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Abstract—In this paper, we develop a mixed-integer program- B. Parameters

ming model for integrated partner selection and scheduling in an
Internet-enabled dynamic manufacturing network environment.
We assume that all stakeholders in the supply chain (SC) share PCapast
information on their capacities, schedules, and cost structures.
Based on this information, the model addresses the issue of
partner selection and SC synchronization for profit maximization,
while considering various manufacturing and logistics constraints.
Furthermore, we study the dynamic configuration of the SC and
its performance with respect to different buyer locations, different
order patterns, and the utilization of transshipment hubs. The
model is solved using optimization tools from ILOG, located in
Paris, France, and Mountain View, CA.

Index Terms—internet-enabled supply chains, mixed-integer
linear program, partner selection, supply chain design, supply PC
chain planning and scheduling. ab

I. NOTATION

For development of a mathematical model for the above sdel’ Cab
nario, the following notations were used.

A. ldentifiers

Component type identifier.

Number of component types.
Component supplier identifier.
Number of component suppliers.
Subassembly type identifier.
Number of subassembly types.
Subassembly supplier identifier.
Number of subassembly suppliers.
Contract Manufacturer identifier.
Number of Contract Manufacturers.
Buyer identifier. TCoabeat
Number of Buyers.

Brand identifier.

Number of Brands.

Shipping Package identifier.

Number of Shipping Packages. TFCaped
Transportation Mode (Sea, Air, etc.) identifier.

Number of Transportation Modes.

Time Period identifier.

Total time horizon of the model.
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Maximum production capacity for component/sub-
assembly/brand of type offered by Component
Supplier/Subassembly Supplier/Contract Manufac-
turerb in time periodt. It is assumed that the of-
fered capacity is the total available capacity with
the producer, which already takes into considera-
tion other commitments that the producer may have
made on his capacity. Also the capacity is specific to
the capacity of the manufacturing line for individual
models and products.

Per-unit production cost for component/sub-
assembly/brand of type produced by Component
Supplier/Subassembly Supplier/Contract Manufac-
turerb.

Fixed cost of production setup or ordering for com-
ponent/subassembly/brand of typeproduced at
Component Supplier/Subassembly Supplier/Con-
tract Manufactureb.

TCapapeq: Maximum transportation capacity for shipment

of component/subassembly/brand of typerom
Component Supplier/Subassembly Supplier/Con-
tract Manufactureb to its customer: in time period

t through moded. The transportation capacity
depends on the schedules of the logistics provider.
For days/time periods when the flights/shipments
are scheduled, the capacity is nonzero, whereas for
days/time periods when the service is not available,
the capacity is taken to be zero.

Per-unit transportation cost for shipment of compo-
nent/subassembly/brand of typdrom Component
Supplier/Subassembly Supplier/Contract Manufac-
turer b to its customere in time period¢ through
moded.

Fixed cost for procuring capacity for shipment
of component/subassembly/brand of typerom
Component Supplier/Subassembly Supplier/Con-
tract Manufactureb to its customet in time period

t through modei.

Per-unit inventory cost incurred for component/sub-
assembly/brand of type in the possession of
Component Supplier/Subassembly Supplier/Con-
tract Manufactureb.

Transportation lead time for shipment from Compo-
nent Supplier/Subassembly Contract Manufacturer
b to its customer..

Revenue per unit of model typesold to Buyerb.
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BD ¢ Quantity for model type: required by Buyeb in  individual companies but between SC networks, so much so

time periodt. that unless companies align themselves with particular SC
BSLa, ~ Service Level for type: required by Buyeb. networks they face the prospect of having no business and
LSCq  Costincurred because of a lost sale of Branth peing isolated. On the other hand, if companies participate

Buyerb. in a SC network, they can enjoy the benefits accruing from
Rab Units of component type required in the produc- jncreased sales and market share of their SC network.

tion of one unit of subassembly Many of these networks are controlled by original equip-
Moy Units of subassembly typerequired in the produc- ment manufacturers (OEMs) or channel masters, who own the

tion of one unit of modeb. brand of the end product and select other manufacturing and

logistics partners in the SC network based on characteristics
C. Variables such as the requirements of the market, the capabilities, effi-
Qavt Quantity  produced  for  component/subCiency, reliability, and location of the partner, and the total cost

assembly/branda by Component Supplier/Sub- of order fulfillment. It is no longer enough to merely be the
assembly Supplier/Contract Manufactubén time best-of-breed manufacturer or contract manufacturer, it is also

periodt. critical to partner with best-of-breed companies for other SC
Lobe Inventory of component/subassembly/brandith ~ functions such as component manufacturing, logistics, mainte-

Component Supplier/Subassembly Supplier/Coftance, testing, etc.

tract Manufactureb in time periodt. The cornerstone of highly competitive and efficient SC

Sabedt Quantity shipped of component/subassembly/bramgtworks is collaboration, including the sharing of proprietary
of type a from Component Supplier/Subassemblyp-to-date operational data such as production schedules,
Supplier/Contract Manufacturérto its customer  operational costs, and inventory levels. The Internet, and in
through transportation modgin time periodt. particular the emergence of web-based electronic market-

S e Quantity received of component/subassembly @flaces, has fuelled this trend by providing an inexpensive,
type a from Component Supplier/Subassemblgecure, and pervasive medium for information transfer between
Supplier/Contract Manufacturérto its customer  businesses. Channel masters, contract manufacturers, third-
in time periodt through transportation modée and fourth-party logistics service providers, electronic market-

Fope Fixed cost of ordering/setup applies for productioplaces, and other SC stakeholders are using the platform of the

of component/subassembly/brand of typeby Internet and the information obtained through collaborative
Component Supplier/Subassembly Supplier/Coarrangements to improve their operations and provide better
tract Manufacturerb in time period¢. Takes on service levels to their customers. However, the establishment
binary values{0,1}. of such collaborative agreements requires significant effort in

Facar  Fixed costassociated with shipping component/subhanging the mindset of companies, from that of promoting
assembly/brand of type from Component Sup- traditional adversarial relationships between companies to
plier/Subassembly Supplier/Contract Manufacturjne establishing an environment of trust and openness be-
b to its customer through transportation modein  tween them. Also, the issue relating to sharing of network
time periodt applies. Takes on binary valués, 1}.  profits among collaborating enterprises needs to be resolved

BSap:  Quantity sold of Brand type to Buyerb in time  separately, as has been done by airlines, telecom, and utility
periodt. network operators.

Once companies are willing to collaborate, the relative ease
of forming partnerships and collaborating through the Internet
allows the formation of fluid and dynamic SC networks based

N RECENT years, the business world has increasingly beepon virtual integration between partners. The configuration of
focusing on building core competencies and outsourcing $ach a dynamic SC network is responsive to the needs of the
improve efficiency and minimize risk. In order to enhance themarket and the constraints of the SC, to the extent that the se-
competitiveness, companies no longer take ownership of all tlieetion of partners for fulfilling an order can be entirely different
assets and processes needed in delivering value to the custofram one order to the next [1], [2].
Instead, they focus on their core competencies and partner witfSuch SC networks are common in a number of industries and
companies possessing complementary strengths. particularly in the high tech, automotive, and defense manufac-

This has given rise to the formation of supply chain (SC) neturing industries. An Internet-based SC network has recently
works and the emergence of intermediaries such as third-pasgen set up by Hewlett-Packard (HP), a large PC manufacturer.
logistics providers, contract manufacturers, and electronic m#irhas established a private collaborative marketplace to share
ketplaces in almost all industries. An SC network is definedformation amongst all the participants in its SC [3]. HP posts
as a collection of independent companies, possessing catmdemand on the system for its partners to see, and the partners,
plementary skills and integrated with streamlined materiah turn, post their production plans and schedules for HP to see
information, and financial flows that work together to meedand plan upon. HP plays the coordinating role in the center of
market demand. In fact, competition nowadays is not betwethis system, keeping the supply and demand in balance.

Il. INTRODUCTION
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A. Partner Selection Problem impact of information sharing in networked manufacturing,
J%y comparing the optimal SC design for different information

i ) - g

f%tparmg and bidding strategies. Some researchers have focused

fulfillment of each and every order is extremely important. Thi n the production scheduling aspects of the SC. Bretthauer and

requires the development of optimization models and solution ?te. [11] talk gbout a nonlmear programming model for mul-
tg)erlod capacity planning. Brucket al. [12] discuss models
r

for multitier partner selection and integrated planning, makir} iact scheduling | trained facturi
full use of the information available on capacities, inventories; project scheduiing in a respurce-constrained manutactuning

lead times, production schedules, and cost. network. Gjerdrumet al. [13] present a mixed-integer LP

Specifically, with regards to global OEMs, channel ma%_IVIILP) model to address a key and relevant issue relating to

. he sharing of profits from collaboration in a SC. Erengiic
ters, and private marketplace managers, the partner selecti - .
. . . ..al. [14] review and evaluate some of the relevant literature on
problem translates into the systematic selection of logistics

) : roduction and distribution planning at each stage of the SC.
providers, contract manufacturers, component suppliers, as-

. o zf\onkar and Viswanadham [15] present an LP-based model for
sembly plants, and transshipment facilities, such that the tota : . )
collaborative SC planning in contract manufacturing networks

rofit from servicing the needs of selected profitable buyer . . . .
P om se 9 needs o © b © buye aisnd employ the model to quantify the benefits of information
is maximized, while taking into consideration the capacit o

- : - haring in such networks. Vidal and Goetschalckx [16] present
availability of partners and other SC constraints. Similarly, the . : ) ) s
: . an extensive review of strategic production-distribution models
partner selection problem in the case of manufacturers and lea .
- . : ) in the literature. They compare the features of models presented
logistics providers relates to the choice of suppliers and other . .
intermediaries in their chain that allow them to maximize theft’ Geoffrion and Graves [17], Goefrizet al. [18], Brown et
profits al. [19], Cohen and Lee [20], Cohest al. [21], Cohen and

Our thesis here is that partner selection should be depe'\ﬂlc—)on [22], Amtzenet al. [9], and Cole [23].

dent on the buyer’s location and should maximize profit by potivation and Contribution
identifying profitable buyers and minimizing the total cost of o . .
manufacturing and logistics across multiple tiers of the SC. TheQUr motivation in this paper is to develop MILP mathemat-

decision to partner with particular companies in a dynamic geal programmmg models for somg practical problems ar_lsmg
network for a particular order relates to the partner selecti8?1p”\’_ate mark(_a'FpIaces and dynaml_c SC ne_tvyorks. In particular
problem, which we address here we wish to facilitate partner selection decisions and SC syn-

chronization, incorporating real-world constraints of capacity
limits, shipping schedules, consolidation, transshipment, etc.,
and in the process, build an integrated planning decision sup-
There is a significant amount of literature existing on conport system for channel masters, SC process owners, and elec-
ponent supplier selection, by manufacturers, in the operatiansnic market participants. Our approach herein is to conduct
research and management science literature. Their scope, howvnputational experiments on a series of mathematical models
ever, is limited to finding the partners in a two-level (manufa@nd analyze and compare results from the experiments.
turer-supplier) SC. Weber and Current [4] discuss a multicriterialn terms of the contribution of our work, we attempt to do
analysis for vendor selection. They develop a model for mimuch more than the existing literature by attempting to integrate
imizing total cost, late deliveries, and supply rejection, givepartner selection in the context of SC planning with operational
the infrastructure constraints and constraints imposed by thachronization. We select the SC configuration for every
company’s policy. Pan [5] presents a simple linear prograroustomer order, and additionally, provide schedules for manu-
ming (LP) model that can be used to determine optimal ordicturing, assembly, and inbound and outbound transportation
quantities among suppliers subject to specific quality, lead timeithin the SC. Hence, our first and primary contribution in this
and service requirements from the buyer. Chaudtrgl, [6] paper is in the development of models for partner selection in
consider the problem of vendor selection where buyers nesamplex multitier SC networks. Secondly, our model provides
to choose order quantities with vendors in a multisourciran integrated strategic and operational-level SC planning
network. Narasimhan and Stoynoff [7] present a model féool which specifically incorporates logistics features such
optimizing aggregate procurement allocation, keeping in mirag fixed schedules, transshipment hubs, and merge-in-transit,
contract requirements, supplier capacities, and economic marich have so far never been considered in the literature. And
ufacturing quantity-related constraints. The interested readieally, the model also formalizes decision making for SC
might find [8] useful for a comprehensive classification ofynchronization in Internet-enabled SC networks.
publications on vendor selection criteria. We consider a multitier SC with buyers, brand manufacturers,
In the SC management literature, Arntzgral.[9] describe a subassembly suppliers, component suppliers, and logistics ser-
global SC management model that was implemented at Digitéte providers. A dominant channel master coordinates all their
Equipment Corporation. The model incorporates capacity cometivities. The model, developed in this paper for the channel
straints, import taxes, fixed charges, transportation constrainmsster’s decision support system, determines the optimal order
etc., and determines the locations for production and distribguantities to be allocated to each of the manufacturers, sup-
tion, and the supplier network. Amoues al. [10] discuss the pliers, and logistics service providers, and generates the produc-

Given this scenario, in the formation of an effective dynam
SC network, the selection of partners, in each tier of the SC,

B. Literature Survey
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Customer Orders conditions. And finally we conclude, in Section V, by presenting
some of our observations in the field of dynamic SC networks.

4

Product o Decsions 3 5 Market Ill. PROBLEM FORMULATION
: » Decision Support System ¢ o
Configuraion Foreasts A. Problem Description
We assume that there are a number of component suppliers,
! ‘ subassembly manufacturers, brand manufacturers, and logistics
Production Schedules Delivery Schedules service providers in different geographical locations. They all
MRP d share information on their production schedules, capacity, cost,

quality, etc., with the channel master. We also assume that there
_______ are a number of buyers with orders for a range of finished goods.
v ! ! | * These orders can be fulfilled by different sets of manufacturers
Supplir ﬁD Factory Floor gﬂ Distibator (;i and suppliers at dn‘ferem f:osts an.d in d|ﬁgrent lead tlmeg V\(lth
the support of the logistics service providers. The logistics
service providers have their own costs, capacity constraints,
and fixed shipping schedules. It is also possible to route some
materials through transshipment hubs, where materials bound
TABLE | for the same destination can be packaged together for shipment,
KEY FEATURES OF THEMIXED-INTEGER LP MODEL usually at a much lower overall cost. Information is also
FOR AN INTEGRATED SUPPLY CHAIN . . .
available on the ordering costs for procuring goods from the

v

Fig. 1. Decision support system for integrated planning and scheduling.

Supply Chain Information Decisions to be Made supplier and the logistics capacity from the logistics service
__Shared : provider. With access to such detailed operational information
1. Available-to-Promise 1. Allocation of procurement Il th tici ts | Int t bled SC. the chall
Manufacturing Capacity for quantities amongst on all the participants in an Internet-enabled SC, the challenge
each Suppliers. multiple suppliers. for the channel master is how best to maximize its revenue
2. Fixed Airline Schedules. 2. Determination of least- and meet the demands of the buyers, using a combination of
3. Transportation Lead-time. total-cost lot sizes for sellers and logistics providers with minimal operational cost.
4. Transshipment Hub and procurement. . . .
Merge-in-Transit. 3. Determination of multiple In par.tlcullar, a collaborative approach in SC management and
5. Complex product structure plant schedules. coordination, such as collaborative transportation management
Wllt)h mﬂlﬁl};}f COmPOE:Ht% 4. Petelinma}'llolf(;?f et [24], is required to form an effective and efficient value web.
sub-assemblies, brands. mventory nolding in eac. . . _ti
6. Fixed and Variable costs of fime period at each The I.nter.net_has enapled econom|-cally viable real-time SC
ordering, production and location. coordination in dynamic manufacturing networks as shown in
transportation. 5. Determination of mode of Fig, 2.
7. Customer Service Level. transportation for The challenge for a channel master is the selection of
8. Inventory costs at multiple logistics. i B bl d logisti .
levels. 6. Allocation of shipment suppliers, manufacturers, assemblers, and logistics service
9. Transportation and quantities between various providers who can collectively meet the deadlines of the buyers
Production costs. logistics providers. and maximize the profit of the network. Apart from incorpo-

rating the capacity constraints in the SC decisions, production
tion and delivery schedules for each of them as shown in Fig_alc‘:t!vrges negd to be. synchronlzgd with the schedules qf the
. . . {oglsncs service providers, so that items can be ready for pickup
A transshipment hub is also modeled, and a consequential rafio= . . . . i o
o : : IN a just-in-time manner, instead of having to wait in inventory.
nalization of the supplier base is noted. L : . .
There can be significant cost savings through this exercise,
especially in terms of synchronization of activities leading to

reduced inventory levels.
In the remaining four sections of this paper, we develop a

MILP model for integrated partner selection and scheduling iffa Mixed-Integer Programming (MIP) Model

web-enabled SC network environment. We begin by describing,we now develop an MIP model for a dynamic manufacturing
in Section llI, the problem we wish to address and formulatingetwork. We assume that the channel master with access to oper-
a MILP model for integrated partner selection and schedulingtional information on the entire SC employs the model to select
Our model considers various practical aspects of a SC. In Tabjgdrtners and synchronize the material flow through the network.
is a listing of some of the key features of this model. The objective of the model is to maximize the profit earned by
In Section IV, we present and discuss some of the results frahe network subject to various capacity, production, and logis-
our experiments under the section on computational results. ¥ schedules and flow-balancing constraints.
study the partner selection problem in the context of global man-1) Objective Function:The profit was calculated, as given
ufacturing, followed by an analysis of dynamic configurationin (1) at the bottom of the next page, as the sum of the revenue
of SC networks, a study of the impact of transshipment hubs orade from sales to the buyers, less the costs incurred in the oper-
SC networks, and an analysis of SC costs under various markgbn of the SC network. The first term in the equation represents

D. Outline of the Paper
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Fig. 2. SC configuration and coordination between a set of partners using the Internet.

the revenue, followed by fixed and variable costs for productidagistics service providers servicing the buyer that make the so-

and transportation, respectively, and inventory holding costs dntion nontrivial.

the cost of lost sales. 2) Component Supplier Constraint§’he component sup-
There are various capacity constraints on the component sppiers cannot produce more than their maximum production ca-

pliers, subassembly suppliers, contract manufacturers, and plaeity. The quantity produced will be less than the maximum

L M T
MaxPROFIT =" > " Py BSims

=1 m=1t=1

R V T I J T
— DY (PFCFry + PCrQuut) + Y Y (PFCi;Fije + PCijQijo)

r=1v=1t=1 =1 j=1t=1

~

(TFCsjraFijrat + TCsjkaSijrat)

(TFCikmaFikmar + TCllemaStkmat)

T R V R J I J
- Z (Z Z WCruIrvt + Z Z WerIrjt + Z Z WCiinjt

im1 \r—10v=1 r—1j=1 i=1 j—=1
I K L L M

+ Z Z WCirLigs + Z WCn It + Z Z WClmIlmt)]
i=1 k=1 =1 k=1 =1 m=1

L M T
= ID23°>  (BDimt — BSimi) LSClpme (1)
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capacity when fixed cost of production is incurred and produc- Once the components reach the subassembly supplier, it
tion is undertaken or else will be zero. Conversely, if the quantiadds to the subassembly supplier’s inventory, which is then
produced is zero fixed cost of production will not apply. Henceonsumed by the production process. However, before the
production process can start and the component type can
@rot < PCaprocFror 30AQrut 2 Frur, be consumed, the subassembly supplier will need to check
forallr € R, veV&teT. (2) zgequate availability of all components that will be used in the
The components produced are held at the component sagsembly-part production process. This imposes the following
pliers end until they are shipped off to the subassembfpnstraint on the component availability and the assembly-part
manufacturers. The production of new components adds aeduction:
the inventory held by the component supplier at the end of I
each time, while the products sold and shipped to the sub;_1) > ZR”Qijh forallre R, jeJ teT.
assembly suppliers in each time period reduces the component i=1
supplier's inventory (1)
J D However, once the production process begins, the inventory
Liv—1) + Qrot = Z Z Srvjat + Lrots drops. The inventory status for component types with the sub-

j=1d=1 assembly supplier can be determined as given below
forallre R, veV&teT. (3) v D

I
However, the quantity that can be transported in a singlgji—1) + Y Y Stujae = 9 RirQije + Inje,
period is constrained by the maximum capacity of the trans- v=1d=1 i=1 .
portation infrastructure. Considering our scenario with fixed forallre R, jeJ&teT. (8)

shipping schedules, in time periods when the service is avail-The capacity constraints and the inventory constraints that
ablg, the transportation capacity is nonzero. However, for tim@ |y to the component suppliers apply to the subassembly sup-
periods where particular flights or shipments are not scheduk}?,qers as well.

the transportation capacity is zero. Hence, the transportationrhe maximum production of subassemblies is constrained by

of the component types from the component suppliers to thes production capacity of the subassembly suppliers
subassembly suppliers’ sites are bound by the constraint given

below. Once more, the fixed cost of shipping is modele@iit < PCapijiFije andQije > Fije,
through a binary variable representing whether shipment is foralliel, jeJ&teT. (9)

undertaken or not. The inventory of subassemblies at the subassembly supplier’s

Srvjat < TCapryjatFrojar and Spyjar > Frojdt, end increases at the end of each period by the quantity produced,
foralr€R, veV, jeJ deD & teT. (4 anddecreases by theamountofsubassembly shipped outto the

- ) ) ) contract manufacturer and the transshipment hub, in that time
Additionally, if the production level of a particular componenberiod

has been at zero in all the previous time periods for a compo- < b

nent supplier, the shipments of that particular component for the g

component supplier will all be zero. This constraint was found’ ) + Qie kzz:l dz::l jkdt + fijt:

to be useful in providing better bounds for the solution forallie I, jeJ&teT. (10)

t
Z Frow > Frojar, The quantity of as;embly parts that can bg shipped is con-
strained by the capacity of the transportation infrastructure

foralire R, veV, jeJ, deD&teT. (5 Siikar < TCapijrarFijrar andSijrar > Fijrar,

3) Subassembly Supplier Constraint§he shipped compo- foralliel, jelJ keK, deD&teT. (11)

nents reach the subassembly suppliers after a certain amour|1t b bl lier h ious| dertak
of time, which relates to the transportation lead time. The SC h case a subassembly supplier has previously not undertaken

model we assume is such that the material is collected by txﬁrgduction of an assembly part, the shipments of that assembly
transportation system from the output buffer of one stage aﬂart from the subassembly supplier will be zero

delivered to the input buffer of the subsequent stage, afte;ﬁ:

designated time interval equivalent to the transportation le ijw 2 Fijkat,

time. Hence, transportation lead time between the compon&ht'
suppliers and subassembly suppliers is modeled by equating
the outbound shipment from the component supplier to the in-4) Contract Manufacturer ConstraintsThe shipped as-
bound shipment at the subassembly supplier, in a subsequenhbly parts reach the contract manufacturer after a certain
time period amount of time

w=1

foralliel, jeJ, keK, deD&teT. (12)

S’:"Uj(lt = ST'ujd(thijd% ;jkdt = Pijkd(t—TLjra)>
forallr e R, veV, jelJ, deD&tel. (6) foralliel, jeJ ke K, deD&teT. (13)
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The shipped assembly parts will be stored at the contract manThe shipment of the brands is stored at a location near the
ufacturer. The contract manufacturer will produce a variety dluyer and is sold to the buyer based on its demand requirements
brands, which will use up the inventory of the subassembliesand the service level promised to the buyer
the process. However, only in the case of sufficient availability

of all the needed subassemblies will production of the brands K D )
take place Lin@—1)+ Y > Sikmar = Limt+BSime,
k=1d=1
L forallie I, jeJ keK, deD&teT. (21)
Lik—1) = > MiiQuy,  foralliel, ke K&teT.

=1 Finally, quantity sold to the buyer in each time period cannot
(14)  pe more than the demand or less than the quantity committed to

. . by the service level agreement
As regards the inventory levels of subassemblies at the cor¥- g

tract manufacturer, incoming stocks will add to the inventor
and subassembly stocks will be used up in the production of t
various brand types. The inventory status for subassemblies at forallle L, me M&teT. (22)
the contract manufacturer can be determined as given below

‘eSleBDlmt < BSimt < BDjp,

This model presented above provides a generic framework to
J D L i i i i
study various SC concepts. With respect to international trade
/ — .. . . .
Lik(e-1) + § : E :Sijkdt = § :Mlinkt + Like, logistics, the cost of customs duties and tariffs can be included
j=ld=1 =1 in the fixed and variable cost components of cross-border trans-
portation. This model can also be adapted to quantify the savings

Th f d he diff brand from information sharing as presented in [15]. Even thoughiitis
€ manufacturer cannot produce the different brand types g, e here, this model can also be used as a practical tool for

a quantity more than its maximum production capacity. Hencgmultaneously managing SC activities for multiple generations
of product lifecycles.

foralliel, ke K&teT. (15)

Qukt < PCapirt Fiie and Qi > Fie,

forallie L, ke K&teT. (16) C. Other Modeling Issues: Modeling a Transshipment Hub

The manufactured units of the brands are stored at the manA variation of the SC network developed above was
ufacturer awaiting delivery to the buyer. The inventory level gfonsidered by modeling transshipment hubs between the

the brands obeys the following flow constraint subassembly suppliers and the contract manufacturers. The
role of the transshipment hubs was to provide a facility where
Mo D different components bound to the same destinations could be
Dik(e—1) + Qure = Z Z Stkmat + T, packaged and sent together through lower cost and possibly
m=1d=1

higher volume transportation modes. Subassemblies from the
subassembly suppliers arrive at the transshipment hub. They
The transportation capacity constraint for the movement tot}en walt f”lt the trapssh|pment hub to be. packaged togethg '
) with other items destined to the same location or, alternately, if
the brands from the contract manufacturer to the buyer’s |OC%— . . . .
. ) : . there are enough subassemblies to ship, or if the subassemblies
tion will be governed by the below transportation capacity con- . .
straint are urgently needed, the subassemblies are dispatched to
the contract manufacturers immediately. Holding costs are
incurred for the time the subassemblies are warehoused in the
transshipment hub.
Hence, the transshipment hub is modeled as a facility with
. ?n inventory of inbound subassemblies and outbound shipping
Contract manufacturers that have not produced a particular . .
; tbrand i ) iods will not be able to ship it packages. The set of constraints for the transshipment hub are
ype otbrand in prior periods wit not be able fo ship'l similar to the constraints for the subassembly supplier and the
t contract manufacturer, with a set of constraints for inbound and
Z Firew > Flromat outbound inventory balancing, and a production constraint rep-
w=1 resenting the activity of packaging different types of subassem-
forallle L, ke K, me M, de D&teT. (19) bliesinto one shipping package. Additionally, terms need to be
added to the outbound inventory-flow-balancing constraint for

5) Buyer Constraints:The brands reach the buyer after ahe subassembly suppliers, highlighting the additional shipment

forallle L, ke K&teT. (17)

Stkmat < TCapiimar Fikmar aNdSikmar > Flemat,
foralllc L, ke K, me M, de D&t T. (18)

certain transportation lead time option to the transshipment hub. Similarly, there are additional
) terms in the inbound inventory-flow-balancing constraint for the
Stkmdt = Stkmd(t—TLyma) contract manufacturers, representing the fact that packages from

forallle ., ke K, me M, de D&teT. (20) thetransshipmenthub add to all the inbound inventories, related
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Component > Sub-Assembly » Contract » Buyer
Supplier Supplier Manufacturer

C1

Cc2

Supply Assemble Assemble Buy
Component 1 Sub-Assemblies SA1 & Brand A & Brand B Brand A
Component 2 Sub-Assemblies SA2 from Brand B

from Sub-Assemblies SA1 &
Component 1 & Sub-Assemblies SA2
Component 2

Fig. 3. Two-tier SC.

to the subassemblies carried within the shipping package. A dained within 10-20 minutes. For the purpose of our analysis,
tailed listing of the additional constraints for a transshipmemte only considered solutions within at least 3%-5% of the op-

hub is given in the Appendix. timum. At the maximum, it required around 8-10 hours for the
solution to reach within this range. In some cases, we were also
D. Solving the Model in ILOG’s OPL Studio able to prove optimality.

The MILP model developed herein can be solved using any
of the commonly available mixed-integer solvers. For our anal- IV. COMPUTATIONAL RESULTS

ysis, we employed the CPLEX branch-and-bound integer solveryarious computational experiments were performed to study
available in the commercial optimization suite OPL Studio, d¢he dynamic nature of the SC network and to analyze the per-
veloped by ILOG, located in Paris, France, and Mountain Vieygrmance of the SC under different conditions.
CA.

ILOG provides a very comprehensive library of optimizatio®. General Observations

algorithms implemented in C++. These algorithms can be usedy, {he |ack of any capacity constraints at the supplier's and
for the solution of a varied number of large-scale linear, integ@hanufacturer’s facility and the availability of transportation in-
and constraint programming models. ILOG also incorporatggsiryucture, the problem leads to the trivial solution where the
a set of modeling concepts, such as activities and resourc@seapest complete link from the supplier to the buyer is chosen.
which are very useful in the solution of scheduling and allo- The solution of the MIP model provides a breakdown of the
cation problems. The OPL Studio modeling environment frO'@iptimum raw material production quantity, inventory holding,
ILOG utilizes the optimization programming language (OPLind manufacturing capacity utilization for each time period at
for problem modeling. User-defined search strategies for eagfich of the partner locations. This information is key to sched-
model can be specified in order to reduce the computationging SC activities to perform at optimal levels. Hence, the MIP
power required for the solution. model provides an integrated strategic-level partnership tool and
The above MILP model was developed in OPL Studio arallow-level operational synchronization and scheduling tool as
solved for a scenario with three component suppliers, fiveell.
subassembly suppliers supplying two different product types
to three contract manufacturers, who sell two different modBl lllustrative Example on Global Manufacturing

types to two buyers. Not all contract manufacturers manufacturerg jjlustrate the supplier selection problem in global man-
all models or all suppliers supply all product types. The timgfacturing, the following example was considered, with two
horizon for the model was taken as 24 periods. The mOdesmfyerS' two Supp”ersl and two manufacturers in the market-
transportation between the facilities were considered to be pjace, as depicted in Fig. 3. The model in Fig. 3 depicts a
(d = 1) and sedd = 2). Air transportation was assumed to bewo-tier SC network of suppliers, manufacturers, and buyers.
twice as expensive, but four times faster than sea transportatiPhe buyer places orders for finished goods, which are assem-
In some of the larger problems considered, the number isitd and delivered by the manufacturer using the subassemblies
variables that were encountered were around 19 000 (includim@cured from the suppliers. Each supplier may provide a
6000 binary variables) with around 25000 constraints. Godew types of subassemblies, which the manufacturer can use
feasible solutions within 10%-15% of the optimum were olto produce a range of finished goods. The supplier, in turn,



VISWANADHAM AND GAONKAR: PARTNER SELECTION AND SYNCHRONIZED PLANNING IN DYNAMIC MANUFACTURING NETWORKS

TABLE I
BUYER-RELATED DEMAND |INFORMATION

TABLE VI

THIRD-PARTY LOGISTICSRELATED INFORMATION

125

Brand Brand A Brand B Link Capacity (Units per day) @
Buyerl 50 units @ $2500 cach 25 units @ $2200 cach Transportation Cost (Per Unit)
Comp. 1 Comp. 2
Buyer2 60 units @ $1800 each 40 units @ $1500 each
C-51 SA-51 120 units @ $25 90 units @ $30
each each
TABLE Il C-51 SA-52 130 units @ $30 100 units @ $30
MANUFACTURER-RELATED INFORMATION each each
C-32 5A-81 150 unit; g0 140 units @ $100
Maximum Mfg Capacity (Units per day) 1:;;}51 @3 ez:zh@
@ Manufacturing Cost (Per Unit) . ;
- - 9 110
iz —Y T~ C-52 SA-52 110 units @ $90 160 units @ $
each each
Mfgl 70 units @ $15 each 30 units @ $100 each SA1 SA 2
Mfg2 40 units @ $20 each 40 units @ $125 each SA-S1 M1 100 units @ $100 100 units @ $70
each each
SA-51 M2 30 units @ $80 70 units @ $60
TABLE IV each each
SUBASSEMBLY SUPPLIER-RELATED INFORMATION SA-S2 M1 110 units @ $20 150 units @ $30
- - - h each
Maximum Sub-Assembly Production Capacity ea(; ;
(Units per day) @ Production Cost (Per Unit) SA-52 M2 120 units @ $30 125 units @ $40
Product SA1 SA2 each each
Type Brand A Brand B
SASupl 70 unit 10 each 80 unit 300 each - -
P units @ $10 cac units @ $300 eac M1 Bl 70 units @ $100 110 units @ $90
SASup2 105 units @ $15 each 100 units @ $250 each each each
M1 B2 50 units @ $30 60 units @ $70
each each
TABLE V M2 Bl 60 units @ $70 50 units @ $60
COMPONENT SUPPLIER-RELATED INFORMATION
each each
Maximum Component Production Capacity (Units M2 B2 100 units @ $95 120 units @ $100
per day) each each
@ Production Cost (Per Unit)
Product Comp. 1 Comp. 2 ) . )
Type termine the quantity to be ordered from each of them, in order
CSupl 180 units @ $8 each 190 units @ $15 each to meet all the buyer orders.
CSup2 210 units @ $7 cach 170 units @ $20 cach The information available in the marketplace at a given mo-

ment in time (as against multiperiod models) is given in Tables

[=VI.

produces the subassemblies from a set of components procurdélis assumed that each unit of the finished good will require
from the Component Supp"ers_ The physica| movement efe unit of SA1 and one unit of SA2. Subassemblies SA1 and
goods between each of the participants is taken care of by ¢#@2 Will, in turn, require one unit of Component 1 and one unit
of the stakeholders in the transaction, and hence, is not sha¥i¢omponent 2 each. Furthermore, the lead time for transporta-
tion between the various sites is zero. It is also assumed that the

For illustrative purposes, let us consider an example whefarious participants in the electronic marketplace have been pre-

separately.

both the Buyers (Buyerl in Europe and Buyer2 in Asia) ord&ualified with regards to their quality and credit rating.

two brands of finished products (Brand A and Brand B) in dif- The best possible configuration in this situation, leading to a
ferent quantities. These finished products are available from tigt profit of $260,000, can be obtained as given in Fig. 4.
Contract Manufacturers (OEMs) (Mfg1l in Asia and Mfg2 in the For buyers in Asia, the finished product is manufactured in
U.S.). Subassembly suppliers (SASupl in Latin America af¥pia from the subassemblies procured from within the region
SASup2 in Asia) provide two kinds of subassemblies, SA1 afigelf. Similarly, orders from Europe are fulfilled through the
SA2, and one unit of each is used in the manufacturing of the filH-S. manufacturer. This configuration maximizes the SC's prof-
ished products. Both subassemblies, in turn, are manufactuf@®ility while fulfilling all the orders.

from one unit each of Component 1 and Component 2, which
are procured from component suppliers (CSupl and CSupZQn
Asia). Information on the capacities and prices of each of theln order to verify the dynamic nature of the model that was
buyers, manufacturers, subassembly, and component supplitrgeloped in earlier sections, the model was solved for orders
is readily available in the electronic marketplace. The objectiygaced by each buyer, and the SC configuration for both cases
is to select the suppliers and contract manufacturers and to dere observed and compared.

Dynamic SC Network Configuration
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Bpn  Quantity supplied of Modd 1 from C antract Manufacturer k to Buyer m.
SAp  Quantity supplied of Sub-Assembly i from Sub-Assembly Manufacturer j to Cortract Manufacturerk.
Cuj  Quantity supplied of Component r from Component Supplier v to Sub-Assembly Manufacturer j.

Fig. 4. Dynamic manufacturing network configuration for example 1.

6_lo
0 195 1 M3
4|0
Item 1 Item 1 Item 1 Item 1
transported | transported transported | transported

by Mode 1 | by Mode 2 by Mode 1 | by Mode 2
Item 2 Ttem 2 Item2 Item2
transported | transported transported | transported
by Mode1 | by Mode 2 by Mode 1 | by Mode 2
Item = C leaving C i Item =C leaving C i

= Sub-Assembly leaving Sub-Assembly Suppliers = Sub-Assembly leaving Sub-Assembly Suppliers

= Brand leaving Contract Manufacturer = Brand leaving Contract Manufacturer

Fig. 5. Configuration to meet Buyerl demand. Fig. 6. Configuration to meet Buyer2 demand.

It was assumed that each buyer required 25 units each of bddmand by engaging other contract manufacturers. Similarly,
brands in each time period from periods 9 to 24, resulting inthe manufacturing network configuration for the fulfillment of
total demand of 400 units for each brand over the entire tinBriyer2’s orders, with Mfg2 as the main supplier of brands to
horizon. The service level required was 90%, meaning that tBeyer2, is shown in Fig. 6.

SC had to meet at least 90% of the demand for each brand irFrom the two scenarios it is noticed that, depending on where
each time period. The orders were to be fulfilled by a manufatite buyer is, an appropriate contract manufacturer is selected
turing network for which all the costs, capacities, and schedul@sfulfill the order. In case the demand is more than the quan-
were known. The transportation costs at each stage were talignthat the contract manufacturer's SC is able to handle, the
to be around 10%-15% of the total cost of the products, whickmainder of the demand will be fulfilled through other manu-
is a fact commonly observed in many SCs. The bill of materiafacturers. One of the bottlenecks in the SC that might arise is
for the finished brands and subassemblies were also known.that the contract manufacturers are not able to manufacture at

The optimal SC configuration for the fulfillment of 400 unitsfull capacity due to the lack of adequate subassembly and com-
of the finished brands required by Buyerl, consolidated over thenent supply from the suppliers. This inadequate supply may
entire time horizon, is obtained as given in Fig. 5. be due to the fact that the suppliers cannot produce any more

Buyerl is slightly closer to contract manufacturer Mfgl asubassemblies or components or also due to the fact that the
compared to contract manufacturer Mfg3. However, the totlalgistics network between the suppliers and the contract manu-
cost of production and logistics is lower in procuring fronfacturer might not have adequate capacity. Consideration is also
Mfg3. This is partly due to the reason that Mfg3 has accegs/en to the schedules of the logistics service provider, so that
to cheaper suppliers from subassembly supplier SASugtems are produced just in time for pickup and delivery, instead
Hence, Mfg3 satisfies most of the demand. However, dwé having to wait in the inventory.
to capacity limitations on its supplier's end, it is not able to Hence, the selection of appropriate suppliers and manufac-
fulfill Buyerl’s demand within its service level requirementturers should be dependent on the consideration of the total
Therefore, it is much more profitable to satisfy the rest of thanded cost of the products. Also, the selection of suppliers and
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TABLE VI Buyer2, even though it has no role to play in the SC network
REVENUES AND PROFITS IN SALES MADE TO EACH OF THETHREEBUYERS  \yhen Buyerl's and Buyer2's orders are individually considered.
Revenucs for sales Profit from supply chain Similarly, SASup§ supplies subassemblies for orders recejved
operations from Buyer2, but is not part of the SC configuration meeting
Buyer 1 purchases 400 units of $ 8,234,466 the combined orders from Buyerl and Buyer2. This alludes
g?gzolg@é $80000 and Brand 2 to the dynamic nature of the SC model in virtual value webs.
Buyer 2 purchases 400 units of $9,973,733 D. Transshipment Hub in SC Networks
Brand 1@ $80000 and Brand 2 . ] ) ]
@ $75000 We also studied the impact of employing transshipment hubs

within SCs on the configuration of the SC network. Transship-
2o ment hubs, as considereo_l in this_ paper, model crosg—dockin_g
centers and also merge-in-transit processes wherein certain
goods bound to the same destination are packaged together to
achieve lower costs of transportation and procurement. This
also replicates the scenario where a particular supplier may be
preferred during procurement for a second set of supplies, if
the supplier is already supplying some other materials.
For our experiments, we assumed that the cost of transporting
a shipment package from the transshipment hub was signifi-
cantly lower than the sum of the costs of shipping individual
subassemblies, but higher than the individual costs for trans-
porting each subassembly. This is a realistic scenario wherein
the costs of common activities are shared between the shipment
processes for individual subassemblies. The SC configuration in
m:i’;ﬁ:ﬁﬁﬁ%ﬁ%ﬁ‘;ﬁx‘f”‘“ the presence of a transshipment hub for combined orders from
Buyerl and Buyer2 is shown in Fig. 8, and results in a profit of
Fig. 7. Configuration for multiple buyer requirements in an electroni$19 404 153.
marketplace. It may be noticed that in the presence of transshipment hubs,
the number of subassembly suppliers engaged in the configura-
the resulting SC configuration in a virtual setup will be deperiion is three and the number of contract manufacturers is two,
dent on the needs of the buyers and their locations. Ultimatefys compared to four and three, respectively, for the same de-
this selection will be limited by the supply and logistics conmands but without the transshipment hubs. Hence, as discussed

by Mode 1 by Mode 2

straints within the SC. previously, existing suppliers are preferred for procurement of
The profit earned through the operation of the SC in botdditional supplies of other subassemblies. Also, the profit in
cases is presented in Table VII. working with existing suppliers results in improved profits of

Hence, the model suggests that given a choice, it would b&.7% compared to independently ordering the subassemblies.
more profitable to accept orders from Buyer2 as compared ence, the argument in favor of supplier rationalization, which
orders from Buyerl. is a common trend in businesses nowadays.

In order to simulate the multiple buyers simultaneously or-
dering in a marketplace, a solution was obtained for the man- Analysis of SC Costs
ufacturing network configuration for the combined requests of To identify the relative contributions of the various SC part-
both buyers. The solution, consolidated over the time horizamers toward the cost of the SC, an analysis of cost distributions
offered by the MIP model is presented in Fig. 7. The profit frorfor various demand patterns was undertaken. Five demand
fulfilling the combined demands of both suppliers was obtaingmhtterns—steady, descending, ascending, seasonal-down, and
as $16,772,552, which is about 7.88% lower compared to theasonal-up—were considered, as shown in Fig. 9. Descending
sum of the profits from meeting the demands of both buyedemand patterns occur frequently in the high-tech industry,
individually. The primary reason for this drop is that in fulwhere sales steadily decline as the innovativeness of the product
filling the combined demand of the buyers, the capacities of tears out. Ascending demand patterns are observed when pio-
cheapest suppliers and logistics providers are fully utilized, andering buyers satisfied with the product influence others to try
as a result, supplies need to be procured from more expensivaut as well. Such learning effects, or word-of-mouth effects,
suppliers, resulting in higher costs and lower profits. are particularly observed in sales of music CDs. And finally,

With multiple buyers trading on the marketplaces, the SC getsasonal demands are observed in various sectors wherein sales
more complicated, with a larger number of interconnectiorsse high in one part of the year and low the rest of the year
between the various participants in the value web. It may [27].
noted, in line with our thesis, that under different circumstances,The costs for the various production, transportation, and
different partners are engaged to help fulfill the commitmenisventory holding activities were obtained for the optimal SC
of the SC network. For example, subassembly supplier SASugéhfigurations for all five demand patterns. The distribution of
is engaged to meet the combined demands from Buyerl amusts is plotted in Fig. 10.
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Item = Comp t leaving Comp. S

PPICTS
= Sub-Assembly leaving Sub-Assembly Suppliers
= Brand leaving Contract Manufacturer
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Fig. 8. Configuration for multiple buyer requirements with presence of transshipment hubs.
80 demands early on to choose cheaper suppliers and transporta-
—— Steady tion modes. However, their inventory holding costs are higher,
- 60 — B Des since they need to carry inventory to meet the rising demands in
= later periods.
g 40 = == =Asc
[7]
Q 9 = =X= =Sea-D V. CONCLUSION
— ¢ = Sea-U In this paper, we have formulated and solved the partner
0 = ' , , selection problem in global manufacturing networks. This
Teen~oe -0 problem is very important in the current time of globalized
Time Periods manufacturing, proliferating electronic marketplaces, and
Internet-enabled collaborative commerce. We specifically
Fig. 9. Demand patterns considered for study. demonstrate how integrated SC planning can be conducted
using standard optimization tools. We are developing a decision
44 ; :
a3 e -  mInventory support tool for_ use in el_ec_tronlc marketplaces.
- 42 0l oy = 1 Holding Cost Our formulation here is linear and uses an MILP model. We
5 4 il == are planning to solve SC problems where the number of buyers
= 40 p-q2i6p2 ) - B . i i i
S i 3 hasds 3445 | OTransportation and sellgrs are large and there are more tiers in the chgln. _
= Cost One finds an enormous amount of literature describing in
3 37 - . - - words electronic marketplaces, e-supply chains, collaborative
© 35 3“'.‘“'""’ . “‘-‘“‘" “".“”“ . | mProduction commerce, etc. One also comes across companies offering pack-
35 Cost aged solutions for so-called Business-to-Business (B2B) com-
N & Q N munications and material flow optimization. As academicians
G_,@@ = ¥ e?'(b of?’ we always wonder about what lies within these black boxes

Demand Patterns

Fig. 10. Distribution of costs for the various demand patterns.

As expected, the production costs were the most significant

(packaged solutions) and what can be done beyond them. Our
paper provides a glimpse into what further can probably be
achieved by the next generation of software solutions.

APPENDIX

component. In the case of decreasing demand and seasonal-up, . ) ) )
the production costs and transportation costs are higher, cdin-Additional Constraints for Modeling a Transshipment Hub
pared to the other patterns, because more expensive suppliei&he following changes and additions were made to the model
and transportation modes have to be selected in the SC to nteehodel the transshipment hub.

the above-mean demand early on. Conversely, the production Transshipment Hub identifier.

and transportation costs for ascending and seasonal-down Hre Number of Transshipment Hubs.

lower, because they have more leeway in terms of their lower Shipment Package identifier.
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G Number of Shipment Packages. Sgnkat <TCapgnidt Fynidt
Xap Units of subassembly typemerged into one unit of forallg eG, he H, ke K, deD&teT
shipment packagk '

S Py Quantity packaged of shipment packagat trans- Sankar 2 Fonar

shipment hubh in time period. forallgeG, heH, ke K, deD&teT
SPCap.: Maximum quantity that can be packaged of ship- S;hkdt =Sghkd(t—TLyny)
ment packagg at transshipment hub in time pe- forallg G, he H, ke K, de D&teT.
riod ¢.
1) Changes to Existing ConstraintConstraint (9) changes
to B. Market Data for lllustrative Example on Global
K D H D Manufacturing
Lijie—1) + Qije = Z Z Sijkdt + Z Z Sijnat + Lije See Tables II-VI.
k=1d=1 h=1d=1
foralliel, jeJ&teT.
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