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Abstract: This paper deals with the design of supply chain models with complexities in the present industry. In this paper a mathematical
model has been designed for a production — distribution supply chain network considering volume flexibility and the various risks associated
with disruptions. The model is framed using mixed integer nonlinear programming and multiple periods, multiple products, suppliers,
manufacturing plants, distribution center and customer market and distinct disruption scenarios have been considered. The aim is to
minimize the total operational cost, minimizing the shortage cost due to disruptions and maximizing the flexibility level of the back orders.
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I. INTRODUCTION

Supply chain management is an amalgamation of interrelated association among the suppliers, manufacturing plants, distribution center
and customer markets to fulfil the customer demands through engineered flow of information, products, services, and money. These different
entities form the distinct levels or echelons of the supply chain. The performance of the entire network depends on how each of these elements
function and perform, and hence optimization of the performance of these entities plays a major role in the entire supply chain optimization.
In the present times, the challenge is to consider various factors like disruptions, shortages, back-orders and other risks and develop an
integrated model. In this work, we focus on disruptions and volume flexibility with aim to minimize total operational cost, shortage cost and
maximize flexibility level of inventory. There are levels considered starting from suppliers of raw materials to manufacturing units where the
products are being produced followed by the distribution center from where the products are shipped to different customer markets. The goal
in any business is to maximize profit and reduce all the costs that incur in the entire process from getting the supplies to delivery of final
furnished products, hence satisfying the customer demands. This requires delivery of the correct commodity or service at the desired place
at the given time and most importantly for the correct prize. The initial costs are associated with supply, production, transportation, and
inventory. The additional expenses occur due to certain disruptions which can lead to shortage of supply and untimely delivery of service.

In any industry, there are certain disturbances which arise due to certain factors of which some are under control and some are not. In
present time, a huge interest is been taken in the supply chain disruptions which are the events which alter the regular functioning of supply
chain and the consequences of these disruptions are at greater magnitude. Supply chains are getting adversely affected due to natural disasters
or human activities. These include earthquakes, floods, strikes, economic crises, mishaps in storage, production, transportation and other
activities.

Ali and Nakade [1] did a hypothetical case study on scenario based disruptions management through a quantitative approach proposing
a model which could react to different scenarios considered. Ho [13] worked on Tabu search heuristic approach for a facility location problem
with single source and capacity. Schmitt and Singh [24] worked on networks with disruptions in a multiple stage supply chain problem.
Garcia et al.[27] designed supply chain network considering risks due to facility disruptions and according to their work it was observed that
these networks were easily affected by the disruptions because of lean inventory management. Multiple sourcing have become extremely
dependable in decision making and an enormous study of work have been listed by [3]and [6]including facility location problems.
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Investigation on facility disruptions was done by Azad et al. [22] and they considered disruptions in the distribution center and modes of
transportation considering stochastic network of supply chain.

Jabbarzadeh et al. [12] framed a network using mixed integer nonlinear programming model in order to add facility disruptions and they
presented facility and customer allocation decisions. From the works of [1], [21] and [24] it is showcased that any disruptions caused to any
of the entities in supply chain network are unavoidable and hence such risks are to be considered for research. A major study on breakdown
of facilities due to disruption was done by Ghomi Avili et al.[23] and they applied simulated annealing to determine reliable and unreliable
distribution center. Due to disruptions, the system fails to function normally because of which the production and distribution center fail to
supply regular amount of goods. To consider this effect, distinct scenarios are considered, each of which conveys proportion of regular supply
quantity in the whole system. The shortage cost is a result of these factors.

Zhou and Wang [28] did a detailed review on supply chain risk management due financial disruptions which occur due to economic
uncertainty. Besides, due to these unpredictable events, there is an increasing need for the system to adapt to the situation and respond
effectively to the changes which brings in the flexibility matter. Investing in flexibility of the entire supply chain system, different insurance
policies related to manufacturing and storage are ways to prevent supply chain from various risks. Volume flexibility determines the output
level [19] when the system faces nondeterministic demands. [17] defines volume flexibility as one such type which can alter the output level.
Coping with the unpredictable customer demands is one of the crucial cases of volume flexibility. Goyal and Netessine [9]analyzed volume
flexibility along with product flexibility under endogenous pricing in a double product scenario wherein they discovered that volume
flexibility depended on demand correlation between various products as well as they found that volume flexibility fights total uncertainty in
demands. A huge number of works has been done on supply chain optimization and various models have been designed and modified for
better results.

Many optimization problems of supply chain management use mixed integer programming and in the seventies an attempt was made by
Geoffrion and Graves [8]. They worked on determining the locations of distribution center and customer markets along with flow of products
and transportation. Bravo and Vidal [4] worked on bring together production and inventory for controlled decision making at a multiple
entity level. In a similar context Piewthongngam et al. [26]did a study on multiple entity case of feed production and distribution planning
determining required number of vehicles for transportation and production batch size so as to reduce the cost is minimized. Over the years
mixed integer nonlinear programming has been applied in framing models for supply chain optimization with major focus on distribution,
production and inventory. Nasiri et al.[11, 18] planned an integrated model which included all these entities with a mixed integer nonlinear
model and solved using Lagrangian relaxation approach in the former and in the later they incorporated stochastic demand constraint. In [7],
the authors have done a detailed study on logistics chain framing a linear mixed integer model. The problem was solved using a technique
named LINDO. An integer programming problem with two criteria was modelled by the authors in [10] and they used an e-constraint
technique to obtain a pareto solution.

Monteiro et al.[15] applied a mixed integer nonlinear model which involved three randomly created cases of a system plan in the chain
incorporating inventory in storage building on specific non deterministic consumer demands. A nonlinear model with-the use of mixed integer
programming was developed by Liao et al.[16] for a firm with 15 different distribution units and 50 buyers to attain different objectives with
management of location, inventory and vendor system. Guerrero et al.[5] designed a logistics nonlinear complex-system with multiple levels
and uncertain demands. They transformed the nonlinear problem to a mixed integer linear programming.model and inferred that through
linearization decision making under different scenarios took shorter time. Kaya and Urek [14]worked on a supply chain(closed loop) using
mixed integer nonlinear model wherein inventory was affected by price demand function. This model was solved using heuristic approach.
Pourjadav and Mayorga [20] optimized both the forward and reverse flow in a closed loop supply chain for a glass manufacturing industry
using mixed integer linear model.
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Customer Markets

Il. MATHEMATICAL MODEL FORMULATION

This work is inspired by the works of [25]and [2].In this paper we consider four levels in the supply chain with multiple suppliers, multiple
plants, multiple distribution center and multiple customer markets. In this formulation of our problem we consider multiple products and
time periods along with multiple scenarios due to disruptions. In the setup, the suppliers provide the plants with raw materials to manufacture
different products, from the production plants the products are shipped to various distribution center from where the products are delivered
to different customer markets for sales. The problem considers determining the apt number of distribution center and productions plants to
be functioning at different locations considering different number of scenarios as a result of disruptions. We consider that all the suppliers
are operating but not all plants and distribution center necessarily operate. The customer markets receive products from the distribution
center which are open. It is also assumed that the products incur certain damage due to disruptions, and hence the products thus received
by the different distribution center would be inferior to the usual flow quantity. This results in unfulfilled demands by the distribution center
leading to shortage costs. The losses could be poor sales or lower product prize etc. The objective is to reduce the total transportation, setup,
production, inventory and shortage costs and maximize flexibility level to the changes which takes place.
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2.1 Sets and Indices

Products set

Index for products
Suppliers set

Index for suppliers
Manufacturing plants set
Index for manufacturing plants
Distribution center set
Index for distribution center
Customer markets set

Index for customer markets
Time periods set

Index for time periods
Scenarios set

Index for scenarios

4= = zZ3 2 VO X

N =T

.2 Parameters

fm Fixed coast of each plant

d; Fixed cost of each distribution center

K Large positive number

CSps Supplier cost for making of one unit of a product p by supplier s

Ypme  Perunit production cost of product p by plant m

ICN,; Inventory holding cost of one unit of product p at distribution center i

TMN,,,; Shipping cost of delivering one unit of product p from plant m to distribution center i
TSM,,.,, Shipping cost of supplies for unit product p from supplier s to plant m

TNR,;; Shipping cost of delivering unit product p from distribution center i to customer market
D¢ Demand of product p at customer market j

HCN; Holding capacity at distribution center i

T Time unit available for manufacturing in any given period

Bym Processing time for producing one unit of product p by plant m

VF, Volume flexibility in time period t

v, Volume of product p

A Volume flexibility performance index

g1, 92 Weight factor for capacity utilization

Ay Penalty cost for unsatisfied demand of product p by customer market j

pry Chance of scenario f

Opmf Small Percentage of supply from plant m of product p in scenario f

Opif Small Percentage of supply from distribution center i of the product p in scenario f

2.3 Decision Variables

Xp Raw materials for unit product p

Xpsme  Capacity of supply for product p from supplier s to plant m in period t

qdpme  Capacity of product p produced by plant m in period t

qpmie  Capacity of product p delivered from plant m to distribution center i in period t

dpijc  Capacity of product p delivered from distribution center i to customer market k in period t

IN,;; Inventory level of product p at distribution center i in time period t

qpijre  Shortage amount of product p from customer j at distribution center i at time period t in scenario f
Apijre  Amount of product p supplied from distribution center i to customer j at period t in scenario f

M {1, if plant operates
m 0, else
{1, if Distribution Center operates
N;
0, else

2.4 Objective Function

Min Zl = Zp Zs x;7 Csps + memMm + ZidiNi + Zp ZmZt qpmtypthm + Zp Zi Z]'Zt qpi]'t TNRpi]'t +
Zp Zi Zt ICNpit INpit +Zp Zs Zm thpsmt TSMpsm + Zp Zm ZiZt q;)mit TMNpmi + Zf prf(Zp Zi Zj Zt Apj q;ijft
M)

MinZ, =Y ,VF, — AT’ 2)
2.5 Constraints

Zibdpijt = Dpje V¥V Dt (3)
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Yipije = Qpme ¥V DML (4)
Qpijt <KN; VYV p,ijt (5)
Qpmit <KN; V pm,it 6)
Xpsmt < KMy, V p,s,mt ©)
INp;e = INpie—1) + Xn Qpmie — 2jpije ¥V D0t (8)
o QomicVp + Sp INpie—)Vp < HCN; ¥ £,m, i )
YpBomQpme My <T' V tm (10)
Yilpijre = Dpje — XiQpifQpije ¥ DI ]t (11)
Yipijfes) = Dpje — Lipijresry ¥ DSt (12)
2 Dpijfe+1) = 2om EpmfQpmie ¥V DLt (13)
VF, = [ = Mutlpme| 91 + [ZiN: HON, = 5, i Gymie Mulgz ¥ tm (14)
VF, >4 V t (15)

2.6 Non-Negativity Constraints

Qij: =0 V pijt (16)
QGpmie =0 V pm,it (17)
Xpsme =20 V p,sm,t (18)
IN,;; >0 VYV p,it (19)
Q;z’ijft =20 V pijf.t (20)
Qijre =0 YV Dpijf.t (21)
M,=01 V m (22)
N;,=01 V i (23)

Equation 1 represents the first objective function which is a minimization function that decreases the entire cost of operation. This includes
costs from setup to distribution to shortage costs. Equation 2 represents volume flexibility which is sum of all performance measures per
period. The aim is to maximize inventory flexibility level by minimizing 2. Among the constraints, equation 3 implies that the demands of
the consumers are met, constraint 4 assures that the total amount of commodities supplied from plant to-the distribution center equals
quantity produced in that period , equations 5, 6, 7 ensures that there is flow of materials among suppliers to plants to distribution center to
customer markets provided the plants and distribution center have been established, equation 8 indicates that the inventory levels are well
balanced, equation 9 represents capacity constraints of the distribution center, constraint 10.indicates that capacities of plant is respected,
equation 11 represents shortage amount in initial time period and 12 indicated the same in the succeeding period, the 13" constraint refers
to quantity of products provided to the distribution center in period (t+1) as a results of disruptions in initial period of time (t), equation
14 represents the sum of plant volume and distribution volume flexibility and equation 15 represent minimum flexibility level. The equation
16 to 23 represents the non-negativity conditions and the decision variable type.

I11. CONCLUSION

In this work a mixed integer non-linear model has been designed which includes flexibility improvement of inventory as well as considers
the disruption scenarios. The model provides optimum number of manufacturing plants and distribution center to be functioning to save on
the excess cost considering multiple scenarios and periods. It optimizes the complete supply chain network with a major intention towards
inventory optimization. The future scope is to apply certain metaheuristics approach to solve this nonlinear model with real time data and
infer on identifying an optimum heuristic for this model.
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