributed flow exceeded than its production capacity at time period t (tpkt(ω)), 
then the branch B is pruned. Then we have: 

wt
ki k j l l

(ω) = 0,∀k ∈ {K + 1,⋯, |S| }, l = l

wt
ki k j l l

(ω) = 0,∀k ∈ S, l ∈ {l + 1,⋯, |D| }

⃒
⃒
⃒
⃒
⃒

∑l

l=1
wt

ki k j l l
(ω) > tpkt(ω),∀k ∈ {1,⋯,K }, t ∈ T (62)  

wt
ki k j l l

(ω) = 0,∀k ∈ {K + 1,⋯, |S| }, l = l

wt
ki k j l l

(ω) = 0,∀k ∈ S, l ∈ {l + 1,⋯, |D| }

⃒
⃒
⃒
⃒
⃒

∑l − 1

l=1
wt

ki k j l l
(ω) > tpkt(ω),∀k ∈ {K ,⋯, |S| }, t ∈ T (63) 

In equations (62) and (63) when the value of a variable is determined as zero, it is equal to pruning whole possible sub-branches of 
current branch B . 

4.3.2. Lower bound estimation 

Consider branch B =
{

B 1,B 2,⋯,B |T| },where B t =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

wt
1i 1 j 11(ω) wt

1i 1 j 22(ω) ⋯ wt
1i 1 j l l (ω) 0 ⋯ 0

wt
2i 2 j 11(ω) wt

2i 2 j 22(ω) ⋯ ⋮ 0 ⋯ 0

⋮

wt
|S|i |S| j 11(ω)

⋮

wt
|S|i |S| j 22(ω)

⋯

⋯

wt
K i K j l l (ω) 0 ⋯ 0

0 0 ⋯ 0

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

. At this 

condition, the customers’ demands of l +1 to |D| are not stratified. Moreover, customer’s demand l either has been met by means of 

current flow distribution set 
{

wt
1i 1 j l l (ω),wt

2i 2 j l l (ω),⋯,wt
K i K j l l (ω)

}
or not. So, to overcome this shortcoming, one possible lower 

bound can be estimated by relaxing the famer’s production capacity and allocating the customers’ demands of set {l + 1,⋯, |D| } to 
least cost path suppliers. Also, if customer l has shortage demand, it would be satisfied by means of the mentioned estimation policy. 
So, we have: 

wt
Al i Al

j l l (ω) ← wt
Al i Al

j l l (ω)+max

{

0, μl t +Z Ξσl t −
∑K

k=1
wt

ki k j l l (ω)
}

(64)  

Input: Network topology and information of farmers, customers and potential hub facilities
Output:
Initialize:  
Create solution  by supporting the customers’ demands in ascending order though their nearest hubs 
Calculate the objective function of  as 

for  1 to do
       if then 

Randomly select a customer in a random period and support its demand by a different farmers   
if then 

Randomly select two customers in a random period and swap farmers of the selected 
customers 
       if then         

 In a random period, randomly select a customer and randomly select one its farmers then add 
in add a random number in  to the amount of products that the select farmer sends to the 
select customer  

Calculate the objective function of  as 
if  then 

else 

end 
end 

Fig. 4. The pseudo-code of the VNS algorithm for determining distribution policy of the poultry supply chain.  

A. Yazdekhasti et al.                                                                                                                                                                                                  



Transportation Research Part E 154 (2021) 102463

17

wt
Al i Al j l l

(ω) = μlt +Z Ξσlt,∀l ∈ {l + 1,⋯, |D| } (65)  

where Al is the supplier that has least distribution cost for supporting customer l. In equation (64), term 

max
{

0, μl t +Z Ξσl t −
∑K

k=1wt
ki k j l l

(ω)
}

ensures if flow distribution of current suppliers (
∑K

k=1wt
ki k j l l

(ω)) cannot satisfy demand of 

customer l , the amount of demand shortage will be met by supplier Al . 

4.3.3. Upper bound estimation (VNS Algorithm) 
At this stage, VNS algorithm explores the search space to find a good solution for distribution policy of the poultry supply chain as a 

tight upper bound. The VNS algorithm pseudo code is presented in Fig. 4. 

4.4. Step 4: Determining the amount of stock/pick up inventory for each farmer at each hub 

At this step, the BBDP algorithm for each branch of step three applies a forward dynamic programming approach based on Wagner 
& Whitin (1958) to obtain the value of the amount of stock/pick up inventory for each farmer at each hub at each period. For this 

purpose, suppose M* l

ab is the optimal cost of the poultry supply chain when demand of customers set l ⊂P (D) in period b|b > 1 is 
satisfied in earlier period a|a < |T| − 1, where P (D) is whole possible subsets of customers set D. In this regard, at period a, suppose 
farmer supports fraction of demand of customer l ∈ l and fraction of this customer at period b. So, farmer produces 

products for customer l at period a and delivers 

products to customer l and stocks products at its destination hub j l at this period 

. So at period b farmer pickups the inventories that were stocked at period . Therefore, 

M
l
ab

{
Sa

1i 1 j l l ,⋯, Sa
ki k j l l

,⋯, Sa
|S|i |S| j l l

}
shows the poultry supply chain costs, when demand of customers’ set l ⊂P (D) in period b is 

satisfied from earlier period a, regarding farmers’ stock (Sa
1i 1 j l l ,⋯,Sa

|S|i |S| j l l
), pickup (S

Ấb

1i 1 j l l ,⋯,S
Ấb

|S|i |S| j l l ) inventory policies and can be 
calculated by optimizing sub-problem B. 

Sub-problem B 

(66) 

Subject to: 
(27), (32)-(50), (53)-(56)|t = a,b;H = H , l ⊂P (D)
∑

k∈S
wa

ki k j l l
(ω)+

∑

k∈S
df a

kl(ω) ≥ μla +Z Ξσla, i k, j l ∈ H , ∀l ∈ D (67)  

∑

k∈S
wb

ki k j l l (ω)+
∑

k∈S
df b

kl (ω) = μl b +Z Ξσl b −
∑

k∈S
Sa

ki k j l l (ω), i k, j l
∈ H (68)  

∑

k∈S
wb

ki k j l l
(ω)+

∑

k∈S
df b

kl(ω) ≥ μlb +Z Ξσlb,∀l ∈ D\l ,i k, j
l
∈ H (69)  

ftpka(ω) = tpka(ω) − wa
ki k j l l (ω) − df a

kl(ω), i k, j
l
∈ H ,∀k ∈ S (70)  

∑

k∈S
Sa

ki k j l l (ω) ≤ min

{
∑

k∈S
ftpka(ω), μl b +Z Ξσl b

}

, i k, j l
∈ H (71)  

Sa
ki k j l l (ω) ≤ ftpka(ω), i k, j l

∈ H , ∀k ∈ S (72)  

S
Ấb

ki k j l l (ω) = Sa
ki k j l l (ω), i k, j

l
∈ H ,∀k ∈ S (73)  

Sa
ki k j l l (ω) ≥ 0, i k, j

l
∈ H ,∀k ∈ S (74) 

The objective function of the sub-problem two is calculated according to equation (53), while hub set H and allocation structure of 
farmers/customers to set hub H at periods a, b are specified by means of steps one and two of BBDP algorithm. Constraint (67) de-
termines that the customers’ demands are met at period a. Constraint (68) implies, unsatisfied demands of customers set l should be 
met at period b. Also for customers who are not at set l , whole their demand need to be satisfied by constraint (69). Constraint (70) 
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calculates the free production capacity for each farmer at period a. According to constraint (71), the amount of stock-inventories at 
whole hubs should not be longer that both total free production capacities of farmers and demand of customers’ set l . Constraint (72) 
ensures the amount of stock-inventory for each farmer cannot exceeded than its free production capacity. Constraint (73) indicates that 
the amount of stock-inventory for each farmer at its origin hub at period a is the same with the pickup-inventory for that farmer at 
period b. This is due to the fact that the sub-problem two aims at satisfying the demand of customers’ set l of period b in earlier period 
a. Every time that the BBDP algorithm needs to optimize sub-problem two, it applies step 3. 

Now, by means of recursive cost function, the optimal poultry supply chain costs up to period a (M*
(a)) can be calculated as 

follows. 

M
*
(a) = min

{
M

*
(a − 1)+M

* l
ab

{
Sa

1i 1 j l l (ω),⋯, Sa
ki k j l l (ω),⋯, Sa

|S|i |S| j l l (ω)
}
|∀b ∈{a + 1,⋯, |T| }, l ⊂P (D)

}
, (75) 

It should be noted that M*
(0) = 0. According to equation (75), the value of M* l

ab

{
Sa

1i 1 j l l (ω),⋯, Sa
ki k j l l (ω),⋯, Sa

|S|i |S| j l l (ω)
}

for given 

period b, need to be calculated when customer set l includes whole possible sub-sets of customer set D (i.e. P (D)). 

5. Case study 

According to the National Chicken Council (2021), U.S. has the largest broiler chicken industry in the world, and its strategies 
against COVID-19 would provide a reliable road map for other countries. Due to the convenient geographical location, accessing to 
different transportation modes (water, rail, land), weather condition and close distance to Mexico and Cuba (among top 3 export 
destinations), the state of Mississippi is among top 5 broiler producers in US. Hence, in this section, to validate the proposed poultry 
supply chain, we perform a case study of poultry industry in the state of Mississippi. Mississippi generates $18.36 billion in total 
economic activities and provides 72,153 total jobs. With such an economic impact, studying the poultry supply chain in Mississippi is 
of a great importance. Based on Mississippi Poultry Association, there are over 1,700 family-run broiler producers. It is almost 
impossible to study the effect of COVID-19 on all these farmers at the same time. However, considering the size of the industry, 
professionalism and access to information, in this study, we focus on Peco Foods, Koch Foods and Marshall Durbin Companies as three 
major poultry farmers in the state of Mississippi. 

We select Jackson, Lake Charles, Tallahassee and Orlando as major domestic consumers and Havana (in Cuba) and Monterrey (in 
Mexico) as international customers. It should be noted that Mexico and Cuba are among the top broiler meat importers from Mis-
sissippi (Tabler, 2017). The boiler meat supply chain is studied under realistic data scenarios. Three time periods during one year (four 
months per each period) are considered. To investigate the pandemic effect on the proposed poultry supply chain, low and severe 
pandemic conditions are analyzed. In this section, firstly the parameters and data collection procedure are described; then the 
computational results will be discussed. 

5.1. Parameters description and data collection 

Based on the information provided by Citizens for a Better Eastern Shore Community (CBES) (CBES, 2020), Peco Foods, Koch Foods 
and Marshall Durbin Companies are among the largest broiler producers (farmers) in broiler industry at Mississippi, which will play 
farmers role in the proposed supply chain network. To facilitate distribution process of broilers meat among domestic and international 
customers, nine potential hub facility locations are selected which are Huston Amtrak Station, Port of Tampa, Jackson Canadian 
National Railway, Port of New Orleans, Jacksonville Amtrak Station, Natchez port, Port of Brownsville, Havana Port and Tuxpan Port 
Terminal. To better address the supply chain segments (farmers, customers and hubs), specific numbers are assigned to each of them 
that can be seen in Table 2. 

To calculate the distance among the supply chain segments, we studied the distance index from three criteria of land, rail and sea. 
For attaining the rail information, The North America Railroads data set is applied (The North America Railroads, 2020). The in-
formation of sea distance among the ports of the proposed broiler supply chain at Mississippi state is calculated by https://sea- 
distances.org/. Moreover, the information of Great River Road is used for determining the Mississippi river path (FHWA, 2020). 

Table 2 
The broiler supply chain’s segments.  

Farmers Hub candidate locations Customers 

Producer Number Candidate facility State Number Area State Number 

Peco Foods 1 Huston Amtrak Station Rail station 4 Lake Charles Louisiana, US 13 
Koch Foods 2 Port of Tampa Port/ Rail station 5 Orlando Florida, US 14 
Marshall Durbin Companies 3 Jackson Canadian National Railway Rail station 6 Tallahassee Florida, US 15   

Port of New Orleans Port /Rail station 7 Jackson Mississippi, US 16   
Jacksonville Amtrak Station Rail station 8 Monterrey Mexico 17   
Natchez port Port 9 Havana Cuba 18   
Port of Brownsville Port 10      
Havana Port Terminal Port 11      
Tuxpan Port Port 12     
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The average price of moving one ton fright per km by a 20 tons truck is $0.1069, by rail $0.03493 and by barge is $0.00916 (Austin, 
2016; Young et al., 2005). Moreover, the transportation capacity for each truck, railcar and barge is 20, 200 and 1500 tons, respec-
tively. Fig. 5 shows the geographical positions of farmers, customers and potential hub facilities, which is created by ArcGIS 10.8. 

According to the CBES information, broiler producers use poultry houses which in average have 66 feet wide and 600 feet long and 
can hold 50,000 birds per crop. However, due to poultry diseases, the production rate has 3% to 5% loss (CBES). As thus, with average 
five crops per year, each poultry produces [237500, 242500] birds per year. Generally, a broiler has 1.905 kg (4.2 lbs) weight. 
Therefore, each poultry house can produce [452.6, 462] tons broiler meat per year or [150.8,154.0] tons per every four months (one 
time period in this broiler supply chain). According to (ThePoultrySite, 2020), the production cost of each broiler pound was 86.5 cents 
in 2020, which means one ton broiler meat has 1907$ cost. 

To obtain demand of domestic and international customers, we used the index of poultry consumption per capita (PCPC) that its 
value per each year for different countries are addressed at www.statista.com. The poultry consumption during 2019 for every 
American was 49.26 kg poultry meat, for every Mexican was 29.25 kg and for every Cuban was 19.84 kg. Now, by multiplying the 
PCPC index in population of each area, its broiler meat demand can be estimated. It should be noted, the production rate and con-
sumption pattern are affected by seasonal variations (Patra et al., 2017). Kalhor et al. (2016) showed that during cold weather broiler 
meat production and consumption rate is higher than hot months, up to 20%. Since, the proposed poultry supply chain includes three 
time periods, the maximum production capacity and consumption rate is in the cold months from November to February (second time 
period). So, according to Kalhor et al. (2016), the production capacity and consumption rate during March to June (first time period) 
and July to October (third time period) can be estimated as 90% and 80% of cold months (November to February), respectively. 
Table 3 shows the farmers’ production and customers demand information based upon the provided information. To define scenarios 
of production rate (̈I¼tk(ω)), both seasonal variations and poultry diseases are included. In this regard, 30 scenarios of farmers’ 
production rates were defined according to Table 3. For each problem solving, the model is optimized under all scenarios and the 
average of the obtained results will be displayed. The cost of freezing and cold storage is 2.16 US $/ton/day (Fao, 2020). In addition, 
we assumed the penalty cost of one ton broiler shortage is doubled of its production cost. 

5.2. Computational results 

In this section the results of optimizing the broiler supply chain in Mississippi under pandemic condition are presented. For coding 
BBDP approach, MATLAB 2016a is applied and to validate the proposed solution procedure, we compare it with COIN-OR Branch and 
Cut (CBC) and CPLEX solvers. CBC is selected because it is less heavy weight than general Branch and Cut (BC) framework, which 
enables CBC to act faster than Branch-Cut-Price (BCP) and Symphony algorithms (https://www.coin-or.org/). CPLEX solver also is 
selected as it has more robust performance and acts faster (www.IBM.com). We coded CPLEX and CBC solvers in GAMS 24.1.2. The 
whole algorithms were executed on a computer with 4 GB RAM and Intel Core i5 2.5 GHZ CPU. To investigate the performance of the 
proposed models (Model 1 and Model 2) for controlling the pandemic effect and also for validating BBDP model, we design a set of 
experiments based upon the described data of broiler supply chain in Mississippi State. 

5.2.1. Measuring the efficiency of stocking Farmers’ products at destination hubs 
To measure the effectiveness of stocking the farmers’ productions at the destination hubs for mitigating the pandemic conse-

quences, firstly we reformate Model 1, when stocking policy is not permitted and consequently there is no sign of inventory variables 

(St
kijl(ω) = 0,S

Ất

kijl(ω) = 0,It
ijkp(ω) = 0). The new model that supports only indirect logistic policy and does not include inventory policy 

is named Model 1 without inventory policy in the following. Table 4 shows the obtained results of comparing Model 1 with and without 
inventory policy. In Table 4, the fourth column shows the pandemic effect on accessibility level to the customers. We define two 
scenarios, i.e., low and severe pandemic where in the first time period there is no sign of pandemic and in the second and third periods 

Fig. 5. The geographical viewpoint of the broiler supply chain under pandemic.  
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pandemic occurs. Thus, under low pandemic we can define ACPE values in three time periods for domestic and international customers 

as a (2× 4)-matrix of 
[

DC 1 0.9 0.8
IC 1 0.8 0.7

]

, where column one shows the type of customers, column two to four show the ACPE values 

for first to third periods, respectively. Value 0.8 in first row and third column means that 80% of domestic customers can be accessed in 

the third period. In a similar definition, ACPE parameter is defined under severe pandemic by a (2× 4)-matrix of 
[

DC 1 0.5 0.2
IC 1 0.4 0.1

]

. 

The fifth column shows the pandemic effect on the transportation modes (VPE) under low and severe conditions as a three elements 
vector. Frist to third element correspond to pandemic effect on first to third time periods. Under low pandemic scenario, vector of [1,
0.9, 0.8] shows that in the first period (where there is no pandemic) all transportation modes are fully accessed. In the second and third 
periods 90% and 80% of transportation modes are available. For severe pandemic, we show VPE by [1, 0.5,0.2]. In a similar way, the 
impact of pandemic on farmers production rate is shown in the sixth column under low ([1,0.9, 0.8]) and severe ([1,0.5, 0.2]) scenarios. 
Column seven indicates that the results of Model 1 with or without inventory policy. Columns eight presents the objective function of 
optimizing Model 1 with and without inventory policy by CPLEX solver. Column nine shows the CPU time of CPLEX algorithm. 
Columns ten and eleven represent value of objective function of Model 1 solved by BBDP and corresponding CPU time. Column twelve 
shows the objective function value of Model 1 obtained by CBC algorithm. We restrict the CBC algorithm to obtain the solutions up to 
11,000 s. The CBC’s CPU time is presented in column thirteen. The absolute gap between CPLEX and BBDP is presented in column 
fourteen, and the absolute gap between CBC and BBDP is shown in column fifteen. Column sixteen shows the absolute gap among 
Model 1 with or without inventory policy (GAPM%). Equations (76) calculates the values of GAPi

A% 

GAPi
A% =

ObjBBDP
Model1withinventoryplicy − Obji

Model1withinventorypolicy

Obji
Model1

× 100,

i = CPLEX,CBC (76)  

GAPM% =
ObjModel1withoutinventorypolicy − ObjModel1withinventoryplicy

ObjModel1withinventoryplicy
× 100 (77) 

The obtained results of Table 4 shows that the proposed stocking policy of farmers’ productions during pre-pandemic effectively 
controlled the negative pandemic consequences on the economy of the broiler supply chain. The stocking policy saved the total costs 
up to 23.5539 % under severe pandemic. This is due to the fact that during pandemic the whole parts of the broiler supply chain from 
production rate to distribution segments and access to the customers (especially international ones) are affected. Therefore, satisfying 
the customers’ demand in such tough situations is practically impossible and consequently leads to customers’ shortage. 

On the contrary, during the first period, farmers can produce whole or a fraction of customers’ demands of second and third periods 
and stock them in the destination hubs, which are close enough to the customers to support them during pandemic. As an example, we 
analyze scenario 3 and scenario 4, in detail. For this purpose, Fig. 6 depicts the network configuration of the proposed broiler supply 
chain for scenario 3 (Fig. 6.a) and scenario 4 (Fig. 6.b). According to Fig. 4.a, Port of Tampa (node 5), Natchez port (node 9), Port of 
Brownsville (node 10) and Havana Port Terminal (node 11) are selected as hub facilities. Peco Foods (farmer 1) and Koch Foods 
(farmer 2) are assigned to the Natchez port and Marshall Durbin Companies (farmer 3) is allocated to Port of Brownsville. The areas of 
Lake Charles (node 13) and Jackson (node 16) are supported by Natchez port (node 9), Tallahassee (node 15) and Orlando (node 14) 
are allocated to Port of Tampa (node 5), Monterrey (node 17) is assigned to Port of Brownsville (node 10) and Havana (node 18) is 
supported by Havana Port Terminal (node 18). 

Table 3 
Information about farmers’ production and customers demand in the proposed broiler supply chain.   

t = 1  t = 2  t = 3  

Customers μl1(ton)  *σl1(ton)  μl2(ton)  σl2(ton)  μl3(ton)  σl3(ton)  

Lake 
Charles 

Domestic 525.44 0 656.8 0 591.12 0 

Orlando 1313.6 0 1642 0 1477.8 0 
Tallahassee 2627.2 0 3284  2955.6 0 
Jackson 1050.88 0 1313.6 0 1182.24 0 
Monterrey International 5460 1092 6825 1365 6142.5 1228.5 
Havana 2645.333 529.0667 3306.667 661.3333 2976 595.2 
Farmers L 1k  Ï¼1k(ω) L 2k  Ï¼2k(ω) L 3k  Ï¼3k(ω)
Peco Foods 75 [135.7,135.8,135.9,⋯,

138.6]
75 [150.8,150.9,160.0,⋯,

154.0]
75 [120.7,120.8,120.9,⋯,123.2]

Koch Foods 150 [135.7,135.8,135.9,⋯,

138.6]
150 [150.8,150.9,160.0,⋯,

154.0]
150 [120.7,120.8,120.9,⋯,123.2]

Marshall Durbin Companies 100 [135.7,135.8,135.9,⋯,

138.6]
100 [150.8,150.9,160.0,⋯,

154.0]
100 [120.7,120.8,120.9,⋯,123.2]

σlt = 0.2μlt 
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Table 4 
Comparing the results of optimizing the broiler supply chain under pandemic at Mississippi State by CPLEX, CBC and BBDP algorithms when inventory policy is permitted and not permitted for indirect 
logistic.  

Scenario NHF  Ξ  Pandemic Severity 
Effects on Customers 

Pandemic 
Effects on 
Transportation 
Modes 

Pandemic 
Severity 
Effects on 
Production 

Inventory 
policy 

CPLEX BBDP CBC GAPCPLEX
A %  GAPCBC

A %  GAPM%  

Obj*  CPU  Obj  CPU  Obj  CPU  

1 4  0.99 
[

DC 1 0.9 0.8
IC 1 0.8 0.7

]
[1,0.9,0.8] [1,0.9,0.8] permitted 331,753,533 7414 337,035,049 200 333,058,716 11,000  1.592  1.194 0.000 

2 4  0.99 not 
permitted 

331,753,533 8235 333,213,249 212 334,147,954 11,000  0.440  − 0.28 

3 4  0.99 
[

DC 1 0.5 0.2
IC 1 0.4 0.1

]
[1,0.5,0.2] [1,0.5,0.2] permitted 338,273,198 9839 342,897,393 216 342,847,914 11,000  1.367  0.014 23.554 

4 4  0.99 not 
permitted 

417,949,574 8969 425,861,359 216 422,776,773 11,000  1.893  0.3 

5 4  0.90 
[

DC 1 0.9 0.8
IC 1 0.8 0.7

]
[1,0.9,0.8] [1,0.9,0.8] permitted 330,976,493 9720 335,616,783 213 331,185,501 11,000  1.402  1.338 0.002 

6 4  0.90 not 
permitted 

330,981,646 7779 333,708,935 216 331,742,249 11,000  0.824  0.593 

7 4  0.90 
[

DC 1 0.5 0.2
IC 1 0.4 0.1

]
[1,0.5,0.2] [1,0.5,0.2] permitted 331,090,533 9952 336,530,350 215 335,957,023 11,000  1.643  0.171 21.622 

8 4  0.90 not 
permitted 

402,677,900 9785 407,059,036 204 405,898,107 11,000  1.088  0.286 

9 4  0.50 
[

DC 1 0.9 0.8
IC 1 0.8 0.7

]
[1,0.9,0.8] [1,0.9,0.8] permitted 330,262,645 8671 332,240,918 208 332,054,128 11,000  0.599  0.056 0.001 

10 4  0.50 not 
permitted 

330,267,273 8451 334,385,706 205 331,874,554 11,000  1.247  0.757 

11 4  0.50 
[

DC 1 0.5 0.2
IC 1 0.4 0.1

]
[1,0.5,0.2] [1,0.5,0.2] permitted 327,224,893 8118 330,752,377 210 329,139,278 11,000  1.078  0.490 17.312 

12 4  0.50 not 
permitted 

383,875,518 8104 388,178,763 215 387,877,936 11,000  1.121  0.078 

13 3  0.99 
[

DC 1 0.9 0.8
IC 1 0.8 0.7

]
[1,0.9,0.8] [1,0.9,0.8] permitted 332,662,789 5839 338,517,654 205 332,662,789 8984  1.76  1.76 0.000 

14 3  0.99 not 
permitted 

332,662,789 5044 335,503,729 213 332,662,789 9333  0.854  0.854 

15 3  0.99 
[

DC 1 0.5 0.2
IC 1 0.4 0.1

]
[1,0.5,0.2] [1,0.5,0.2] permitted 345,119,416 6662 347,521,447 219 345,119,416 9012  0.696  0.696 21.355 

16 3  0.99 not 
permitted 

418,820,287 7271 422,262,990 219 420,848,579 11,000  0.822  0.336 

17 3  0.90 
[

DC 1 0.9 0.8
IC 1 0.8 0.7

]
[1,0.9,0.8] [1,0.9,0.8] permitted 332,037,012 5648 333,192,501 208 332,037,012 10,015  0.348  0.348 0.000 

18 3  0.90 not 
permitted 

332,037,012 7903 337,439,254 202 336,147,924 11,000  1.627  0.384 

19 3  0.90 
[

DC 1 0.5 0.2
IC 1 0.4 0.1

]
[1,0.5,0.2] [1,0.5,0.2] permitted 338,445,613 7314 339,098,813 217 339,790,216 11,000  0.193  − 0.204 19.245 

20 3  0.90 not 
permitted 

403,580,224 7721 411,119,103 208 409,057,189 11,000  1.868  0.504 

21 3  0.50 
[

DC 1 0.9 0.8
IC 1 0.8 0.7

]
[1,0.9,0.8] [1,0.9,0.8] permitted 331,332,020 7386 336,497,486 220 335,077,489 11,000  1.599  0.424 0.003 

22 3  0.50 not 
permitted 

331,342,256 6485 333,350,190 208 331,342,256 11,000  0.606  0.606 

23 3  0.50 
[

DC 1 0.5 0.2
IC 1 0.4 0.1

]
[1,0.5,0.2] [1,0.5,0.2] permitted 334,476,967 5924 335,383,400 200 334,476,967 9807  0.271  0.271 15.096 

24 3  0.50 not 
permitted 

384,970,650 5818 387,080,289 216 384,970,650 11,000  0.548  0.548  
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In Fig. 6, the whole inter-hub routes are supported by ship transportation mode (thick blue lines). The first reason is because higher 
capacity and lower transportation cost of ships compare with railway network. The second reason relates to stocking policy of farmers’ 
production during pre-pandemic which enables them to transport most of products by ship. To further analyze the second reason, we 
investigate the inventory variables of the described supply chain by Table 5. Since first time period was pre-pandemic, farmers stocked 
most of customers’ demands of second and third periods, where pandemic occurred. For example, consider Orlando as a major do-
mestic customer. During first period, Koch Foods stocked 1649.476 tons broiler meat in Tampa port, the place that is so close to 
Orlando city, and released 831.676 and 817.800 tons of stocked inventories in the second and third periods, respectively. By this 
strategy, in pre-pandemic period, Koch Foods helped the broiler supply chain to supply 50.65% and 55.33% of Orlando demands in 
second and third period, respectively. 

Stocking products is not permitted in scenario 4 as reflected in Fig. 6.b. Since access to the ships during severe pandemic is 
restricted and there is no chance of supplying customer demands in prior periods, the interaction among Tampa and New Orleans is 
handled by railway (green thick dashed line). As railway has higher cost than ship, this change in turn increases total costs. To mitigate 
the supply chain cost in scenario 4, New Orleans plays a vital role since it is placed in the middle of the broiler supply chain network 

a) )bycilopyrotnevnihtiw1ledoM Model 1 without inventory policy 

Fig. 6. Comparing network configuration of Model 1 when inventory policy is permitted and not permitted.  

Table 5 
Inventory policy variables in scenario 3.  

Hub facility Customers St
ijkp  

S
Ấ

t

ijkp  

Shortage 

t = 1  t = 2  t =

3  
t =

1  
t = 2  t = 3  t =

1  
t =

2  
t = 3  

Tampa 14 1649.476 (Farmer 2) 0 0 0 831.676 
(Farmer 2) 

817.800 (Farmer 2) 0 0 0 

15 0 2955 
(Farmer 1) 

0 0 0 2955 (Farmer 1) 0 0 0.600 

Hub facility Customers St
ijkp  

S
Ấ

t

ijkp  

Shortage 

t = 1  t = 2  t =

3  
t =

1  
t = 2  t = 3  t =

1  
t =

2  
t = 3  

Natchez 13 806.800 (Farmer 2) 0 0 0 656.800 
(Farmer 2) 

150.000 (Farmer 2) 0 0 1.120 

16 244.603 (Farmer 1) 
+370.452 (Farmer 2) 

567.185 
(Farmer 2) 

0 0 0 244.603 (Farmer 1) 
+937.637 (Farmer 2) 

0 0 0 

Hub facility Customers St
ijkp  

S
Ấ

t

ijkp  

Shortage 

t = 1  t = 2  t =

3  
t =

1  
t = 2  t = 3  t =

1  
t =

2  
t = 3  

Brownsville 17 9004.905 (Farmer 1) 
+7750.438 (Farmer 3) 

0 0 0 7750.438 
(Farmer 3) 

9004.905 (Farmer 1) 0 0 0 

Hub facility Customers St
ijkp  

S
Ấ

t

ijkp  

Shortage 

t = 1  t = 2  t =

3  
t =

1  
t = 2  t = 3  t =

1  
t =

2  
t = 3  

Havana 18 9210.375 (Farmer 2) 0 0 0 4847.559 
(Farmer 2) 

4362.816 (Farmer 2) 0 0 0  
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and not only can support ships, but also permits rail system to transports farmers’ products to customers. However, this stagey could 
not effectively support customers, especially international ones. As can be seen in Fig. 6.b, there is neither ship nor rail way to support 
Monterrey and sever pandemic restricted mass transportation to this city. Table 6 shows the customers shortage in different periods. 
The whole Monterrey’s demand in the second and third period and entire Havana’s demand in third are missed. In other words, in 
scenario 4 since there was no preventive policy, an overall of 28302.18 tons of customers’ demands are missed during pandemic, which 
imposes a large amount of penalty costs to the broiler supply chain. Another important issue that can be concluded from Table 4 shows 
the high performance of BBDP algorithm in solving the broiler supply chain optimization problem. The maximum gap between BBDP 
and CPLEX is 1.868%, and between BBDP and CBC is 1.76%. In terms of the CPU time, BBDP solution procedure is up to 46 times faster 
than CPLEX and at least 43 times faster than CBC, which shows the time superiority of the proposed BBDP algorithm. 

5.2.2. Measuring the efficiency of direct transportation possibility among farmers and customers 
In this section, we investigate the impact of having direct access to customers along with multi-modal transportation system on the 

broiler supply chain at Mississippi State. For this purpose, by removing scenarios that were related to Model 1 without inventory 
policy, Table 7 compares 12 remaining scenarios of Model 1 (with inventory policy), which supports only indirect logistics with Model 
2, where both direct and indirect logistics are included. The obtained results in Table 7 show that providing direct logistic for farmers 
enables the broiler supply chain to save costs up to 7.304%. To better analyze this issue, we investigate the information of scenario 2 in 
Table 6 (which is the same as information of scenario 3 and scenario 4 in Table 3) in detail. The inventory variables of Model 2 for 
scenario 2 in Table 7 are presented in Table 8 and the amount of direct flow transportation of this scenario is shown in Table 9. 
According to Table 8 and Table 9, since farmers accessed to direct logistic, which is not only faster and easier than ship and railway 
modes, but also has fewer restrictions during pandemic, they stocked only international customers’ demands in hub facilities and land 
transportation by truck was replaced of ship to cover domestic customers. Fig. 7 shows the network configuration of scenario 2 in 
Table 7 for Model 2. According to Fig. 7.b, during pandemic (second and third periods), along with using stocked products at hub 
centers, direct logistic supported all customers except Havana (since there is no direct path from farmers to this city). As an important 
consequence, although mass transportation has economy of scale, during pandemic that having access to different parts of supply chain 
is difficult, using direct logistic by truck can be a suitable alternative. The values of GAPCPLEX

A % and GAPCBC
A % in Table 7 show that 

BBDP algorithm has at most 4.515% and 4.024% gap compared with the CPLEX and CBC algorithms, respectively. Furthermore, BBDP 
is up to 33 times faster than CPLEX and at least 32 times faster than CBC for solving Model 2. 

5.3. Sensitivity analysis 

In this section, we imply sensitivity analysis on the maximum available barges in the broiler supply chain and the minimum fraction 
of inter-hub transportation that should be handled by barge to use the economy advantageous of waterways (Ƌ) especially at Mis-
sissippi river. We set experiments for both Model 1 and Model 2 when NHF = 4, Ξ = 0.99, Ƌ∈ {0.2,0.5,0.8}, Vmax1

q ∈ {5,10,15,20}

and we have severe pandemic during the second and third periods (ACPE =

[
DC 1 0.5 0.2
IC 1 0.4 0.1

]

,VPE = [1, 0.5,0.2], MPEt =

[1, 0.5, 0.2]). 
Fig. 8 presents the obtained results of the described experiments. According to Fig. 8, in Model 1 and Model 2, there is a little gap 

among total costs of different scenarios when there are 15 barges and more, regardless of Ƌ value. Moreover, when models are less 
restricted to select ship mode, (Ƌ∈ {0.2,0.5}) in both models, the objective function values of all scenarios are so close to each other 
even for 10 barges. It indicates that there is no need to enforce the modes to more select water paths and when there are enough barges 
in the broiler supply chain, both models always prefer ship to rail for inter-hub paths, due to its higher capacity and fewer trans-
portation costs. 

In addition, Model 2 in all scenarios had better performance compared with Model 1, even for limited available barges. Table 10 
presents the shortage values of customers’ demands in different periods for Model 1 and Model 2, when there is only 5 barges and 
Ƌ∈ {0.2,0.5, 0.8}. Thus, during pandemic that accessing to ship or rail mode is difficult, customers are supported by trucks in overland 
routes. Even under severe pandemic, Model 2 has an acceptable number of customers’ unsatisfied demands. Table 10 shows Model 2 
had at most 9732.190 tons shortage when the pandemic was so severe (t = 3) and Ƌ= 0.8. Most of this shortage relates to Havana, 
where the only way for transporting products is shipping mode. Although 5 barges are not enough for supporting whole the customers’ 
demands like Havana, Model 2 has overcome this shortcoming by allocating whole ship transportation mode capacity to international 
customers and supporting domestic ones either directly by truck or indirectly by railway network (Fig. 9.b). On the contrary, in similar 
conditions, Model 1 had 46629.660 tons customers’ demands shortage. In Fig. 9.a, Model 1 neither support international customers 
like Havana and Monterrey, nor properly support domestic customers like Orlando. This is because that Model 1 had to use only 

Table 6 
Shortage values in scenario 4.  

Customer 13 14 15 16 17 18 

First period 0 0 0 0 0 0 
Second period 3.3 17 0 1.1 10005.45 347.559 
Third period 111.12 1477.8 2955.6 15.533 9004.905 4362.816  
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Table 7 
Comparing the results of optimizing the broiler supply chain under pandemic at Mississippi State by CPLEX, CBC and BBDP algorithms when there is only indirect logistic (Model 1) and when both the 
direct and indirect logistic are involved (Model 2)  

Scenario #DC  Ξ  Pandemic Severity Effects 
on Customers 

Pandemic Effects on 
Transportation Modes 

Pandemic Severity 
Effects on 
Production 

Model 1 Model 2 BBDP CBC GAPCPLEX
A %  GAPCBC

A %  GAPM%  

Obj*  CPU Obj*  CPU Obj  CPU  Obj  CPU  

1 4  0.99 
[

DC 1 0.9 0.8
IC 1 0.8 0.7

]
[1,0.9,0.8] [1,0.9,0.8] 331,753,533 7414 331,135,267 9968 344,936,985 331 339,741,560 11,000  4.168  1.529  0.187 

2 4  0.99 
[

DC 1 0.5 0.2
IC 1 0.4 0.1

]
[1,0.5,0.2] [1,0.5,0.2] 338,273,198 9839 321,628,179 10,183 329,093,169 330 333,220,284 11,000  2.321  − 1.239  5.175 

3 4  0.90 
[

DC 1 0.9 0.8
IC 1 0.8 0.7

]
[1,0.9,0.8] [1,0.9,0.8] 330,976,493 9720 330,521,110 9915 339,745,954 310 340,113,778 11,000  2.791  − 0.108  0.138 

4 4  0.90 
[

DC 1 0.5 0.2
IC 1 0.4 0.1

]
[1,0.5,0.2] [1,0.5,0.2] 331,090,533 9952 318,898,638 11,014 331,839,545 341 321,214,019 11,000  4.058  3.308  3.823 

5 4  0.50 
[

DC 1 0.9 0.8
IC 1 0.8 0.7

]
[1,0.9,0.8] [1,0.9,0.8] 330,262,645 8671 329,862,913 9855 336,796,631 311 334,217,841 11,000  2.102  0.772  0.121 

6 4  0.50 
[

DC 1 0.5 0.2
IC 1 0.4 0.1

]
[1,0.5,0.2] [1,0.5,0.2] 327,224,893 8118 316,127,838 10,574 328,829,855 340 330,755,433 11,000  4.018  − 0.582  3.510 

7 3  0.99 
[

DC 1 0.9 0.8
IC 1 0.8 0.7

]
[1,0.9,0.8] [1,0.9,0.8] 332,662,789 5839 331,263,651 7476 343,884,796 321 334,287,991 11,000  3.81  2.871  0.422 

8 3  0.99 
[

DC 1 0.5 0.2
IC 1 0.4 0.1

]
[1,0.5,0.2] [1,0.5,0.2] 345,119,416 6662 321,628,179 7335 336,149,691 319 323,147,887 11,000  4.515  4.024  7.304 

9 3  0.90 
[

DC 1 0.9 0.8
IC 1 0.8 0.7

]
[1,0.9,0.8] [1,0.9,0.8] 332,037,012 5648 330,697,987 7007 341,568,030 318 336,144,235 11,000  3.287  1.614  0.405 

10 3  0.90 
[

DC 1 0.5 0.2
IC 1 0.4 0.1

]
[1,0.5,0.2] [1,0.5,0.2] 338,445,613 7314 318,898,638 7704 328,366,739 311 325,445,674 11,000  2.969  0.898  6.130 

11 3  0.50 
[

DC 1 0.9 0.8
IC 1 0.8 0.7

]
[1,0.9,0.8] [1,0.9,0.8] 331,332,020 7386 330,064,830 7432 341,009,780 312 331,015,567 11,000  3.316  3.019  0.384 

12 3  0.50 
[

DC 1 0.5 0.2
IC 1 0.4 0.1

]
[1,0.5,0.2] [1,0.5,0.2] 334,476,967 5924 316,175,742 7597 323,020,947 311 316,578,694 11,000  2.165  2.035  5.788  
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indirect logistics and under severe pandemic that limited available barges and did not have other option and consequently unsat-
isfaction of customers’ demand was inevitable. 

Fig. 8 indicates that for each level of access to barges, the direct distribution policy is more efficient than the indirect one. In this 
regard, the total amount of cost reduction due to direct distribution policy varies from 3% to 31%. The fewer barges (less than 15) and 
more direct the distribution will lead to more savings, because it is possible to reduce the volume of cargo transportation by sending 
goods directly by land. Under these conditions, when there are only 5 barges, the results show that the direct distribution method has 
cost saving up to 31.11%. Even when the number of barges is large enough, such as 20 barges, the direct distribution method would 
save 3.127%. This is due to the fact that it is not necessary to use waterways to transfer products between each farmer and the cus-
tomers, especially for short distances or away from waterways. In these cases, the direct transfer of products to customers will reduce 
supply chain cost. 

By performing sensitivity analysis, we can obtain that: 1) in all the scenarios, by increasing the minimum confidence of customer’s 
demand satisfaction, the total cost of the poultry supply chain will be increased which means the proposed model is directly affected by 
uncertainty of customers’ demand; 2) in all the scenarios, the implementation of the inventory policy in destination hubs will save the 

Table 8 
Inventory policy variables in scenario 2 of Table 6.  

Hub facility Customers St
ijkp  

S
Ấ

t

ijkp  

Shortage 

t = 1  t = 2  t =

3  
t =

1  
t = 2  t = 3  t =

1  
t =

2  
t =

3  

Brownsville 17 15175.000 
(Farmer 2) 

0 0 0 8200.000 
(Farmer 2) 

6975.000 (Farmer 2) 0 0 0 

Hub facility Customers St
ijkp  

S
Ấ

t

ijkp  

Shortage 

t = 1  t = 2  t =

3  
t =

1  
t = 2  t = 3  t =

1  
t =

2  
t =

3  
Havana 18 8010.375 

(Farmer 1) 
1200.000 
(Farmer 2) 

0 0 4847.559 
(Farmer 1) 

3162.816 (Farmer 1) 
+1200.000(Farmer 2) 

0 0 0  

Table 9 
Inventory policy variables in scenario 2 of Table 6.  

dft
kl  

t = 1  t = 2  t = 3  

Farmers Farmers Farmers 

1 2 3 1 2 3 1 2 3 

Customers 13 0 0 525.440 0 0 656.800 0 591.120 0 
14 0 1313.600 0 0 1642.000 0 0 1477.800 0 
15 0 0 2627.200 0 0 3284.000 0 540.295 2415.305 
16 0 0 1050.880 0 0 1313.600 0 1182.240 0 
17 0 0 5179.360 0 0 5.450 1905.090 0 124.815 
18 0 0 0 0 0 0 0 0 0  

Fig. 7. Network configuration of scenario 2 in Table 7 for Model 2.  
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poultry supply chain cost during the pandemic peak; 3) in all scenarios, water transportation is preferable to rail transportation mode 
due to its high capacity, low cost, and easy accessibility for Mississippi farmers; and 4) during the peak of the pandemic, the land 
transport method is outperforming other transportation methods due to easier access. 

Fig. 8. Sensitive analysis on the maximum available of barges and parameter Ƌ.  

Table 10 
The values of customers’ demand shortage for Model 1 and Model 2 when there are only 5 barges in the supply chain and Ƌ.∈ {0.2,0.5,0.8}.  

Model type Customers Ƌ= 0.2  Ƌ= 0.5  Ƌ= 0.8  

t = 1  t = 2  t = 3  t = 1  t = 2  t = 3  t = 1  t = 2  t = 3  

Model 1 13 0.440 0 1.120 0.440 94.300 591.120 0.440 656.800 591.120 
Model 1 14 0 0 2.800 13.600 4.500 1477.800 13.600 517.000 1477.800 
Model 1 15 0 0 0.600 27.200 3046.500 2955.600 2127.200 3284.000 2955.600 
Model 1 16 0 0 0.000 0.880 1.100 582.240 0.880 94.850 807.240 
Model 1 17 0 0 7124.905 2979.360 10005.450 9004.905 2004.360 10005.450 9004.905 
Model 1 18 0 0 4088.415 0 4225.599 4362.816 3878.040 4847.559 4362.816 
Total  11218.280 39373.410 46629.660 
Model 2 13 0 0 0 0 0 0 0 0 0 
Model 2 14 0 0 0 0 0 0 0 0 0 
Model 2 15 0 0 0 0 0 0 0 0 0 
Model 2 16 0 0 0 0 0 0 0 0 0 
Model 2 17 0 0 0 0 0 0 0 0 4143.775 
Model 2 18 0 625.599 4362.816 0 625.599 4362.816 0 1225.599 4362.816 
Total  4988.415 4988.415 9732.190  

Fig. 9. Comparing network configuration of Model 1 and Model 2, when there are only 5 barges in the supply chain and Ƌ.= 0.8  
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6. Conclusion and future research 

In this paper a mixed integer linear programming model was presented to study the effect of pandemic on a stochastic broiler supply 
chain in Mississippi State under seasonal variation and poultry diseases effect. In the first model (Model 1), farmers have access to an 
indirect logistic strategy under which products are distributed among domestic and international customers using either ship or rail 
transportation mode. In the second model (Model 2), farmers also can directly transport their products toward customers. To mitigate 
the negative effect of pandemic, in both models, farmers can stock their products in pre-pandemic period at destination hubs and 
distribute them among customers during the occurrence of pandemic, when not only production rate is being affected, but also access 
to mass transportation modes like ships and rails are restricted. To solve the models, a hybrid solution approach based on branch and 
cut and dynamic programming was developed. The obtained results indicated that the proposed stocking policy of farmers’ pro-
ductions during pre-pandemic effectively decreased the negative impact of pandemic on the economy of the broiler supply chain up 
23.5539 %. This amount of cost savings can be increased up to 7.304% by using direct logistics alongside with multi-modal hub 
network. This is due to the fact that although mass transportation brings economy of scale, during pandemic accessing them is far 
difficult than direct logistic by truck. Therefore, counting only on multi-modal hub network cannot guarantee the optimality of product 
distribution policy. Furthermore, we examined the performance of proposed BBDP algorithm by comparing with CPLEX and CBC 
algorithms. The obtained results showed that BBDP’s CPU time was up to 33 and 46 times faster than CPLEX in solving Model 1 and 
Model 2 with at most 1.868% and 4.515% gap, respectively. Also, BBDP was at least 43 and 33 times faster than CBC in solving Model 1 
and Model 2 with at most 1.760% and 4.024% gap, respectively. The results of sensitivity analysis showed that for serving inter-hub 
paths, both models always prefer ship transportation mode than rail, due to its higher capacity, fewer transportation costs and using 
the capacity of Mississippi river waterway. When the number of barges is limited, Model 1 will be much more affected by the pandemic 
than Model 2 since it has only indirect logistics. 

This study provides some applicable recommendations to the poultry industry to deal with the impacts of COVID 19. First and 
foremost, combining water transportation (which has high capacity and low operation cost) with stocking products during early stage 
of pandemic would enable farmers to store the products early and support them during peak of pandemic. Furthermore, it is better for 
transportation companies to use mass transportation system during non-pandemic period and land transportation (e.g., truck) during 
peak of pandemic. For the relevant food supply chains, such as pork and beef, the proposed model would bring some clues of how to 
manage producers’ production, storage and distribute among customers to mitigate the risk during pandemic. 

In this paper, only three major farmers and six customers in the Mississippi broiler supply chain were studied considering the 
computing capability limitations. Recognizing more farmers and customers may lead to more realistic outcomes. Moreover, this article 
did not address the unusual behaviors of customers during a pandemic, such as trying to abnormal store products or extreme changes in 
consumption patterns. 

For future research we suggest extending this paper in the following directions. First, developing the broiler supply chain by 
studying the production process in detail. Focusing more on farmers’ production processes will help them to better control production 
fluctuations caused by diseases or seasonal variations; furthermore, investigating the impact of agricultural associations in supporting 
farmers’ production process during the pandemic period by centralized storage policy. A set of farmers acts as a major supplier that can 
cooperate together for supporting large areas; in addition, considering the effect of price fluctuation of services and raw materials 
during pandemic on different components of the broiler supply chain from the production process to the pattern of customer demand 
would make the results more realistic. 
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