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1. Introduction are those qualitative models for the supply chain presented for either

Supply-chain management, applying competitive strategies, inte-
grates suppliers, producers, and distributors with the purpose of pro-
moting responsiveness and flexibility within the organization vis-a-vis
the customers. For this purpose, and in order to achieve the competitive
benefits for more share of the market, the economic institutions shall
manage and supervise the external sources and related elements within
the organization as well as the organization itself and its internal
source's consideration (Cohen et al., 2006; Garg et al., 2004).

The key problems in a supply chain are managing and control over
the supply and demand program, selecting the suppliers, provision of
raw materials, production and product programming, product storage,
inventory control, distribution, delivery and customer services. Strategic
programming of the supply chain results in the customers receiving
reliable services, with high quality, fast and with the least-cost
(Martin, 2006).

Mathematical programming models are one of the most applied
methods for optimizing supply chains. The main purpose of these
models is to make optimal decisions for allocating the limited sources
in a long term considering various factors (Reiner, 2005; Yu et al.,
2005). In general, the presented models for optimizing the activities of
the supply chain have been designed in three types. The first type are
the models whose objective is to study each part of the chain separately.
For example, we can refer to the presented models for selecting the sup-
pliers in a supply chain, the presented models for reducing delivery time
in distribution centers, etc. The second type are the models only for
reducing the costs, which create relations between both producers
and distributors as well as distributors and customers. The third type
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each part of the chain or a combination of the two parts in the chain
(Reiner, 2005; Scott et al., 2003). In studying the models of the first
and second type, we cannot declare deterministically that the decisions
that are made are the most optimum feasible solutions, in that the co-
relations between the nods and the sensitivity of affecting a part on
another of the models are not a matter of consideration. In the study
of the third type, due to non-quantitative decisions, we cannot also
refer to them exactly for implementation, and they are only executive
for the quality of the performed affairs. In most of these models, the
model has become far from the world of reality regarding various
hypotheses. However, we have attempted to adopt this model with
the real conditions of one supply chain to the extent that it is possible
(Ereng et al., 1999).

Considering the facts and the models just presented, the importance
of an integrated model of the supply chain with all mentioned
properties is clear (Wang et al., 2004).

Many researchers have made tremendous contributions to supply-
chain management methods, but the majority of the published articles
on supply chain models have focused on the single-period problem
with a single objective function, rather than the entire supply chain
network in several periods considering multi-objective models (Jang
et al., 2002).

For instance, the production/distribution model (PILOT) of Cohen
et al. (2006), is a cost function, mixed integer mathematical program
with a nonlinear objective function. It is probably one of the earliest suc-
cessful efforts to model supply chain problems. The authors presented a
global supply strategy for manufacturing. This approach seeks to deter-
mine the number and locations of plants and distribution centers,
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material flows, plant production volumes, and the allocation of
customers to distribution centers. Although this approach has generat-
ed a practical application model, it is limited to a single manufacturing
stage and considers only one objective function based on supply
chain costs. To overcome the limitations of considering only a single
manufacturing stage, a number of researchers have considered the
integrated production-distribution problem. Cohen and Lee develop a
non-linear, stochastic, multi-echelon inventory model to determine
the optimal stocking policy for a spare part stocking system, based on
achieving an optimal trade-off between holding costs and transporta-
tion costs, subject to response time constraints (Cohen and Lee, 1987).
This service system has unique characteristics, such as low demand
rates, a complex echelon structure, and the existence of emergency
shipments to meet unforeseen demand. The solution to this complex
model is found using a branch and bound procedure. A mixed-integer
programming developed by Robinson et al. considers a cost functional
model for a two-echelon incapacitated distribution location problem.
The authors provide sensitivity, cost-service tradeoffs, and what-if
analyses to clarify all major costs and service trade-offs (Robinson
et al.,, 1993). A fixed-charge network programming technique is used
to determine the best shipment routings and shipment size through
the distribution system. Vidal and Goetschackx in 1997 presented a
critical extensive literature review of strategic production-distribution
models. In (Vidal and Goetschackx, 1997), the authors categorize the
literature into four groups: previous reviews, optimization models,
additional issues for modeling, and case studies. A particular emphasis
of their review is on mixed integer programming models. Thus, they
identify the main characteristics of the mixed integer programming
models, including the terms considered in the objective function, the
constraints, and the specific characteristics of the solution methods
and computation experiences. However, while there have been a
considerable number of papers that consider the supply-chain prob-
lems, fewer studies have considered integration of the supply chain.
For example, Tzafestas and Kapsiotis propose a mathematical program,
with the objective of minimizing the cost of a sub-supplier/supplier/
manufacturer in a supply chain (Tzafestas and Kapsiotis, 1994). Three
different operational scenarios of optimizing the supply chain are as-
sumed and examined. In the first one, manufacturing optimizes its oper-
ational costs without considering the suppliers. In the second scenario,
overall cooperation exists between the three levels of the supply
chain. In the last scenario, each level of the supply is optimized separate-
ly with a partial cooperation among the SC. A numerical example is
provided to illustrate the above scenarios, and the simulation technique
is used to verify the results. In this example, the differences in the total
costs are very small, and the computational times are almost identical to
the three scenarios.

To consider the integration of the supply chain, a number of re-
searchers have studied the integrated supply chain problem.

Park (2007) presented a method for integrated production and distri-
bution planning. He investigated the effectiveness of the integration
through a computational study with the objective of maximizing the
total net profit. It is considered one of the best production-distribution
models in the literature, because it is a relatively realistic model consid-
ering multiple capacity constraints within a multi-period planning hori-
zon. Moreover, the model involves some fixed costs at different
operation stages. Having proposed an MIP (Mix Integer Programming)
model, Park then presented alternative solutions and compared them
in a computational study. In addition, a sensitivity analysis is carried
out on capacities and fixed costs. However, this study assumed that the
plants had an unlimited storage capacity, and that the firm could change
the fleet size freely without extra cost, but in real operations, these
assumptions are not often realized. Additionally, the model did not
take changeover cost and production batch size constraints into account
at the production stage. Moreover, the solution procedures have some
limitations; for example, the decoupled models do not always give feasi-
ble solutions, since they ignore the interactions of different operation

stages. Although the problem considered a supply-chain network config-
uration, including multi-plants, multi-retailers, multi-items, and multi-
period environment, the key disadvantage is that no raw material
procurement activities were considered (Park, 2007). Li et al. (2009)
proposed a capacity allocation problem based on a more complex supply
chain than has been typically considered in previous quantitative model-
ing studies. Hsieh and Liu examined a serial supply chain that consists of
one supplier and one manufacturer. They investigated the supplier's and
the manufacturer's quality investment and inspection strategies in four
noncooperative games with different degrees of information revealed
(Hsieh and Liu, 2010). Jula and Leachman (2011), propose a mixed inte-
ger non-linear programming model for optimizing the supply chains of
importers of waterborne containerized goods from Asia to the USA and
allocation programming. In their research, they introduce a heuristic al-
gorithm to quickly solve the mathematical model to near optimality. An-
other problem in this area was configuration of supply chain and some
researchers were focused on that. For example, Costantino et al.
(2012), propose a model for configuration problem of Manufacturing
Supply Chains (MSC) with reference to the supply planning issue. Their
results show that the design method provides managers with key an-
swers to issues related to the supply chain strategic configuration and
agility, e.g., choosing the right location for distributors and retailers for
enhanced MSC flexibility and performance. Another problem in the sup-
ply chain management is controlling the costs. Some researchers devel-
oped their model regarding to cost. As an example of this field,
Pettersson and Segerstedt (2013), express a model to introduce a tool
to measure the cost in the supply chain. They applied their model in 30
companies and show how does it works in the real world and they
show the applicability of their model by this (Pettersson and
Segerstedt, 2013). The remanufacturing process in supply chain manage-
ment is another problem which some researchers like Giovanni and
Zaccour in 2014 are concerned. They consider a two-period closed-loop
supply chain (CLSC) game where a remanufacturer appropriates of the
returns' residual value and decides whether to exclusively manage the
end-of-use product collection or to outsource it to either a retailer or a
third-service provider (Giovanni and Zaccour, 2014).

This study analyzes an integrated supply chain operation from raw
material purchasing to final product distribution. The aim is to optimize
the allocation of capacities among different facilities and product items.
In this study, a mixed integer programming model with dynamic char-
acteristics is presented first, and then alternative solution procedures
are introduced. The solution procedures include the development of a
decomposition heuristic and an integrated heuristic algorithm. A com-
putational study compares the solution procedures and uses sensitivity
analysis to show that the heuristics work well. Thus, through adequate
modeling, the supply chain problem becomes more realistic sized.

In this paper, an integrated model for the supply chain is presented
and an effort is made to define the objective functions so that the deci-
sion making in a supply chain is directed towards “lean”. Finally, the
results of the presented model make optimal decisions against the sup-
pliers, producers, distributors and contractors, considering the relations
between the producers such that any producer can supply for other
producers.

Moreover, our model is sensitive to some factors such as inflation and
the demand variable as well, and it reacts against change in each one of
them. Lastly, we have made an effort to present a production program-
ming and inventory control with consideration of its related costs.
In general, the proposed model attempts to reduce costs, to increase
incomes, and finally to increase the efficiency of the supply chain. In
the following section, we propose our model. In Section 3, we illustrate
the proposed model using a numerical example, and Section 4 concludes.

2. Proposed model

We assume that there are several suppliers who present their
services for several producers who can supply for other producers or
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send their products for distributors. Some contractors have also been
regarded among them. These contractors have an ability for supplying
products in process and products and have a direct relation with the
producers (for the sale of products in the process) and distributors
(for the sale of products). At the end, some distributors have been con-
sidered as well, who can be regarded as representatives for the plant
sale and a mediate between the producers and the customers (Fig. 1).
The main purpose of the model is to determine the optimum alloca-
tion for the sources in the general supply chain with consideration of the
limited capacity of the suppliers, producers, distributors, and transpor-
tation and lean conditions of the chain. In this model production capac-
ity is determined considering the available time for each producer in
each period, the warehouse capacity for each distributor, and the con-
straints in dispatch and transportation. The capacity of each producer
is independent of other producers. The capacity of the distributors is
calculated equal to the maximum access space and with regard to the
existing demands in each time period. The supplier's capacity is also
determined by considering the maximum raw material that each
supplier can provide and the available capacity of the raw materials in
each time period. In addition to the above hypothesizes, some other
factors have been considered such as changes in the production rate
and the production type, production capacity for the products through
the process as well as the minimum economic production capacity.
Besides the abovementioned, the following preliminary is considered:

* The final product of each phase is not stored in that place, and it is sent
to the destination section.

 The demand rates in distribution centers are independent of each other.

* Each product can be produced in one or several production centers, and
each production center can produce one or several products.

« The distribution centers supply their shortage from other distribution
centers.

* Duration of the time period is determined with regard to the specifica-
tions of the problem and by the analyzer.

« The production centers keep some precautionary reservation.

« The cost of waste materials in each place is allocated to the same place.

2.1. Model formulation

2.1.1. Nomenclatures and parameters
Nomenclatures for the proposed model are summarized as follows:

Raw material: The raw material that is acquired in the supply
centers.

Products: the product that is produced in the production centers and
is sent to the distribution centers.

Products in the process: the products which are produced in the pro-
duction centers and are sent to other production centers as raw
material.

i Index of the centers for supplying raw materials (i = 1,2,...,I)

Jp Index of the production centers for products in the process
and the products (j = 1,2,...J,p = 1,2,...J)

k Index of the centers for distribution of the products (k = 1,2,

K)

Index of the contractors (¢ = 1,2,...,Q)

Index of the raw material (n = 1,2,...,N)

Index of the products during a process (m = 1,2,...,.M)

Index of the products (I = 1,2,...,L)

Index of the time periods (t = 1,2,...,T)
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Fig. 1. Supply chain.
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A number that indicates the number of the periods under
study (r < T).

The rate of demand for the Ith type of the product in the kth
distribution center during the time period of tth.

The price of each unit of the Ith type product during the time
period of tth.

The transportation cost for each unit of the product the Ith
type of the production center jth to the distribution center
kth during the time period tth.

The transportation cost for each raw material of the nth type
from supply center ith to the production center jth during the
time period tth.

The transportation cost for each product in a process of the
mth type of the production center jth to the production center
pth during the time period tth.

The transportation cost for each unit of the product of the Ith
type purchased from the contractor gth by the distribution
center kth during the time period tth.

The transportation cost for each product in a process of the
mth type purchased from the contractor gth by the produc-
tion center jth during the time period tth.

The cost of production of each unit of the product of the Ith
type by the production center jth during the time period tth.
The cost of purchase of each unit of the product of the Ith type
from the contractor gth during the time period tth.

The cost of purchase of each unit of products in a process
of the mth type from the contractor gth during the time
period tth.

The cost of distribution of each unit of the product of the Ith
type in distribution center kth during the time period tth.
The cost for setup of the production center jth for producing
the product of the Ith type during the time period tth.

The cost for setup of the production center jth for producing
the products in a process of the mth type during the time pe-
riod tth.

The cost of storage of each unit of a product of the Ith type by
the distribution center kth during the time period tth.

cwhfmpe The cost of storage of each unit of product in a process of the

mth type in the pth type production center during the time
period tth.

cwhrs,;; The cost of storage of each unit of raw material of the nth type

cshye
CSUnic
CWpje

CSVI'Spit

in production center jth during the time period tth.

The cost for shortage of each unit of the product of the Ith type
by the distribution center kth during the time period tth.
The cost for obtaining each unit of raw material of the nth
type in supply center ith during the time period tth.

The cost of producing each unit of product in a process of the
mth type in the production center jth during the time period tth.
The cost of the wastes in supply center ith for raw material of
the nth type during the time period tth.

csVWfmpe The cost of the wastes in production center pth for products in

csvpfije
csvpdi

csvedige

the process of the mth type during the time period tth.

The cost of the wastes in the production center jth for produc-
ing the product of the Ith type during the time period tth.
The cost of the wastes in the distribution center kth for the
product of the Ith type during the time period tth.

The cost of the wastes from the contractor gth for the product
of the Ith type during the time period tth.

csvcfmge The cost of the wastes from the contractor gth for the products

My,

rMWpm

MW

in process of the mth type during the time period tth.

The rate of raw material type nth that is consumed in produc-
ing the product of the Ith type.

The rate of raw material type nth that is consumed for pro-
ducing the product of the mth type.

The rate of products in process the mth type that is consumed
for producing the product of Ith type.
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The cost for the wastes in obtaining raw material type nth in
supply center ith.

The cost for the wastes in producing the products of the Ith
type in production center jth

The percent of the waste in producing the products in process
of the mth type in production center jth

The percent of the waste from distribution of the products of
the Ith type in the distribution center kth.

The percent of the waste from the contractor gth for the prod-
uct of the Ith type.

The percent of the waste from the contractor gth for the prod-
ucts in process of the mth type.

The access production time of production center jth during
the time period tth.

The setup time of production center jth for producing the
product of the Ith type.

The required time for producing the product of the Ith type in
production center jth.

The setup time of production center jth for producing the
products in the process of the mth type.

The required time for producing the products in the process
of the mth type in production center jth.

The capacity of warehouse for distribution center kth during
the time period tth.

The capacity of warehouse for production center jth during
the time period tth.

The necessary volume for warehousing each unit of the prod-
uct of the Ith type.

The necessary volume for warehousing each unit of products
in the process of the mth type.

Necessary capacity for warehousing each unit of raw material
of the nth type.

A large number that is greater than the total amount of the
productions.

A large number that is greater than the total amount of prod-
ucts in the process.

A large number that is greater than the total amount of the
demands for the products.

A large number that is greater than the total amount of the
products.

Equal to one in the case that the jth plant can produce the Ith
product, otherwise it is equal to zero.

Equal to one in the case that the jth plant can produce the
products in the process of the mth type, otherwise it is
equal to zero.

Equal to one in the case that the contractor gth can supply Ith
product, otherwise it is equal to zero.

Equal to one in the case that the contractor gth can supply the
products in the process of the mth type, otherwise it is equal
to zero.

2.1.2. Decision variables

let
)?mjt
nIpCigre

NMPCrmgje

Tle nijt

The number of producing the Ith type product in the jth
production center during the time period tth.

The number of producing the products in the process of mth
type in the jth production center during the time period tth.
The number of products of the Ith type from the contractor
gth for the kth distribution center during the time period tth.
The number of producing the products in the process of mth
type from the contractor gth for the jth production center
during the time period tth.

The number of delivering the raw material type nth from the
supply center ith to the jth production center during the time
period tth.
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nfdjie The number of delivering product type Ith from production

center jth to the kth distribution center during the time peri-

od tth.

The number of delivering the products in the process of mth

type from the jth production center to the pth production

center during the time period tth.

The number of distribution of product type Ith in distribution

center kth during the time period tth.

The remaining amount of product type Ith in distribution cen-

ter kth at the end of the time period tth.

nwhfn,: The remaining amount of products in process type mth in dis-

tributing center pth at the end of the time period tth.

The shortage amount of product type Ith in distribution cen-

ter kth at the end of the time period tth.

nwhrsy; The remaining amount of raw material type nth in production
center jth at the end of the time period tth.

nwhcpfmie The warehouse of products in process type mth entered into
the production center jth at the end of the time period tth.

lef mjpt

TldClkt

nwhs,

nshy

1 if x;,>0
Xi { 0 Ué.w
X 1 if x,,>0
mjt { 0 (j)t.w

2.1.3. Objective functions
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Eq. (1) expresses the objective function for optimization of the in-
come. Eq. (2) indicates the objective function for minimization of the
costs related to acquiring raw materials from supply centers, production
of products in process and products in the production centers, distribu-
tion of the products in distribution centers, and purchase of products in
process and products from the contractors. Eq. (3) indicates the objec-
tive function for minimization related to transportation costs in the
whole supply chain. Eq. (4) indicates the objective function for minimi-
zation related to the starting up of production centers for producing
products in process and products. Eq. (5) indicates the objective func-
tion for minimization related to raw materials, products in process
and product storage costs. Eq. (6) indicates the objective function for
minimization of costs related to the shortage of products in distribution
centers. Eq. (7) indicates the objective function for minimization of the
costs related to the created wastes in the supply chain. Eq. (8) indicates
the objective function for minimization of the shortage number of each
type of the products in distribution centers during all of the time pe-
riods. Eq. (9) indicates the objective function for minimization of the
stored number from each type of raw materials in the production cen-
ters, during all the time periods. Eq. (10) indicates the objective function
for minimization of the stored number from each type of products dur-
ing the process in production centers, during all the time periods.
Eq. (11) indicates the objective function for minimization of the stored
number from each type of product in distribution centers, during all
the time periods. Eq. (12) indicates the objective function for minimiza-
tion of the sent waste rate from each type of raw material from supply
centers to producing centers during all the time periods. Eq. (13) indi-
cates the objective function for minimization of the sent waste rate
from each type of product through the process from production centers
to other production centers during all the time periods. The Eq. (14) in-
dicates the objective function for minimization of the sent waste rate for
each type of product from production centers to distribution centers
during all the time periods. Eq. (15) indicates the objective function
for minimization of the sent waste rate for each type of product from
distribution centers to all the customers during all the time periods.
Eq. (16) indicates the objective function for minimization of the pur-
chased and sent waste rate for each type of product in the process
from the contractors to all the production centers during all the time pe-
riods. Eq. (17) indicates the objective function for minimization of the
purchased and sent waste rate for each type of purchasing product
from the contractors to all the distribution centers during all the time
periods.

2.1.4. Constraints

MN

<tpp,j X Xjje + tSpj X X,ﬁ)

I
-

m _ - (18)
+> (twpmj X Rynjt + LW X Xmﬁ> < tpa;,
m=

1
Vji=1,2...J&vYt=1,2,....T
J

nfdje x vap; x (1 —svpf,j)
=1

=1 j

I L
<Z nwhsy_q) x vap;+

1=1

(19)
+

M-

Il
—_

Q
> " nlpcige x vipy x (1—svlpclq)> <vwhd,,
=

Yk=1,2,... K&Vt =2, ... T

=

—

L
Z nfdy, x vap; x (1—svpf,j)
(=

Il
-

(20)

Q
+3 > nlpcyge x vapy x (l —svlpc,q))SVthkt

=1
Vk=1,2,... K&Vt =1

M=

Il
—_

M~.

NSf e X vary x (1—svrsy)

5

+

I
-

M=
M'U

Nf f ppje X VW, X (1 —svwfmp> 21)

m

Il
—_
=
I
—_

+

Me
M=

3

NMPCpgie X VW, X (1 —svmpcmq)> <vwhf

1,2, V=1

<< =
Il

N I
DN nsfyye x vary x (1—=svrsy)
n=1

Il
—_

+ nffmpj[ X VW, X (l —svwfmp> (22)

e 2=
=71

+ NMPCpgie X VW, X (1 —svmpcmq) <vwhfj

Il =
[N

q=
Vi=1,2,.. J&Vt =1

XU[SMX X let X bljt (23)
VI=1,2,... L&Yj=1,2,.... J&Vt =1,2,....T

Rinje <M x Xiyie X Crje (24)
Vm=1,2,...M&Vj=1,2,... J&¥t =1,2,....T

J Q
> nfdy, x (1—svpf,j) + > nlpcigy x (1 —svlpclq)
. P

=1

h dlk’,[ h h (25)
-+ nwi Slk(zfn_(m) = NWASje — NSy,
VI=1,.. L&Vk=1,...K&¥t = 2,...,T
ndey x (1—svpdy) = dye—nshy (26)
Vi=1,.. L&Vk=1,... K&Vt =1,...,T

J
Z nfdy, x (1 —svpf,j)
=

(27)

Q
+> " nlpcigy x <1 —svlpc,q) +nwhsy 1) =nwhs,
q=1

Vi=1,.. L&Vk=1,.. K&Vt =2,..,T

] Q
Z nfdy, x (1 —svpf,j> +Z npCigye x (1 —svlpc,q) > nwhs,
q=1

j=1
Vi=1,.. L&¥k=1,.. K&Vt =1

(28)
K
Z nfdye = Xjje (29)
k=1
VI=1,2, L&V = 1,2, J&VE=1,2,....T
L M
MWATS e = IWATS i) = Ty X Xje— > TMWy Ko
1=1 m=1
! (30)
+ Z nSfuiie (1—svrs;)
i1
V=12, N&Yj=1,2,... J&Vt =2, ... T
L M
nwhrs,;, = (—1) x <Z My X Xt rmw"mxmjt>
=1 m=1
(31

1
+ > nSfpe x (1=svrsy))

=1
Vn=1,2,.. . N&Vj=1,2, ... J&Vt = 1



230 M. Safaei / Economic Modelling 37 (2014) 224-237

P

" B Q ; ; related to the production or non-production of one product in the pro-
nwhepf e = ;nmp Cmaje X ( —svmp Cmq) * pz 1 W fimpie % ( —svwf '”P) cess in a production center during a time period. Eq. (25) indicates a

. logical constraint for calculating the shortage and remaining amount

p#j . o . . .
J&NVE=1,...T for each p.rod.uct in each dlSF[‘lbuth[l Fepter during each‘ time period.
(32) Eq. (26) indicates one logical restriction for calculating the sent
amounts of each product to the customer in each distribution center
at the end of each time period. Eqs. (27) and (28) indicate controlling
constraints for optimal performance of the constraints in the Eq. (25).
(nwh f mje—1) + MWHEDS i1 +)’<mjt) Eq. (29) indicates one logical restriction for determining the produc-
tion rate and number of sent amounts from each product and from
each center to the distribution centers during each time period. Eqs.

Vm=1,2,...M&Vj=1,2,...

L P (33) (30) and (31) indicate logical constraints for calculating the remaining
= [ nwhf ;. + Z MWy X Xjje + Z 1 f it amount from each raw material in each production center at the end of
=1 p :_1 each time period. Eq. (32) indicates one virtual warehouse for each
p#] type of product in the process purchased from the contractors and re-
Ym=1,2,...M&VYj=1,2,.... J&N¥t = 2,....T ceived from other production centers and their maintenance for the
next period during all the time periods. Egs. (33) and (34) indicate log-
L P ical constraints for calculating the remaining amount from each type of
Xinje = WA e + Z MWy X Xpj + Z 1 f e products in the process at each production center at the end of each
=1 p=1 (34) time period. Eq. (35) indicates the restriction related to the possibility
p#j or non possibility for supply of each product by each contractor during
Vm=12..M&Vj=12,.. J&vt=1 each time period for the distribution centers. Eq. (36) indicates the re-
p stri;’don .relalllted to the gossibi}llity or non pgssi.bility f(})lr §upply qf gafch
q product in the process by each contractor during each time period for

; (nlp C"”“) M7 e (35)  the production centers.
Vi=1,2,...,L&Vq=1,2,...,Q&Vt =1,2,....,T The main aim of the presented model can be summarized as follows:

. * Calculation of the optimum allocation of the limited sources in the
(nmpcmqjt) <MY X frnge (36) integrated supply chain.
« Directing the supply chain toward the lean considering Egs. (3) to (17).
 Obtaining the rate of optimum production from each product in every
production center and in each time period.
 Obtaining the rate of optimum production from each product in the

J
j=1

Vm=1,2,...M&¥q=1,2,...Q&Vt =1,2,....T.

Eq. (18) indicates the restriction related to access time in each plant process in every production center and in each time period.
during each time period. Egs. (19) and (20) indicate the constraints re- * Obtaining the rate of optimum purchase from each product in the pro-
lated to the capacity of warehouse volume in each distribution center cess in every contractor center for every production center and in each
during each time period. Egs. (21) and (22) indicate the constraints re- time period.
lated to the capacity of warehouse volume in each production center * Obtaining the rate of optimum purchase from each product in every
during each time period. Eq. (23) indicates one logical restriction relat- contractor center for every distribution center and in each time period.
ed to the production or non-production of one product in a production  Obtaining the rate of optimum delivery from each raw material from
center during a time period. Eq. (24) indicates one logical restriction every supply center to every production center and in each time period.
Contractor 1 Contractor 2 Contractor 3
Product A Product B Product A
product m processl| |product i processl Product B

\
\
Suppler 1 W Factory 1 Distribution]
‘\.____‘-_ \ =
R-matenall Product A Product A
R-material2 I|I Product B Product B
| A
|
Il Y L
Supplier? \ Factory 2 Distribution?
R-matenall p::?it?t Al Product A
R-matenial2 P . Product B
process]

Fig. 2. Numerical example.
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Obtaining the rate of optimum delivery from each product from every
production center to every distribution center and in each time period.
Obtaining the rate of optimum delivery from each work in process ma-
terial from every production center to every other production center
and in each time period.

Obtaining the rate of optimum distribution and delivery from each
product from every distribution center to every customer and in each
time period.

Obtaining the rate of optimum storage for each product in every
distribution center and in each time period.

Obtaining the rate of optimum storage for each product in the process in
every production center and at the end of each time period.

Obtaining the rate of optimum storage for each raw material at every
production center and at the end of each time period.

Obtaining the rate of optimum storage for each product in the process
entered into every production center at the end of each time period.
Programming optimum production

Controlling the inventory to reduce the costs

Selecting and evaluating the suppliers, producers and contractors.
Considering the factor of inflation and increasing the price in the
programming.

Finally, very high efficiency for making the optimum decision related
to one multi-stage supply chain.

3. Numerical example

In this section, we illustrate our model using a numerical example.
To solve the mentioned example, we employ CPLEX Solver.

The related example has been planned in six consecutive time pe-
riods (six months) and an annual inflation of 20% in the market prices
and costs has been considered. For further study of the model, one sud-
den fall in sale price was placed in the 4th period. The method of deter-
mining entrance parameters is fully random and follows the uniform
distribution such that we multiply the selected random number be-
tween 0 and 10 by a particular number so that the appropriate param-
eter becomes a production plant. Available production time for the
working centers has been considered in accordance with the hours of
work standards in Iran (210 h per month).

The cases that we shall refer to for solving this model are as follows:

 The supply chain consists of two suppliers, two producers, three con-
tractors and two distributors (Fig. 2 ).

The considered supply chain consists of two final products 1 & 2, one
product in process and two types of raw materials 1 & 2 (Fig. 2).
Product A is made by combining some raw materials 1 & 2 and also
some products in the process the amount of which we obtain in a ran-
dom form and from uniform distribution in accordance with the de-
scribed procedure.

Product B is made of combining some raw materials 1 & 2 and also
some products in the process the amount of which we obtain in a ran-
dom form and from uniform distribution in accordance with the de-
scribed procedure.

» The product in the process is obtained from composition of a coeffi-
cient from raw material 1 with raw material 2.

Both suppliers have the ability to supplying both raw materials
(Fig. 2).

Producer 1 is able to produce the product A and the product B, and the
producer 2 is able to produce the product A and the product in process
1 (Fig. 2).

Contractor 1 is able to produce the product A and the product in pro-
cess 1, the contractor 2 is able to produce the product B and the prod-
uct in process 1, and the contractor 3 is able to produce the product A
and the product B (Fig. 2).

The distribution centers 1 and 2 have the ability to supply both
products (Fig. 2).

3.1. Solution method

To solve the model, we employ GAMS software (CPLEX Solver). Our
approach for solving the proposed model is as follows:

» We have introduced Eq. No.(1) with obj;.

* We have introduced the minimum of summation of Eqs. (2) to (7)
with obj,.

= Summation of Egs. (8) to (17) with objs (that objz has been put in the
model for obtaining more satisfaction of the customer). Meanwhile
when the number of the products and semi-products and raw
materials increase, we can substitute the Eq. (37) with objs:

obj3 = min(
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For adding the functions together, the scale of each function shall be
removed. For this reason we perform this action by normalizing the
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Fig. 4. The amount of the stored product in the warehouse of each distribution center at the end of each time period.
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Fig. 5. The amount of the purchased products from the contractors at the end of each time period.

functions. Operations for normalizing the functions have been
performed in the following form:

I. At first we solve the model with the objective function of obj; (in-
come function), and we call the resulting optimum response F; e
IL.

II. Then we solve the model with the objective function of obj, (the
cost functions are added at first, and finally we call their mini-
mum obj,), and we call the resulting optimum response F; and
pass to the stage III.

[II. Then we solve the model with objs (first number functions are
added together (or we use Eq. (37)) and finally we called their
minimum mod as obj3) as an objective function.

We solved the model with the following normalized objective
function (Eq. (38)):

In Eq. (38), wy, w,, and ws are selected by the manager using the
model practically, and w; + w, + w3 = 1. In this section we supposed:

w; =04,w, =04 and w; =0.2
3.2. The results obtained from GAMS (CPLEX Solver)

F; = 4058107, F, =2032125, F; = 839.5476

Z*: 0.7965629.
3.3. Analysis of the results

Fig. 3 shows the schematic form of analyzing the results:

The following points obtained results in the previous subsection.

The inputs of the example have been selected in a completely ran-
dom form, but for indicating and studying several affecting factors, the

maxZ — (Wl % {1 Wy x F s F 3 ) (38) 20% inflation has been considered for the costs in the periods and also
K ob objs a 30% reduction in demand has been considered for the 4th period.
2500
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c
3 1500
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Fig. 6. Comparison of the stored amount of product in the lean state (with obj3) and in the ordinary state (without objs).
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Fig. 8. Comparison of the shortage amount of product in the lean state (with obj3) and in the ordinary state (without objs).

Meanwhile, in the 4th period, due to a reduction in demand, a reduction
for the product sale price in a market (in the section related to the cli-
ents' market and also in the section related to purchasing from the con-
tractors) has as well been considered. Now we study the results.

Regarding the sudden fall for the sale and purchase of products 1 and
2 and also sudden fall for the demand we expect to create a particular
procedure in the 4th period. For this reason, we study the obtained
results.

The obtained results from Figs. 4 and 5 are as follows.

Considering the reduction of the demand in the period of 4 and fol-
lowing it reduction of the price in the market with the policy of increas-
ing the clients and a policy for reduction of the mutual price of the
contractors in the said example, the model decided to purchase more
than the necessity from contractors (Fig. 5) and following this purchase
the amount of stored products in the distribution centers increases
(Fig. 4) in order that the profit in the supply chain reaches the
maximum.

We study the effect of obj; in the direction of reaching the model to-
ward lean (Figs. 6-8).

From the above figures, we can understand that the rate of resulted
shortage and the rate of stored inventory has been reduced at the end of
each period for the products and products in the process at each distri-
bution and production center considerable with increasing and it was
attempted to reduce the rate of stored inventory for each product in
process and product considering the costs and incomes (in this example
the shortage rate has become zero). The result from the obtained pro-
duction plan indicates the movement of the chain towards lean (the
rate of stored raw materials in both cases is zero in this example)

* The obtained results in Tables 1 to 13 and Fig. 3 are a very appropriate
programming for purchase, production and controlling the inventory
in the direction of increasing incomes, reducing the costs and lean of
the supply chain.

* From Table (2) we can derive the rate of optimum production for
each product in the process in each production center and at each
time period.

From Table (3) we can derive the rate of optimum delivery of the
products in process from every production center to another produc-
tion center and at each time period.

From Table (4) we can derive the rate of optimum storage for each
raw material in each production center and at the end of each time pe-
riod.

From Table (5) we can derive the rate of optimum storage of the prod-
uct in the process in each production center and at the end of each
time period.

From Table (6) we can derive the rate of optimum purchase for each
product in the process in each contracting center for every production
center and at each time period.

From Table (7) we can derive the rate of optimum storage of the prod-
uct in the process entered into each production center at the end of
each time period.

From Table (8) we can derive the rate of optimum production for each
product in each production center and at each time period.

From Table (9) we can derive the rate of optimum delivery of the
product from each production center to each distribution center and
at each time period.

From Table (10) we can derive the rate of optimum purchase for each
product in each contracting center for every distribution center and at
each time period.

Table 1

The number of sent raw materials from each supplier to each producer in each time period.
t 1 2 3 4 5 6
nfSi11e 2623 2134 5519 2414 2554 5356
nfSi1ae 3304 3304 3304 2133 2832 3304
nfS121c 0 0 0 0 0 0
nfS122¢ 0 0 0 0 0 0
nfSo11e 0 0 0 0 0 0
nfS12¢ 0 0 0 0 0 0
nfSa21¢ 4021 1898 4080 3700 2007 4136
NfS222¢ 1447 1447 1447 1089 1447 1447
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Table 2 Table 8
The number of sent products in process produced by each producer in each time period. The number of produced product by each producer in each time period.
t 1 2 3 4 5 6 t 1 2 3 4 5 6
X11e 0 0 0 0 0 0 X11t 0 397 1209 0 572 1125
X1t 0 0 0 0 0 0 Xiie 0 1 1 0 1 1
X1t 933 933 933 1053 1399 933 X1t 466 466 466 0 0 466
X1t 0 1 1 1 1 1 X2t 1 1 1 0 0 1
X21¢ 1296 485 912 1193 471 958
pom 1 1 1 1 1 1
X0t 0 0 0 0 0 0
Xoae 0 0 0 0 0 0
Table 3
The number of sent products in process from the producers to other producers in each
time period.
t 1 2 3 4 5 6 Table 9
off 0 0 0 0 0 0 The number of sent products from each producer to each distributor in each time period.
111¢
nffiize 0 0 0 0 0 0 t 1 2 3 4 5 6
nffiz1e 0 0 0 1054 1399 0
1o 0 0 0 0 0 0 nfdyq1e 0 0 332 0 527 388
nfdy1ae 0 379 877 0 0 737
nfdyz1e 0 0 466 0 0 466
nfdi22c 466 466 0 0 0 0
nfda11e 1006 190 613 577 471 644
nfda1o 290 295 299 615 0 314
nfdyoie 0 0 0 0 0 0
Table 4 Nfdyc 0 0 0 0 0 0
The number of stored raw materials in the store of each producer at the end of each time
period.
t 1 2 3 4 5 6
nwhrsy ¢ 0 0 0 0 0 0
nwhrsy;, 0 0 0 0 0 0 Table 10
NWhIS 2 0 0 0 0 0 0 The number of purchased product from each contractor by each distributor in each time
nWhIsyo 0 0 0 0 0 0 period.
t 1 2 3 4 5 6
nlpcy1e 810 823 126 1197 0 114
nlpcy1ae 452 92 0 1956 0 0
nipciaie 0 0 0 0 0 0
nlpciaae 0 0 0 0 0 0
Table 5 nlpcyzie 0 0 0 0 0 0
The number of stored products in process in the store of each producer at the end of each nlpcysye 0 0 0 0 0 0
time period. nlpcy11e 0 0 0 0 0 0
nipcaia 0 0 0 0 0 0
t 1 2 3 4 5 6 1lpCanie 0 0 0 0 0 0
nwhfiq 0 0 0 0 0 0 nlpcazo 0 0 0 0 0 0
nwhfio 0 0 0 0 0 0 nlpcazie 0 0 0 225 0 0
nlpcasae 0 0 0 0 0 0
Table 6 Table 11
L 3 3 . The number of stored products in the warehouse of each distributor at the end of each time
The number of products in process purchased by each producer from each contractor in eriod
each time period. P |
t 1 2 3 4 5 6 ¢ ! 2 3 4 > 6
nwhsyq, 0 0 0 336 0 0
zzgzzi 8 g 8 g 8 8 nwhs 5 0 0 0 1045 177 0
P—— 838 2673 0 0 940 0 nwhsy; 406 0 0 159 0 0
———— 0 0 0 0 0 0 nwhs;o, 0 0 5 304 0 0
nmpcis1e 0 0 0 0 0 0
nmpCyza; 0 0 0 0 0 0
Table 12
The number of resulted shortage for each product from each distributor in each time
Table 7 period.
The number of purchased and received products in process that have been stored in each
production center at the end of each period. t 1 2 3 4 5 6
nshiqe 0 0 0 0 0 0
t ! 2 3 4 > 6 nshyy; 0 0 0 0 0 0
nwhepfiye 758 2419 0 1054 2250 0 nshyy, 0 0 0 0 0 0
nwhepfiae 0 0 0 0 0 0 nshao: 0 0 0 0 0 0
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Table 16
Selection and evaluation of the producers and contractors for receiving the product 1.

Table 13

The number of sent products from each distributor to customer in each time period.
't 1 2 3 4 5 6
ndcy 786 799 813 826 840 854
ndcy 812 825 840 854 868 882
ndcyy; 582 592 602 612 622 632
ndcyy 285 290 294 299 305 309

From Table (11) we can derive the rate of optimum delivery for every
raw material at each supply center to each production center and at
each time period.

From Table (12) we can derive the rate of optimum shortage for each
product in each distribution center and at each time period.

From Table (13) we can derive the rate of optimum distribution
and delivery of the product from each production center to each
distribution center to the client and at each time period.
Subsequently, we can also select and evaluate the suppliers,
producers, distributers and contractors in the next subsections.

3.3.1. Ranking the suppliers in production plant 1 & 2 for supplying raw
materials 1 & 2 in each time period

In the above table, the column 1 indicates the rate of planning for
purchase of raw material 1 from the supplier 1, column 2 expresses
the rate of planning for purchase of raw material 1 from the supplier
1, column 3 expresses the percent of planned purchase of raw material
1 from the supplier 1, column 4 expresses the percent of planned pur-
chase of raw material 1 from the supplier 2, column 5 expresses the
1st rank for selecting the supplier in each period for extracting raw ma-
terial 1 and column 6 expresses the second rank for selecting the suppli-
er in each period for extracting raw material 1.

In the above table, column 1 indicates the rate of planning for pur-
chase of raw material 2 from the supplier 1, column 2 expresses the
rate of planning for purchase of raw material 2 from the supplier 1, col-
umn 3 expresses the percent of planned purchase of raw material 2
from the supplier 1, column 4 expresses the percent of planned pur-
chase of raw material 2 from the supplier 2, column 5 expresses the
1st rank for selecting the supplier in each period for extracting raw ma-
terial 2 and column 6 expresses the second rank for selecting the suppli-
er in each period for extracting raw material 2.

Tables 14 and 15 indicate model efficiency for selecting the sup-
pliers. Due to the reason that the costs in this numerical example are

Table 14
Selection and evaluation of the suppliers for extracting the raw material 1.
Period 1 2 3 4 Rank 1 Rank 2
1 5927 0 100% 0% S1 S2
2 5438 0 100% 0% S1 S2
3 8823 0 100% 0% S1 S2
4 4547 0 100% 0% S1 S2
5 5356 0 100% 0% S1 S2
6 8660 0 100% 0% S1 S2
* S1: Supplier 1, S2: Supplier 2.
Table 15
Selection and evaluation of the suppliers for extracting the raw material.
Period 1 2 3 4 Rank 1 Rank 2
1 0 5468 0% 100% S2 S1
2 0 3345 0% 100% S2 S1
3 0 5527 0% 100% S2 S1
4 0 4789 0% 100% S2 S1
5 0 3554 0% 100% S2 S1
6 0 5583 0% 100% S2 S1

Period 1 2 3 4 5 6 7 8 Rank Rank Rank Rank
1 2 3 4

0 466 1262 0 0% 27% 73% 0% C1 S2 S1 a3
379 466 915 0 22% 26% 52% 0% C1 S2 S1 c3
1209 466 126 0 67% 26% 7% 0% S1 S2 C1 a3
0 0 3153 0 0% 0% 100% 0% C1 C3&S2&S1
527 0 0 0 100% 0% 0% 0% S1 C3&C1&S2
1125 466 114 0 66% 27% 7% 0% S1 S2 C1 c3

AU WN =

C1: Contractor 1 & C3: Contractor 3.

increased in a linear form and no sudden fall or growth of the cost is
considered in this section, regarding the input numbers and costs
since in period 1 the costs for supplying raw material 1 from supplier
1 and the costs for supplying raw material 2 from supplier 2 are at a
lower level than the competitor, to the end of period 6 these two
suppliers were selected with no change (Tables 14 and 15).

3.3.2. Ranking the producers and contractors for the provision and
producing of product 1 in each time period

In Table 16 column no. 1 indicates the rate of planning for receiving
product 1 from producer 1, column no. 2 indicates the rate of planning
for receiving product 1 from producer 2, column no. 3 indicates the
rate of planning for receiving product 1 from contractor 1, column no.
4 indicates the rate of delivery for planning of receiving product 1
from contractor 3, column no. 5 indicates the planned percent for deliv-
ery of product 1 from producer 1, column no. 6 indicates the planned
percent for delivery of product 1 from producer 2, column no. 7 indi-
cates the planned percent for delivery of product 1 from contractor 1,
column no. 8 indicates the planned percent for delivery of product 1
from contractor 3, column no. 9 indicates the rank of 1 for supplying
product 1, column no. 10 indicates the rank of 2 for supplying product
1, column no. 11 indicates the rank of 3 for supplying product 1, and
column no. 12 indicates the rank of 4 for supplying product 1.

Considering the obtained results from Table 16 a full evaluation is
obtained from the suppliers of product 1.

In Table 17 column no. 1 indicates the rate of planning for receiving
product 2 from producer 1, column no. 2 indicates the rate of delivery
for planning of receiving product 2 from contractor 2, column no. 3 in-
dicates the rate of delivery for planning of receiving product 2 from con-
tractor 3, column no. 5 indicates the planned percent for delivery of
product 2 from contractor 2, column no. 6 indicates the planned percent
for delivery of product 2 from contractor 3, column no. 8 indicates the
rank 2 for supplying product 2, and column no. 9 indicates the rank 3
for supplying product 2. We can also perform this action for selecting
and evaluating the suppliers in the case of semi-made goods.

4. Conclusion

In this paper, an integrated model for programming and allocation
of the limited sources in a multiple multi-stage lean supply chain was
presented. The main purpose of the model is to adopt the optimum
strategies in the supply chain with regard to the objective functions of

Table 17
Selection and evaluation of the producers and contractors for receiving the product 2.
Period 1 2 3 4 5 6 Rank 1 Rank2  Rank3
1 1296 0 0 100% 0O 0 S1 G &C2
2 485 0 0 100% O 0 S1 a&C2
3 912 0 0 100% 0O 0 S1 G &C2
4 1192 0 225 84% 0 16%  S1 C3 C2
5 471 0 0 100% 0O 0 S1 G &C2
6 958 0 0 100% O 0 S1 &2

C2: Contractor 2
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minimization of the raw materials' costs, production, transportation,
distribution, optimization of incomes, and minimization of the shortage
number and waste. A considerable point in this model is the definition
of objective functions in a manner that the supply chain is directed
toward lean. The integrated approach of the model for supplying the
whole chain and its effort for making a decision in all the problems
related to one multiple multi-stage lean supply chain are the main
privileges of the presented method compared to other methods.
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