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The development of Supply Chain Management has occurred gradualy over the
later haf of the last century, and in this century will continue to evolve in response to the
continual changes in the business environment. As organizations exhaust opportunities for
interna breskthrough improvements, they will increasingly turn toward the supply chain
for an additional source of untapped improvements. Manufacturersin particular can benefit
from this increased focus on the chain, but the gains redized will vary by the type of
supply chain. By applying basic production control principlesto the chain, and effectively
using tools dready common at the production line leve, organizations address important
supply chain congderations. Both the Theory of Congtraints and the factory physics
principles behind the Congtant WIP concepts focus on the system condtraint with theaim
of controlling inventory. Each can be extrapolated to focus on a system whaose boundaries

gpan the entire supply chain.
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CHAPTERI

INTRODUCTION

Supply chain management has evolved over the latter haf of the last century.
During that time, the business landscape has changed considerably and supply chain
management has evolved in pardld with these influences. By the new millenium, mass
customization, increased customer expectations and fiercely intense competition
characterized the marketplace and chain versus chain competition became a sgnificant
factor in marketplace success. As organizations have shifted toward optimizing the
extended enterprise in an increasingly dynamic business environment, supply chain
management has shifted its focusto inventory vishility in the chain. More readily
observable than other parameters, inventory is an important indicator of system
performance and the impacts of uncertainties from various sources. Asthese
organizations continualy refine the management of supply chains, regardless of the
meaturity of the gpproaches developed, managing inventory throughout the chain remains
acritical competitive factor for the supply chain. As such, continud refinement of the

strategies used to manage and reduce inventory in the chainis essentid.

Problem Statement

Asthe scope of the enterprise expands, managing the supply chain has emerged as

the most difficult and expensive aspect of the extended enterprise. Supply chain
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management has extended the application of traditiona inventory control methods over a
broader scope [1]. At the sametime, production control methodol ogies have aso been
applied to the new, larger and more complex problems encountered. These approaches
have varied from the extremes of pure push systems, such as Materid Requirements
Panning (MRP), to pure pull systems, such as kanban. Between these extremes, other
methodol ogies have developed. Two of these approaches, Constant Work-in-process
(CONWIP) and Theory of Condraints (TOC), focus on the system condtraint as a means
of managing and ultimatdy reducing the sysem WIP, and share many amilaitiesin ther
gpproaches to managing the congraint. Surprisingly, though, the literature comparing
these two methodologies, particularly in the context of supply chain management, is very
limited. Further, direct evauations of these two methods, even at the production line

level, have not been encountered.

Resear ch Objectives

This research focuses on two main objectives.

1) to provide a more comprehensive overview of the development of today’s
supply chain management (SCM), with particular emphasis on the importance of SCM to
the manufacturer; and

2) to discuss the applications of CONWIP and TOC in the supply chain
environment.

The thesis begins with amore detailed discusson of supply chain management. After
developing the background of SCM, the discussion focuses on the impact of supply chain

management on manufacturers and the results obtained through increased focus on the
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supply chain. A brief discussion of supply chain structure and its objectives provides a
context for later andyds. After presenting a smple definition of supply chain
management that conveys the focus on chain inventories (while encompassing the key
concepts found in the numerous definitions in use in the literature today), this section of
the thes's concludes with discussion of the role of inventory in the supply chain.

Before discussing the specifics of the congtraint-based methods, the next section
of the thesswill begin with abrief discusson of atypicd, organizationd-leve
production control system and how that system is gpplied across the extended enterprise
a the supply chainlevd. This section will then detail the gpplications of the TOC and
CONWIP. While there is some literature that discusses the applications of TOC, the
literature discussing the application of CONWIP to SCM isfairly limited. Assuch, this
section of the thesswill examine the current and potentid applications of these methods
to SCM. The basics of each approach will be examined, including a discussion of how
these methods can be expanded from the scope of the individua organization to the
extended enterprise. The gpplication of both methodsin the supply chain environment
will focus on the three structures described by the V-A-T Andyss outlined by TOC. The
fird is described by TOC asadivergent or “V” dructure. In thisflow, product families
diverge at specific points[2], resulting in alarge number of retailers. In this case,
members of the supply chain can function in severd pipeines[3], so this structure
produces the chalenges of materia alocation and postponement of customization at the
divergent points. The second structure to be examined is described by TOC asa

convergent or “A” dructure. In this structure, anumber of raw materias and components
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are processed and assembled into afew finished products. This structure presents the
challenges posed by synchronizing arrivals at assembly operations. Ladtly, the T-structure
will be examined. In this structure, there are many components and assemblies produced
through separate routings that are combined to create awide variety of finished products.
Thisincreased complexity of this structure stems from the combination of convergent and
divergent control points, plus fairly unigque routings with low product volumes which

more closely resemble ajob shop [2]. Any additiona assumptions or concepts that cannot

be directly gpplied to the supply chain environment will aso be discussed.
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CHAPTERII

THE DEVELOPMENT OF SUPPLY CHAIN MANAGEMENT

Through the latter haf of the twentieth century, economic factors, technology
changes, and changes in the marketplace forced American business practices to evolve.
The timing and sequence of these events shaped today’ s supply chain management. The
first roots of supply chain management can be traced to the 1940s. While these changes
shaping supply chain management began dowly at firgt, a period of continuous change
has persisted since the 1960s, with the rate of change accelerating as time progressed. In
the late 80s and 90s, organizations moved beyond an internd functiona focusto a
process focus which transcended functiona boundaries [4]. The methods and principles
developed in these “ process improvement years’ trangtioned from a process levd, to the
enterprise leve, and then to the supply chain leve, extending process improvement
techniques to the inter-enterprise, demand driven, and resource constrained supply chain
environment [5]. During this trangtion, business structures have continudly shifted from
verticaly tal and functionaly digned to horizonta, process oriented and customer-
focused [6]. This natura progression shaped the conceptua framework of supply chain
management to meet the needs of businesses in today’ s market, and continues to evolve
in response to new changes in the globa market of tomorrow.

The changes contributing to the evolution of supply chain management began

with the establishment of atheoretica foundation based on the 1940s introduction of

-5-
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linear programming. This provided the basic mathematica techniques for formulating

and solving problems in the areas of resource alocation, distribution, and transportation
[7]. Adding to thistheoretica base, the Forrester industrid dynamic effect first described
the amplification of demand when moving from the market to raw materia suppliers[8].
There was little change in economic, market, and technological factors throughout the

50s, and for the remainder of the 1950s and into the 1960s, most companies answered the
economy’ s demand for goods with an operations strategy focused on mass production as
ameansto redize low cost per unit. While this gpproach alowed little flexibility in

process or product [9], American businesses did not have much concern about inventories
in the supply chain [4]. The 60s did, however, mark the beginning of a period of

continua change, and began a trend throughout the 60s of focusing on integrating

materid handling equipment to form sysems[10], herdding the sgnificant influences of
changing competition in the next decade.

Technology had the most significant impact at the start of the 1970s. By the late
60s and into the 70s, mainframe computers introduced the first significant technological
influence in the development of supply chain management. With this new computationa
cgpahiility, the theory outlined by linear programming could now be applied to industry
problems|[7]. Theimpacts of technology became more sgnificant in the 1970s. While
personal computers of the day more resembled “expensive typewriters’ [11], the
technology encouraged broad use of the transactiond tracking concept (then known as
Online Transaction Processing (OLTP)) with a tremendous impact on business

operations. Companies able to monitor transaction processes provided better customer
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service and gained the competitive edge over other companies[12]. But the mass
production legacy of the 60s persisted through the 70s as well. Many companies
designed their manufacturing and distribution systems to respond to a mass market, and
these companies produced, for the most part, large volumes of uniform products that
were sold through defined wholesalers and retailers. These systems continued to focus
on minimizing cogts with little concern for flexibility [13], with equipment optimization
remaining the mgor emphasis through the decade [14]. But it was not long after the Start
of the decade that economic pressures forced this focus to change. For the first time,
economic pressures began to shape the path embarked upon by American business, and
the influences of these economic pressures were a sgnificant change from the previous
decade. Increased foreign competition, most notably, forced American business to place
greater emphasis on cost and quality [9]. The economic pressures of the two ail
embargoes increased the inflow of foreign goods, which renewed companies effortsto
focus on cogt reduction. Manufacturers saw their power in the supply chain eroding, and
were forced to look toward service for competitive advantage, though this new focus
centered on the manufacturer’s (not the customer’s) view of service. Further, high
transportation cogtsin heavily regulated indudtries (like trucking and railroads) produced
tremendous economic pressure on companies, with transportation costs aone accounting
for up to 70% of logistics expenses (compared to 57% today). High fuel prices and
interest rates forced an increased awareness of trangportation and inventory expenses, in
contrast to the generd lack of concern about inventory in the supply chain in the 1960s

[4]. This heightened awarenessincreased interest in operationa improvementsin
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different areas and began increasing competitive pressure. As management of materids
remained the congraint in the 1970s [15], companies merged production planning,
meaterid requirements planning, shop floor scheduling and purchasing into an emerging
materials management. This merging amed to improve ddivery performance, inventory
levels and manufacturing costs [5]. Companies began overhauling warehouse layouts
and route structures [4], with facility integration, including many of the sygemsin
warehousing and manufacturing, forming an early version of supply chain management
[10]. Asthe decade closed, companies measurements continued an emphasis on cost
and functions [4] rather than processes. While the momentum of change had increased
over the 60s, companies remained focused on mass production and cost reduction [13].
Increasing competitive pressures in the marketplace marked the start of the 1980s.
World-class organizations focused on lower cost, but higher qudity products that were
more reliable [9]. For the firg time, companies focus on the mass market began shifting
to “loca marketing” [13]. In response to the increase in competition, US manufacturers
diversfied product lines[3]. At the same time, the confluence of different trendsin
management accelerated the change. Organizations adopted “ advanced management
techniques’ (such as Totd Quality Management (TQM), Just-inttime (JT)
manufacturing and distribution, design for manufacturability (DFM), and flexible
manufacturing systems (FMS)) [3] as management looked beyond issues of labor and
ast utilization [15] to line optimization. While line optimization dominated the 80s
[14], new management philosophies aso chdlenged many of the traditiond tenets and

contributed to the intengifying competitive environment. Companies consdered
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inventory aliability rather than an asset, lead-time became an important factor in creating
customer value, and the inadequacies of traditional cost accounting surfaced [3].
Companies' increased cost focus led to the merging of distribution and trangportation cost
management with materials management to form an integrated logistics concept that
enabled improvementsin operationd performance across multiple plants and distribution
centersin large organizations [5]. But technology and the economy aso significantly
influenced the business landscape of the 80s. Spreadsheet technology introduced in that
decade evolved into a user-friendly logistics planning tool used in most indugtries [7].
Progressive manufacturers and distributors began to exploit technology like bar coding
and scanning, UPCs and eectronic datainterchange (EDI). This new technology not
only began to standardize business practices [4], but companies converted variable costs
to fixed by purchasing new manufacturing technologies aswell [3]. Economic and
market pressures played more significant roles in shagping the 80s through a combination
of events. Deregulation in transportation produced “unprecedented” price and service
competition among trucking companies and railroads. Companies felt even grester
pressure to improve with continued foreign competitive pressure as inflation and interest
rates soared, while at the same time consumer demands rose and the power of large
shareholdersincreased [4]. These companies recognized the need to control critical inter-
organization activities, but these activities were “ managed by ownership” through

verticd integration, which aso benefited the organization by maiching assetsin the
supply chain [16]. By the end of the 1980s, retail channels began to emerge. Big

retailers replaced regiond chains, gaining more influence in the supply chain that these
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large retailers used to negotiate better prices based on volume with better terms from the

manufacturers[4].

The integration of customer service with mass customization and rapid delivery
characterized the overdl trend through the 90s, and, as the focus shifted from line to plant
optimization [14], acompany’s ability to react to demand variability became a
differentiating competitive factor [9]. But management efforts to increase customer
satisfaction using reengineering for improving interna processes overlooked the need for
both internal and externd changes [17]. Companies redized that functiona excdlence
does not equate to business excellence, which can only be achieved through superior
business coordination [13]. During this decade companies recognized that supply chain
management is “an enabler of competitive advantage’ [18], aresult of a decade of the
most sgnificant, fast-paced change yet. The impacts of economic, technologica, and
marketplace changes in this decade can be summarized by five specific trends. 1) focus
on increasing revenues, 2) product commoditization, 3) growing customer demands, 4)
globdization, and 5) e-commerce [4, p. 17].

1) Focusonincreasing revenue. While cutting costs was till important in the

1990s, the mgjor focus of companies shifted to increasing company revenue
[4]. To thisend, companies pursued better business coordination as a means
to redlize organizationd excdlence [13]. Thishad a sgnificant impact on the
market, changing the competitive environment very early in the decade.
While companies managed inter-organizationa operations of the 1980s by

ownership,” that was no longer an option for companies of the 90s. The
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verticd integration grategy carried high risk, reducing flexibility by locking

companies into specific technol ogies and decreasing the company’ s focus on
core competencies through unmanageable expanson. By the mid 1990s, the
verticd integration trend of the previous decade had, for the most part,
reversed itsdlf in that 60% of the mid 80s vertica acquisitionsinto new fields
were later divested [16]. About the same time, large international companies
began dominating manufacturing and increased focus on core competencies
[19]. But companies could not use operations improvements and cost
reduction [20] to remain competitive in the fast-paced business environment.
The*world dass’ company moded in the latter haf of the 90s highlighted the
need for an agile enterprise able to merge flexibility with delivery, cog,
quality and dependability [9]. Further, companies could no longer afford the
capitd investment needed to maintain competitive advantage through
inventory [21]. Instead companies recognized the importance of the link
between inventory and manufacturing [20] and began to strive for increased
productivity (from exigting capacity) while reducing work-in-process (WIP)
inventory. Manufacturersin the supply chain began the transformation to
extended enterprises [22] while improving their ability to provide rdigble
delivery with low inventory [21]. This marked a definitive move toward an
integrated supply chain where the enterprise began striving to meet customer
needs [23]. By the end of the 1990s, the tremendous pressure on CEOs to

produce strong earnings and increase shareholder value continued [4]. The
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3)

-12-
key for these CEOs was the increasing of asset productivity “in the context of

pull digribution,” a sgnificant change from the push systems of the past [22].
Product commoditization. Through the 90s, companies were forced to find
new ways to differentiate products [4]. Product life cycles decreased and the
number of products produced increased [9]. The marketplace had changed,
and customers demanded individua customization, pressing for more
sophisticated products with new technology [19], requiring more flexibility
from manufacturers. This need for flexibility required manufacturersto shift
from long production run focus to modular customized assembly [4]. By the
end of the decade, customers evauated suppliers more on the services offered
than on the products done as * qudity became a standard of performance, not
an option.” [4, p. 51-52]

Growing customer demands. The marketplace changed yet more as the
customers of the 90s fueled the move toward *“ mass customization” [19] with
demands for more variety, better quality and greater service (based on
reliability and response time) [9]. By the mid-1990s, organizations
encountered continuous pressure to produce high quality products to meet
customer needsin shorter time [23]. The view of qudity from the cusomers
perspective became important as companies responded more readily to
customer demands [15]. In doing so, power shifted toward the customer,
blurring traditiond rolesin the supply chain [24] and “ squeezing”

manufacturers to deliver better customer service at lower cost [13]. Customers
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4)

of the 90s dso et the definition of “acceptable performance,” in many cases
raisng standards over aten-year period, while in other, more competitive
industries, customers redefined standards amost annudly. By the end of the
1990s, “megaretailers’ controlled the mgor ditribution channds with their
purchasing power, and manufacturers shifted toward make-to-order Strategies
for better customer responsiveness. This move cdled for even greater
organizationd flexibility on the part of the manufacturers[4], again addressed
by a shift in focus from long run production to modular, customized assembly.
Globdization. Throughout the 1990s, more and more US companies began to
source and el globdly [4] asthe result of changesin technology, the market
and the economy. More technically advanced products aso required more
resources, further driving companies toward globa resource acquisition. Asa
result, manufacturing became more globd, dominated by large internationd
companies, and large find assemblersin the chain began concentrating on
core competencies. Often “non-core” functions were outsourced to othersin
the supply chain, creating more opportunities. But these factors did more than
just increase competition. The very nature of the competitive environment
changed from individua companies competing to competition between
different supply chains[19]. By the end of the 1990s, the globa market
transected geographica boundaries as many tariffs were diminated [11], and
globa competition became the “norm rather than the exception” [26].

Companies focused on global approaches to sourcing, transportation,
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-14-
marketing and manufacturing based on pull concepts[22]. “Dynamic

aignment” replaced the vertica dignment of the late 80s[27] as partnerships
and manufacturer aliances replaced verticd integration strategies [13]. The
dynamic aignment introduced “functiond shiftability” to the supply chain,
which increasad effectiveness by synchronizing efforts within the chain while
greamlining the chain and increasing speed to market [28]. But the trend
toward vertical de-integration through outsourcing greeter percentages of
manufactured components [1] increased the reliance on othersin the supply
chain. Manufacturers had to work more closely with supply chain members
as product qudity depended more and more on externa inputs. These “non
competing collaborations’ helped manufacturers increase their leverage with
customers [13], further developing chain versus chain competition.
E-commerce. The pace of technologica developments increased
dramatically in the 1990s, producing product innovations and manufacturing
process improvements [9]. The explosive growth in distributed processing
and smal computer power [1] in the late 80s and into the 90s made supply
chain optimization systems possible for even the largest companies|[7]. At
the same time, high- powered, networked PCs with e-mail and internet access
made e-commerce possible[11]. In many industries, e-commerce chalenged
the status quo and influenced the ways in which trading partners interacted
[4]. This made the chdlenge of “making supply meet demand” even greeter

[21], and crested a new chdlenge in managing the information flow
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associated with the materia flow. Companies began using the internet and

telephone to go directly to customers, bypassing wholesders and retailers [4],
resulting in a declining number of wholesders. In some indudtries,
wholesderswere dl but diminated, though in manufacturing about 60% of
products were still marketed through wholesalersin the late 90s[28]. But the
most sgnificant impact of e-commerce isin business-to-business interactions,
which are growing even fagter than retail e-shopping. Thisis particularly true
for heavy manufacturers where e-commerce gpplications focus on the transfer
and processing of dectronic documents (such as invoices, shipping notices
and purchase orders). In this capacity, the internet * could become the ultimate
driver of supply chain efficiency” [4, p. 27-28].

Overal the 1990s brought about more change than any of the previous decades. While

market and technology factors played the most significant role, economic factors were

dtill important in shgping the more recent developments in supply chain management. By

the end of the decade, the trends toward vertica de-integration through outsourcing and

increased attention to vendor certifications continued [1].

Impact on Manufacturers

Now, in the new millennium, manufacturers continue to face chalenges of
“increasing intengity and complexity” [26]. Competition between supply chains had
aready emerged in the 90s [19], and will continue in this decade [4] as the new focus
moves toward optimizing the extended enterprise [14]. Companies now need to develop

more integrated gpproaches to business to avoid suboptimization [26] in the context of
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the supply chain. For manufacturers, “life on the supply chain will only get tougher” [4,

p. 22] asthe dynamic business environment, characterized by demand uncertainty [13],
market expanson and increased supply chain competition, continues to chdlenge
companies[4]. Mass customization is aready here as companies scramble to meet more
gringent customer requirements [29] while performing “ahighwire balancing act...to
reduce cogts, achieve flexible manufacturing, and provide ever-higher customer service
levels’ [30]. For manufacturers, there are severa very compelling reasons to take note of
the potentid improvements to be redlized through supply chain management:

1) Increasing customer demands. As stated by George Bevis, late Executive Vice
Presdent of Tennant Co., “The objective of a manufacturing company is to manage the
flow of inventory to satisfy customers needs’ [31]. But customer demands are
increesing now and will continue to increase, requiring constant measurement and
operationa changesto ensure continued cost effectiveness[4]. Efficiency is il
important, but responsiveness to changing market conditions is now much more
important [32, 33]. Manufacturers need to better anticipate customer demand for quicker
response. This applies equaly to manufacturers of consumer goods as well as those
manufacturers who need to anticipate product failure and replacement part availability to
support repair and service indugtries[34]. In ether dtuation, the inevitable disparity
between inventory and sales will require the manufacturer to make costly changesto
production schedules or let customer service suffer [13]. As more companies ook toward
new methodologies like Jugt-in-time (JT) manufacturing, more redlize the need for judt-

in-time information to support those changes [35], and that information is held in the
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supply chain. In the end, the companies that continue to meet customer demand the

fastest will survive, while those companies that do not will lose market share [36].

2) Increasing competition. The first thing to happen in the face of increasing
competitionistha “everyone ese’ improves. The result: the rate of change in dmost
every industry’s supply chain is acceerating [4]. As discussed above, manufacturers
redized in the early to mid 1990s that their business practices were obsolete and began
looking externaly (e.g., benchmarking and best practices) [14]. Many discrete
manufacturers began reemphasizing “qudity management” with more of afocuson
improving both the factory and supply chain performance while improving qudity [37].
After spending the last ten years optimizing plant operations [29, 38], dmogt all
manufacturers now meet market demands for consistent product quality regardless of
industry [39]. Manufacturers can no longer compete on improved qudity, efficiency and
improved yidd [14]. Sinceincrementd improvement isdl that remains within the plant
[29, 38], companies must look for further cost reductionsin the supply chain [40]. This
outward focus shifts emphasis toward improving processes to increase the speed of
product flow to the customer [39, 41], ensuring that products are high qudity, made right
the first time, and provided with ever decreasing lead time [20]. To this end, managing
the flow of goods from end-to-end (raw materidsto point of sde) is essentid to
remaining competitive in the market. More recent efforts to consolidate and streamline
the supply chain have improved the effectiveness of the supply chain (increasing
responsiveness and decreasing cost). At the same time, the challenges on the plant floor

have increased with shorter production runs, more changeovers, diversified product lines,
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more complex packaging, and more frequent schedule changes [36]. This means greater

flexibility with less tolerance for rework or missed ddliveries[37, 39] with increased
financid pressure such that large capita investmentsin inventory are not practicd, and
inventory reductions are needed in part to increase the availability of capita [35].

3) Supply chain structure. Manufacturing is traditiondly furthest from the

customer in the linear supply chain modd:

Manufacturer --> Wholesder --> Rdadler --> Consumer

Figure 2.1: Traditiona Linear Supply Chain Modd [28, p. 2]

As such, the manufacturer and raw materias suppliers are the most sengtive locations
[42] to the Bullwhip effect, the “ systemétic distortion” that occurs as demand information
(gathered and transmitted through the supply chain) moves away from the end consumer
[43]. The Bullwhip effect crestes excessive WIP, poor use of capacity, long customer
backlogs, and increased expediting costs [1], which al propagate through the supply
chain. Inthe 1950s, Jay Forrester demonstrated the impacts of this amplification, then
termed the “acceleration principle,” showing that a 10% changein rate of sde at the retall
leve can result in a40% demand change for the manufacturer [42]. When this occurs,
the variability must be buffered by inventory, capacity or time[1]. Whilethisremainsa
concern for dl manufacturers, those who have begun streamlining their supply chain
have mogt likely undertaken steps to mitigete or diminate the Bullwhip effect. But for

many manufacturers the structure of the supply chain has aready changed. The most
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important change in supply chain sructure is the domination of the retailer in the chain,

even in those chains with the historicaly biggest manufacturers. As different retailers
have different approaches, the business environment for manufacturers is much more
complex [44]. But manufacturing remains a key operational component [14, 15] and the
most important sngle eement on which supply chain performance dependsis Hill the
basic production process[37]. The characterigtics of the factory drive the amount of
inventory held in the entire chain, “and the ability to reduce in-plant response time iskey
to reducing the leve of inventory required to support customer ddlivery expectations’
[45]. Thisisespecidly sgnificant for heavy manufacturers (such as aerospace, defense,
indugtria products and trangportation equipment) for whom balancing the materid flow
through a complex network of resources on the shop floor is key. For these manufacturers
in particular, the ddivery of itemsis highly dependent on timely arriva of many
manufactured parts at assembly points. Many of these parts are processed in
manufacturing environments characterized by large amounts of dissmilar work a shared
resources, large product variety and changing product mix (which in turn requires proper
cgpacity dlocation and scheduling), dl of which impact timely arriva [46].

4) Chalenges old and new. Manufacturers are till “besieged” by congtantly
changing priorities, forecast errors, late deliveries, product specification problems, and
materid flow disruptions that constrain operationa capabilities and increase performance
variability [17]. Poor management of this variability resultsin product obsolescence,
unbalanced supply and demand, low customer retention and lost revenue (through lost

opportunities) [47]. Managing a supply chain well has aways been important [48], and
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the traditional concepts (low cog, high quality) developed up to and including the 90s are

gl important in addressing many issues facing manufecturers. But the circumstances
now are vadly different, and manufacturers face an environment of continuing change
that isforcing afocus on agility and integration [ 14]. Managing the supply chain well is
now critical as J T and other trends push the burden of keeping inventory up the supply
chain[48]. At the same time, the functiondity of older manufacturing gpplications does
not support the emerging requirements of the supply chain, increasing the uncertainty
facing manufacturers [14] and reinforcing the need to integrate. The rules of the game
are different; “the new ruleisthat there are no rules” forcing manufacturersto transform
from dngle entities to members of their supply chain [38].

The bottom line is that manufacturing is expected to do more, incur more cost and
risk, and take more time to keep business. Retailers use the clout derived from their
buying power and “exhaustive knowledge of what is sdlling at the checkout counter” [4,
p. 22] to leverage continualy lower prices and better service from their suppliersin
return for large volumes. The message to manufacturers. “comply or di€’ [4, p. 22].
While many manufacturers redize their role has changed, most till maintain a dated
view of the supply chain. Though many companies have globa production, stocking, and
digribution, few have globd inventory vishility [49]. But manufacturers are garting to
serioudy embrace integration for the benefit of the supply chain [29]. Asthey redize
that traditional marketing and distributing approaches are too dow to react [50],
manufacturers need to shift from “push” to “pull” systemsto drive down inventory,

reduce warehousing requirements, and improve customer service [14].
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Results of Increased Focus on the Supply Chain

For success in the long run, asupply chain must perform as well asits nearest
compstitor in the worst case [4]. Achieving this success means that companiesin
dynamic indudtries (which includes dmog al industries today) must organize for
functiona integration [13]. At the same time these companies must increase profits,
which is more easily accomplished through decreased fixed asset investment rather than
increased salesvolume [28]. For many of these companies, the key to redizing the
needed improvementsis supply chain management. Supply chain management is
interpreted as many things, but, most importantly, it has evolved in response to the
changing business environment. As such, supply chain management addresses the key
elements of integrated planning and control needed for the global operations of
companies today [26]. And as it has evolved, supply chain management has made its
mark through the financia and operationd results obtained by companiesin avariety of
indudtries.

Even though supply chain improvements are not cheap, the financia impacts can
be sgnificant. A 1997 study by Fittiglio, Rabin, Todd and McGrath (PRTM) found that
best practice companies spend 3 to 6% of revenue on supply chain management. Thisis
adgnificant investment consdering the standard net profit in most industries is 0.02% of
sdes[28]. But the benefits are even more staggering with a potentia return of as much
as 7% of annua revenue. That means that strict management of the supply chain can
save a $600 million company as much as $42 million annualy [38] while improving a

company’s asset performance by 15 to 20%. At the same time a company can reduce
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costs and increase cash on hand, potentially boosting its stock price by 20% or more [51].

The study aso found that leading companies have a40 to 60% advantage in “ cashto-
cash” cycletime, the time for cash to flow back into the company after it is paid out for
production materia. Another multi-industry benchmarking study conducted by
management consultant A. T. Kearney in 1996, showed that closer reationships with
suppliers could reduce purchasing costs by an average of 12%. Since a manufacturer’s
largest expenseis frequently purchasing with 20 to 80% of tota revenue spent on goods
and services from suppliers, this reduction issgnificant. Further, one third of those
companies sudied expected additiona reductions of 11 to 40%, while yet another third
expected further reductions greater than 40% [25]. On the other hand, companies
choosing not to make this investment could lose twice the potentid return (up to 14%) in
cods dueto inefficiency [52]. And supply chain management continues its evolution and
refinement. A 1999 benchmarking study by Performance Measurement Group (PMG)
found that best-in-class performance in total supply chain costs was down 27% from
1995 levels. The leading companies of North America, Europe and Asia have cut supply
chain management costs to 4 to 5 % of sales, while the median performers spent 9to 11%
of sdes. Not surprisingly, the survey results showed a strong Stetistical correlation
between market leadership in supply chain management and superior financid results.
Market leaders not only reported profits 75% higher, but companies with strong supply
chain management performance aso reported 60 to 100% better asset utilization [53].
The benefits derived from supply chain management can aso be seeninthe

operationa improvements in companiesin avariety of indudries. The 1996 A. T.
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Kearney report also showed that the companies studied decreased product development

time by an average of 62%. During the same year auto suppliers reported a 20%
improvement in inventory turns and a 72% reduction in error rates. 1n 1997, the US
Department of Commerce stated that manufacturers had cut inventory by 9% since the
1980s, a savings of $82 hillion passed on to customers and shareholders[28]. KPMG
Consulting and the J. L. Kellogg School of Management conducted a globa supply chain
study (also in 1997) based on 451 responses from 24 countriesin 8 different industries
including: automotive, chemical, consumer goods, dectronics and indudtrid. Inthis
study, 42% of respondents had lowered inventories since the last year, and 52%
forecasted lower inventories over the next three years [54]. The 1997 PRTM study
mentioned above found that companies with solid supply chain systems had 60% fewer
days of inventory, which resulted in better cash flow and more working capital. Further,
the top performersin this sudy had higher productivity per employee [38] and achieved
greater flexibility in meeting customer demand [38, 52], achieving 20% increasesin
production in less than 2 weeks while “fair to middling” companies needed up to four
months to match that increase [52]. Theindividua benefits for some companies have
been tremendous. Samsung's supply chain management efforts haved average
inventories from $3.6 hillion [55]. Apple is another success story. Asset problems (such
as having too much inventory) produced a$1 billion lossin 1997. At the end of thet
fisca year, the company held 5 weeks of inventory ($437 million) with 10 inventory
turns per year. By the end of the next fiscd year (September 1998), the company reduced

inventory to 6 days (an 80% reduction). By December 1998, inventory levels dropped to
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$25 million for atota reduction of 94% in fifteen months. By 1999 the company had

increased inventory turns from 10 to 180 [56]. But big revenue is not the key to success.
Nabisco, the $8.1 hillion food manufacturer, carried $260 million in inventory (96 days)
in 1999 as the company lacked a single focus on the supply chain [57]. Thisisin sharp
contrast with Delphi, who supplies the Alabama Mercedes plant with 2 days of inventory
[58].

Despite these successes, supply chain management had not yet reached
widespread application in the 1990s. By 1996, only about 25% of the 500 largest
manufacturing companies had sarted to formulate asupply chain management srategy
[50]. At the same time there was Hill atremendous potentid savings. Retailersin soft
goods and genera merchandise industries had achieved $13 hillion in annua savings out
of aprojected $102 billion in 1997 [52]. Even as late as 1998, waste in larger auto
industry manufacturing supply chains amounted to 20 to 30% of costs [59]. But supply
chain pressures are forcing manufacturers to rethink business practices [14], and
necessitate continued change to meet evolving expectations. As stated by General
Electric CEO Jack Welch, “If the rate of change ingde an organization is less than the
rate of change outside, theend isnear” [4, p. 9]. For companiesin this decade, supply

chaln management targets the chdlenges facing today’ s business.

Defining the Supply Chain and its Objectives
Before continuing discussions about the supply chain, it isimportant to first
edtablish some definitions of supply chain terms and outline the gods of the supply chain.

As defined by Swaminathan, Smith and Sadeh:
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“A supply chain can be defined as a network of autonomous or semiautonomous

business entities collectively responsible for procurement, manufacturing, and

distribution activities associated with one or more families of related products’

[60, p. 607].
Within asupply chain, Bhaskaran further defines apipelineas* the stream of
information, materials, components, and assemblies that are associated with a particular
product or tight family of products’ [61, p. 634]. Based on this concept, the supply chain
intotal consgts of dl the pipdineswithin it [61]. The latter definition emphasizes that
the supply chain entities are linked by oppodte flows of information and materid.
Together these concepts define the supply chain across awide range of situations from
co-located entities of the same organization to globaly dispersed entities represented by
numerous organizations. Given this conceptua structure of a supply chain, a number of
supply chain objectives can be identified [62]:

1) agility to accommodate changes,

2) reduction of the inventory costs,

3) minima response time to the market (through chain-wide inventory and

production management),
4) smoothing supply chain dynamics to reduce fluctuation in demand signd, and
5) dahility in supply chain dynamics for better forecasting of capacity
requirements and product qudity.

Basad on the supply chain definition and gods, there are four mgor decison areas which
impact the supply chain:

1) location (of production facilities, stock points, and distribution centers)
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2) production (product line, actud production facilities and distribution centers

used)
3) inventory deployment strategies (such as push versus pull) and control
policies (order quantities, reorder points and safety stocks)
4) transportation decisons (mode, shipment sizes, routing and scheduling).
Each of these congderations has both strategic and operationa e ements, though most
inventory management methods focus on the operationa perspective since these

decisonsimpact day-to-day operations [63].

A Simple Definition of Supply Chain M anagement
The purpose of supply chain management has redlly been congtant sinceits very

beginnings. Supply chain management is an enabler, atool to achieve a company’sgod.
In smplest terms, acompany’ s god isto “make money” [64]. But the manner in which
supply chain management approaches have changed to reach that goa continues to
change with the business environment. By the beginning of this decade, the definition of
supply chain management isal but clear, as reflected by the number of definitionsto be
found in use. But supply chain management is most Smply defined as “the overdl
systemwide coordination of inventory stocks and flows’ [1, p. 582]. Though smple, this
definition fully encompasses many key points that define the context for discussng
supply chain management issues.

“Overdl”: A redlity of businesstoday is that companies must optimize the operating

variables that affect financid measures as these ultimately impact shareholders [5].

As such companies must manage al events and activities, before and after
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manufacturing [20], that are involved in the ddivery of goods and servicesto the

market [26]. In thissense, the “overdl” nature of supply chain management includes
functions found across the organizations in the chain, from financid to human
resources to workflow functions [23]. More specificaly, this would include sourcing,
manufacturing (production and assembly), marketing, sales, order entry and tracking,
digtribution, delivery [65, 66] and product development [26]. This providesa
comprehengve view of factorsinfluencing cogts in each organization in the chain.
“Sysemwide’: The*sysemwide’ perspective expands the early 90s boundaries of
the enterprise, focusing now on the whole supply chain [65]. Instead of using apush
philosophy based on forecasts of customer demands, supply chain management
extends the “ concept of apull driven environment where the customer actudly drives
demand” [15], customer focus being the great potentia benefit [67]. Asthe focus
expands from an individua enterprise to the supply chain, planning functions have
moved “beyond the four walls of the firm” [22]. The assets of the system now
include equipment (as before), plus suppliers and partnerships [67] available to
organizations in the supply chain asthey drive to optimize the sysem [4]. As
organizations grive to diminate “ inefficiencies out of the entire chain from source to
consumption” [68], the entire supply chain changes to optimize its position in the
market. This*dynamic dignment” [27] is key to maintaining the competitive
advantages of the chain.

“Coordination”: The dynamic aspect of the supply chainiskey as supply chain

management is not an environmert of static control and measurement [10]. On the
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contrary, supply chain management amsto coordinate dl links in the supply chain to

maximize the gpeed and predictability of delivering goods to the customer. The
relaive vaue added by different links varies for different markets [69], and each
organization hasits own supply chain [21], requiring that each chain continualy
evauate its market demand and partner cagpabilities. “Coordination” in the context of
supply chain management goes far beyond the management of materias and stocks of
the 70s and 80s as the increasing chalenge for companiesis matching materid flow
with the associated information flow [70]. The coordination and sharing of
information is key in reducing risk and cost in the supply chain [22]. The biggest
chdlenge for manufacturers remains optimizing the increased communications while
moving to collaborative enterprises [71].

“Inventory stocks and flows™: As stated by David Glass, CEO of Wamart, “Thetwo
maost important things we can do are manage inventory and lower expenses’ [28, p.
149]. Manufacturing results in inventory, and even Make-to-Order (MTO) companies
face inventory issuesin deding with WIP [20]. System dynamics cause the mgority
of inventory found a every stage in the chain, most of which istotaly unproductive
inimproving efficiency or delivery performance [45]. Therefore, inventory control is
akey dement in supply chain management [72]. The objective extends beyond just
reducing inventories to ensuring that the purpose of inventoriesis met with minimd
cost [1]. The challenges facing companies in this next decade will continue to
intengfy. In the face of these pressures, supply chains must strive for continuous

inventory flow and achieve greeter inventory vishility along the entire chain [22].
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The supply chain needs to continue to focus on inventories, not only ensuring the

availahility of product, but providing an optima customer service level while

managing dl costs[74].
Overdl the supply chain manegement of today differs greetly from traditiond MRP with
an emphasis on pulling goods through the chain based on both customer orders and chain
condraints[46]. Today’s supply chain management brings a greater visihility of materid
flows that results in better defined manufacturing schedules and improved customer
service. The focus on inventories concentrates on replacing costly inventory with
relatively inexpendve information [49]. But supply chain systems are more than just
software. These systems are based on a new business philosophy and the application of
technology, and are changing the way that manufacturers operate and interact with the

supply chain [38].

TheRoleof Inventory in the Chain

The most common problemsin the supply chain include coordinating inventory
and capacity to maintain customer sarvice levels. The decisons regarding inventory are
important to the whole supply chain as the entities are “ highly interdependent,” and the
impacts from improving performance, increasing qudity, or decreasing costs [ 75] are felt
throughout the chain. Inventory decisons impact the supply chain at dmost every stage
as raw materias, work-in-process (WIP), semi-finished or finished goods. Asthe centrd,
common issue in the supply chain, invertory is a symptom of problemsin the chain, and
improvements in manufacturing can only be measured “in the context of inventory’s

performance’ [20]. The primary purpose of these inventoriesis to buffer against
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uncertainty [63] arising from demand, process and supply [75]. But the main drivers for

inventory are forecast error and system dynamics, with system dynamics serving asthe
primary driver. Asdemongrated by Forrester in Industrial Dynamics (1961), even with
zero forecast error a 3 stage supply chain has two week time delays between stages. A
sgngle 10% incresse in order rate in this system causes a 50% increase in demand at the
factory 2 weeks later, and the system continues to oscillate for 15 monthsin response to
that angle event. While the mgority of inventory in the supply chainis completely
unproductive in improving performance [45], the cost of these inventoriesis substantid,
with the holding costs of inventory running as high as 20-40% of the inventory vaue
[63]. As such, inventory is an “unwise approach to dedling with highly changing market
demand and short life cycles’ [75]. In the context of the supply chain, inventory isthe
most sgnificant hidden cost where the largest savings can be redlized [50].

Within the supply chain, there are four categories of inventories, each with
different reesons for its existence. It isimportant to understand the function of each type
such that any supply chain improvements undertaken focus on the purpose of each type
of inventory [1], and to drive to make the inventory flow in each pipdine both
continuous and visible across the entire chain. The four categories of inventory are;

1) Input Materids Inventory (IMI) — thisis conceptudly identica to raw
materias inventory (RMI) at the plant level that Hopp and Spearman have
defined as components, subassemblies or materias purchased outside the
plant [1]. However, the digtinction made hereisthat IMI originates from

outsde an individud pipdline such that the “system view” of the supply chain
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consders “raw materids’ as materias entering the pipeline. A mere

extrgpolation of the raw materias concept from the plant to the supply chain
would actudly entall tracking the change in inventory “status’ from one entity
to the next in the pipdine. Viewed asIMI, this materid dways enters the
pipdine from an externa source, and its characteristics are identica to raw
materias inventory. This differentiation in nomenclature becomes more
important in later andysis. At the production line leve, raw materids
inventory isa“necessary evil” that cannot be diminated completely even
using JT techniques. The three main factors impacting RMI sze are
batching, variability, and obsolescence (due to changes in demand or design)
[1]. These characteritics are expected to extend to IMI in the supply chain
environmen.

Work-in-trangt (WIT) — thisis andogous to work-in-process (WIP)
inventory, which is defined in the plant environment to include dl jobs
released to a production line that have not arrived at an inventory location [1].
At the chain level, work-in-trangit takes a dightly different perspectivein that
it includes dl jobs released to a pipeline, a distinction which will prove useful
in later andyss. WIT is another ement which can be reduced but not
eliminated. In aproduction line, typica WIP leves can exceed the critica
WIP leve (the lowest WIP level to achieve full throughput under the best
conditions) by large amounts (20 to 30 times). The WIP will exigt in five

gtates. Queuing (waiting for resources), processing, waiting for batch (delay
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for other jobs to complete a process or move batch), moving, or waiting to

match (waiting at assembly for other partsto arrive). However, the mgority of
WIP (more than 90%) can be found in three states. queueing (caused by high
utilization and variability in both flow and process), wait for batch (caused by
batching for process or trangport), or wait to match (caused by lack of
synchronized arriva of components as well as flow and process variability)
[1]. Itisexpected that these observations will aso apply to work-in-trangit
inventory at the chain levd.

3) End product inventory (EPI) — thisis conceptudly smilar to finished goods
inventory (FGI) at the production line leve, which is defined asfully
processed jobs not yet sold that are held in inventory for customer
responsveness. At the production line level, FGI istypicaly the result of
batch production, forecast errors, production variahility (in elther timing or
quantity), or demand seasondity (FGI held as build ahead inventory). Itis
essentid to view FGI as awhole as these five causes interact [1]. In this case,
it is expected that the concept will apply directly from the plant leve to the
supply chain as end product inventory, though EFI in the supply chainisheld
by entities nearest the end customer.

4) Spare parts— inventory held to support the production processes.

Of these types of inventory, process and flow variability are important factorsin IMI,
WIT and EPI inventories at the supply chain level, and subsequent discussons will focus

on these inventories specificaly. While many of the methods used to address FGI at the
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production line level can be applied to spare parts[1], the applications of these methods

at the supply chain level are beyond the scope of discussion in this paper.
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CHAPTERIII

PRODUCTION CONTROL PRINCIPLESIN THE SUPPLY CHAIN

Theinitid focus of production control was to effectively use resources to produce

goods in response to consumer demand while cresting profit for those investing in the

company. Ultimately this is accomplished by reducing the waste in the system by

ensuring the coordination of resources, which, after reconciling the conflicting objectives

of various parts of the organization, results in production plans and inventory policies for

the organization. In this capacity, the production control function interrel ates with other

functions in the organization, and this interdependency results in decisonsin one part of

the production control system impacting other areas. At the organizationd leve, the

The Production Control System
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Figure 3.1: Production Control System Relationships and Information Flow [76, p. 4]
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production control system starts with the customer. Figure 3.1 providesasmpligtic

overview of the interactions & this leve [76].

When viewed as a hierarchicd structure, the production planning and control
mode includes the el ements noted in Figure 3.1 plus some other features. For a pull
production system in particular, the hierarchica moded specifically addresses WIP levels,
while again emphasizing the interdependencies of the different dements of the
production control system. Figure 3.2 illustrates this modd.

Both of these moddsindicate that, regardless of the mechanism used (e.g., pull or
push) in the system, the basic eements and purpose remain the same. Bedworth and
Bailey succinctly defined the production control system and its objectives:

“The production control activity isachain of interrdlated events that function asa

sysem. The decisons are made for different horizons in time with different

degrees of accuracy. Yet they must dl occur if the find objective isto be met:
that is, to use limited resources effectively to produce goods that satisfy customer

demands and create a profit for investors’ [76, p. 6].

Interestingly, dthough this definition was written in the context of the organization, it is
just as applicable in the supply chain environment. As organizations expand their view

of the system to encompass the supply chain, dl of these activities must ill take place,
though production control activities for the chain may occur at different levels. At the
organization levd, the basic functions will continue, but the nature and role of these
functionswill likely change. For example, severd organizations in the chain may

perform agpects of the same function. At the other extreme, one chain member may take

amore prominent role, performing a particular function or functions for other members

of the chain. Theinteractions within the chain’s production control system will be more
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complex, but the generd relationships and interdependencies described in Figures 3.1 and

3.2 remain the same.

Anintegrd part of the execution of production control is the manufacturing
system, which, in turn, impacts the manner of control. In thisregard, the differences
between push and pull production systems should not be overlooked. 1n a push system,
production is scheduled. The release sgnd comes from outside the system (e.g., a
schedule not linked to the status of the process). Such is the case in a Make-to-order
(MTO) operation where production is based soldly on customer needs, a push system. In
apull system, production is authorized by asignd indde the system which triggers
materid releases viaa change in the process status. A basic sfock model isa pull system
in that orders are triggered when stock in the system fals below acertain levd. A pull
system offers severa advantages over apush system. Firdt, “a pure push system requires
higher average WIP levelsto atain a given throughput level” [1, p. 346]. The higher
inventory leves, in turn, dilute the effects of disruptionsin the system. Second, a pull
system limits the maximum inventory before the system is overloaded. The decreasesin
output when an outage occurs are unavoidable. But the pull system delays releases and
prevents overloading. This offers the third advantage, maintaining the flexibility for
engineering changes or changesin schedule priorities. Theloss of flexibility isan
important cushion for reducing the cogts of changes and expediting. The fourth advantage
isthat pull syssemstime work releases. This prevents congestion and keeps cycletime
down to “directly reduce the manufacturing costs associated with holding inventory” [1,

p. 345]. Generdly, pull systems are more efficient than push systems, requiring less WIP
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for the same throughput. Again, these concepts were developed and executed at the

production line level. However, these same principles can be extended to the supply
chain environment [1].

Both the basic concepts of production control and the different methods used to
achieve control at thelineleve in an organization can be extended to apply to the supply
chain levd. In particular, two approaches, Theory of Congraints (TOC) and Constant
Work-in-process (CONWIP), focus on the system constraint to manage and ultimately
reduce systemrwide inventory. As mentioned earlier, inventory deployment Strategies are
among the four mgjor decision areas in support of the supply chain gods. Thesetwo
methods can be extrapolated to the supply chain environmert as means to control and
grategicaly deploy inventory within the supply chain, focusing on inventory control asa
key element in supply chain management [72]. By doing o, organizations within the
chain can drive toward the chain’s objectives, while manufacturers specificaly can

redlize some of the potentia benefits.

Theory of Constraintsat the Production Line L evel
The Theory of Congraints was first developed in 1979 as Optimized Production

Timetables (OPT), with its current name adopted by Goldratt in 1987. At the shop floor
level, TOC uses Drum-Buffer-Rope (DBR), a scheduling methodology, in conjunction
with Buffer Management (BM) techniques [ 3] to execute the production schedule [2].
The focus of TOC is the system condraint, which ultimately determines the sysem
throughput, and the objective is to execute the finite schedule of the congtraint. TOC in

total conssts of three separate components. The first component, logigtics, is the most
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visible dement to operations managers, and congists of the scheduling process and

V-A-T Andyss. The scheduling process includes the DBR scheduling methodology and
BM techniques, while V-A-T Andyssisameans of identifying the generd product flow
to determine control point and buffer locations. The second component of TOC congsts
of the five focusing steps and the performance measurement system, and the third
component includes problem solving methodologies collectively known as the Thinking
Processes [2]. Since scheduling and schedule execution are the main focus, this
discussion will center on the first branch of TOC.

Under Congraints Management, control is exercised through five points. 1) the
system congtraint, 2) points of divergence, 3) points of convergence, 4) the gating
operation, and 5) the shipping operation. V-A-T Andyssisameans of dassfying
production processes to identify genera product flow and highlight these control points,
aswell asthe locations for strategic placement of buffers. Thisandyssis dso importart
in developing an overdl sysemsview. The anadyssis based on the Bill of Materids
(BOM) and the product routings. At the production line leve, there are two types of
BOMs. The planning BOM is a summary of the information describing the rdationship
between components. Thisisthe BOM that is normally used in computer production
planning systems such as MRP. This differs from a manufacturing BOM, which
describes the actud making of the product from raw materidsto finished item. The
routing is aso needed for analysis of the production process structure, and describes the
actua sequence of operations. The routing can aso include cycle times, sandard hours

per operation, and machine center identifications. Regardless of specific content, the
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routing shows the logicd flow of materid. The logic structure is derived from the

routing and the planning BOM to describe the overal flow of materia for a product or
product family. The end result of the V-A-T Andyssisthe identification of key
operations, control points and buffer locations. By focusing management atention in the
aress identified, the organization can improve the performance of the system [2].

Thename“V-A-T Andyss’ is derived from the three most common basic
structures observed. The most commonly observed structureis the T-structure, inwhich
the routing conssts of sequentid steps leading to the finished product as shown in Figure
3.3. In this structure, common components and assemblies which each have their own
routings are combined to creaste many different finished products. The T-gructure is
actually aspeciad case of the V and A-gtructures where the initid structure developsinto
amuch broader product line that offers more products with numerous features and
options. The critical convergent point in the T-structure is located at the end of the
process near the assembly and packing operations, and this control point dominates this
gtructure. In fact, the fabrication and assembly areas are viewed asif they are separate
plants. The most recognizable characterigtic of this structure is the large number of
combinations of finished products generated by alimited number of Smilar process steps.
Other characterigtics of this structure include:

- typicdly found in amake-to-order (MTO) or assemble-to-order (ATO)

environment
- excessve WIP and FGI are held to ensure prompt fulfillment of orders when

received
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- production activities are usudly labor intensve and include picking,

assembly, and packing operations
- ovetimeisoftenused to meet schedules
- misdlocation of parts (shifting acommon assembly or part of a shipment from
one order to another to meet schedules) or capacity is akey manageria
problem which often results in additiond overtime and misallocations.
Within this structure, atypica V-A-T Andysswould focus attention on the condraint
and the convergent operation, as well as the severd gating operations that most likely
exist [2].

CUSTOMER ORDERS

Truck Loading

Transporting

Packaging

Sorting

Inspecting
Picking
Retrieval

Operation O Constraint Q

Figure 3.3: T-Structure [2, p. 108]

www.manaraa.com



-42-
The V-gtructure, as shown in Figure 3.4, is the second most common logica

structure of production lines. This structure represents a divergent fixed flow, wherea
product family shares an identica routing and the products differentiate at divergent

points. The mogt sgnificant difference from a T-ructure is that afew types of materias

CUSTOMER ORDERS

kL

QQQ

Material

Operation O Constraint O

Figure 3.4: V-Structure [2, p.113]

(sometimes only one) are used to produce a variety of different products. The divergent
points in the V-gtructure are often the congtraints and, therefore the most important aspect
of this structure. Equipment is usualy expensive with specidized purpose, and

dependent setup times can be long. After the divergent operation, the materia generdly

cannot be shifted to production of another product since the customization occurs at that
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operation. Materid dlocation at the divergent point is a primary concern as workcenters
performing the divergent operation may misallocate materid to reduce the setup times
required and increase locd efficiencies. In this case, misalocations usudly involve
diverting the entire order quantity. Within this structure, atypica V-A-T Andysswould
highlight the congraint, the gating operation (usualy only one) and divergent points (if
not the congtraint) as important control points. Control of the divergent point is based on
both the congtraint schedule and the customer orders. Where multiple divergent points
exist, each must be provided information regarding order priorities and quantities. When
long setup times create near condtraints, a buffer can be used at the divergent point to
alow for process batching to reduce setup times and eliminate the near condraint [2].
The third most common type of structure isthe A-gtructure (depicted in Figure
3.5), which represents convergent flow where many raw materias and/or components are
processed or assembled to make afew finished products. This structure typicaly requires
awide variety of resources. Similar to a T-structure, the A-gtructure contains convergent
points, though these are located at production operations before packing and assembly
and can cause misdlocation of capacity. An A-gtructure is dso characterized by alarge
number of dissmilar routings, whereas V and T-structures usualy have comparatively
few routings. Each order may require a specific sequence of operations that may not be
repested for other products, often resembling ajob shop environment in which workers
are interchangeable in terms of skills and assgnment. Workers are usudly reassigned
throughout the day as priorities change and a“ significant amount of expediting” [2, p.

115] isusudly required. Generdized equipment is used for various operations on

www.manaraa.com



different parts, requiring long setups for different operations. A V-A-T Andyss of this
structure would identify the congraint (though often hard to identify and may often be a
specific skill or equipment required for most orders), convergent points, and divergent
points as important control points. In this case, convergent point schedules are based on

the congtraint schedule and the order priorities maintained such that non-constraint parts

CUSTOMER ORDERS

Operation O Constraint @I

Figure 3.5: A-Structure [2, p. 119]

arrive before condraint parts. A key factor is controlling misallocation of capacity at
upstream workstations, where batching to reduce setup times may result in late arrival of

parts or assemblies. The divergent points are controlled in asmilar manner, using finite
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schedules of actuad quantities required to reduce misalocation of capacity and reduce
expediting [2].

After identifying the control points through V-A-T Anayss, the other component
of the logigtics branch of TOC, the scheduling process, is used for managing the
production process described by the logical structure. Thefirgt portion isthe DBR
scheduling methodology which uses the control points to manage the system based on
“condraint cgpabilities” The objective of DBR isto maximize throughput usng
resource management. In this context, the congraint is any factor thet limits the system’s
throughput. As such, the congraint could be aphysical condition (insufficient capacity at
aworkgtation, or lack of materia) or amanagerid condition (a policy or procedure). The
drum istherate of congraint production on which the rest of the system is paced.
Buffers are intentionally established to protect the system againgt disruptions due to
variation so that throughput is maximized. The rope isthe means of communication
between the condtraint and the gating operation to ensure materid release is based on the
congraint production rate [2]. It isimportant to note that the rope is the materia release
schedule, which is, in turn, based on the expected congraint production rate. In this
sense, thereisno “pull” interface as found in pure pull systems (e.g., kanban) or in hybrid
systems (as a pus/pull interface). As such TOC is drictly a“push” mechanism [77]. Its
primary advantage over more traditiona push systems (like MRP) is the congderation of
constraint capacity, thereby representing more of a*“paced push” manufacturing system.

In CM, the buffers are specificaly located in the system, while mogt inventory “is

removed from al operations except where it provides strategic benefits. ThisCM
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approach uses inventory to reduce the impact of datistical varigbility” [2, p. 98]. Thefirst

location is the condraint, which is protected by two buffers. Thefirst isatime buffer
between materid release and the congtraint such thet the Size of the time buffer ismuch
larger than the sum of the processing times of the operations between these two points
[2]. Thegenerd “ruleof thumbin CM” isto initidly establish atime buffer of three [78]
to five times[2] the sum of setup and processing times, and then adjust the buffer sze
during production. The main purpose of this buffer isto ensure that the condraint is
continuoudy supplied. Therefore this buffer should be nearly full most of the time.
Another buffer is located after the congtraint. This buffer is a space buffer that will
prevent the line from being blocked in the event of equipment failure after the congraint,
and should remain empty most of thetime. Together these buffers serve to isolate the
congraint from other workstations. If the Sizes of buffers are maintained correctly, the
throughput of the line will only be impacted by the Satistical variations at the congtraint
[2], rather than the cumulative impact of variations through the line asin pure push
systems.

The second buffer location is the assembly operation buffer. Thisisagain atime
buffer and isintended to protect shipping from internal and externd disruptions. For
purchased parts, this buffer ensures that variability in delivery does not disrupt the
assembly schedule. This buffer so protects assembly from gatistica fluctuationsin the
production of non-congtraint parts, which can aso disrupt the assembly schedule. This

buffer dso isolates the assembly operation from variahility in the line for parts that are
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not routed through the congtraint (e.g., variability that is not buffered by the congtraint

buffer) [2].

The last buffer location is at the shipping operation to ensure that shipments are
not impacted by variability intheline [2]. With other buffersin place, the variability
observed at the shipping operation is only that introduced by the congtraint process. This
buffer is aso atime buffer that is added to the constraint schedule as a forward offset for
congraint parts. Parts not routed through the constraint, or “free goods,” can be
scheduled by one of two methods. In the first method, materid releaseis back scheduled
from the shipping time (subtracting an established shipping buffer from the shipping
time). In the second method, materia releaseis scheduled to ensure that new congtraints
are not created in the line, then the shipping buffer is added to determine the shipping
time[2].

The second portion of the scheduling processis buffer management, whichisthe
means of executing the production schedule by managing the content of the buffers.
Buffer management is explicitly defined as

“aprocessin which dl expedition in ashop is driven by what is scheduled to be

in the buffers (congtraint, shipping and assembly buffers). By expediting this

materid into the buffers, the system helps avoid idleness a the congtraint and

missed customer due dates’ [2, p. 18].

Asdiscussed earlier, dl of the control point schedules are based on the production rate of
the condraint. This controls the material release to prevent excess WIP, reduce
confuson and expediting, and to minimize misdlocation to maintain priorities. Themain
aress of emphasisin buffer management are the sequencing, Szing and composition of

the buffers. Buffer sequencing is based on the congtraint such that priority decisons
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enaure that items with highest margins are scheduled firgt. The CM margin isthe selling
price minus raw materials, for which direct labor and overhead are assumed fixed in the
short run. Based on this definition of margin, the priority of items a the congraint can be
determined by the contribution per congtraint minute [2].

The buffer istypicaly Szed so thet it remains, on the average, hdf full. Itis
composed of the jobs scheduled to arrive in the buffer during that period and includes
setups, which are viewed as components in front of the machine center and are sequenced
for “processing.” The buffer areais managed by dividing it into three regions, which can
be physically outlined on the shop floor. Each region represents an equa portion of the
totd buffer time [2]. Region three of the buffer is essentialy the portion of the buffer
that can drop to zero inventory with no action required. “Holes’ that appear in region
two indicate that parts required for the constraint are missing, and these must be located
and tracked to ensure the timely arriva in the buffer. Expediting is not required until
“holes’ appear in region one of the buffer. At that point, missing parts can sarve the
congtraint [ 78] and impact the output of the congtraint (and, therefore, the system). As
production occurs, the compaosition of the buffer changes [2] and the actud sizes of the
regions can vary based on the production lin€ s ability to react to these Sgnals[78]. The
physicd divison of the buffer dlows supervisors to monitor the buffer for potentia
problems. Asthe buffers are monitored, the size of the buffer is decreased until “holes’
appear in theregions [2] with the minimum buffer Sze targeted a aleve so that 90% of
the parts can be processed without expediting [78]. Improvement efforts can then focus

on the causes of these holes as part of the continuous improvement process[2].
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When DBR and BM are implemented at the production linelevd, theresult isa

system that times materia release with the anticipated pace of condraint production.
This method focuses on scheduling the system condiraint, and using this schedule to drive
other componentsin the production line. Figure 3.6 outlines the conceptud modd of

DBR and BM in production.

\ 4
aterial\ p Upstream Constraint ! Space Downstream Shippin L
: Constraint - . pping Shippinc
Pefai'on? Buffer » L Buffer Operations Buffer ppme

Constraint-based Schedule (trigger mechanism)

Production Sysem

Figure 3.6: Basic concept of DBR and BM in production

Congtant WIP (CONWIP) at the Production Line Leve

An dternative to the TOC approach to production control is the factory physics
approach developed by Hopp and Spearman [1] which is based on the need for a
feedback mechaniam for an effective production planning and control sysem. Inthis
gpproach, the focus is on shop floor control (SFC) which “is where planning meets parts’
[1, p. 453]. If well designed, SFC controls the flow of materia while making the design
and management of the rest of the production planning system easier. In practice, SFCis
generdly not given enough focus and is perceived as Smple materid flow control thet is
dependent on scheduling. Perhagps the varying nature of manufacturing systems, which
“makes a uniform SFC module for al gpplications...impracticd, if not impossble’ [1, p.

482], contributes to this narrow view. In abroader view, SFC not only controls material
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flow, but it establishes links between a number of other functions that can be designed

into the SFC module of the production planning and control syslem. The centra
component of SFC is, in fact, materid flow control, which drives materid relesse,
workstation sequencing, and materid transport. The other functions inherently related to
materia flow control are:

1. WIPtracking — tracking the location of partsintheline

2. Statusmonitoring — maintaining the status of the line other than WIP levels (such
as maming and machine atus)

3. Throughput tracking — measuring output of aline or plant againg production
goals or customer due dates to anticipate additional manning requirements for
production

4. Capacity feedback — usng updated information on capacity estimates used to
make sure that execution is condgstent with planning and monitoring input and
output to track actua capacity over time

5. Work forecasting — predicting the arriva time of jobs a pecific stations to
anticipate and prepare for specific jobs

6. Qudity control — monitoring quaity a move points (an opportunity for Satistica
process control (SPC)) and linking to other functions to identify: replacements
needed for scrap (coordinated with materia flow control), blockagesin the line
when parts do not move because of qudity problems (coordinated with WIP

tracking), upcoming potential system delays (coordinated with work forecasting).
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Given this range of functions, a SFC mechanism must be tailored to specific

manufacturing systems so as to be managegble and effective [1].

The need to focus on SFC is driven by the inevitable difference between the
sequence in which work is completed and thet in which it is planned. Recognizing that
this difference will exigt, the am isto use the schedule as a guide and make changes
based on the actud dtate of the system. The factory physics approach seeks to take
advantage of the benefits of both pull and push with the objective of tracking and
improving the system throughput. Although capacity ultimately drives system
throughput, it is not easily observable. Since WIP is easily observable and robug, itisa
better candidate for a control parameter than system throughput, hence the emphasison a
congtant limit on the upper bound of system WIP (constant WIP referred to as CONWIP).
By limiting WIP leves, system cycle time decreases and throughput increases. At the
same time, the limited WIP drives system improvements, as high throughput cannot be
maintained at low WIP levels unless sources of variation are identified and diminated.
While pure push systems alow WIP to increase to mitigate the impacts of varigtion, the
WIP limit highlights sources of variability and provides “ pressure that promotes
continuous improvement” [1, p. 348].

The CONWIP approach is based on the concept that the rate of thelineis
ultimately determined by the bottleneck. In lines where dl parts follow the same routing,
throughput is a direct function of bottleneck utilization. A basic CONWIP mode entails
timing releases with completions to maintain a congtant WIP level. Thismodd

approximates the real system as long as routings are constant, processing times for dl
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parts are Smilar, there are no significant setups and flow islinear (no assemblies). Under

these conditions, abasic CONWIP line would appear asin Figure 3.7. This basic modd
is mogt eadily implemented using CONWIP cards to maintain an upper limit on the

system WIP, functioning smilarly to kanban cards in lean manufacturing sysems[1].

Schedule Materia > Production Line Downstream
Release, AT Operations

Work Completion (trigger mechanism)

Production System

Figure 3.7: Basc CONWIP line

Looking at more complex situations, other CONWIP configurations may be
preferred even when the assumptions of the basic CONWIP model apply. One dternative
may include designing the line as tandem CONWIP loops or as Solit loops. Designing
the line as tandem loops entails establishing separate CONWIP loops that are separated
by buffers. Each loop maintains different WIP levels and can run as linked or unlinked.

In linked loops, CONWIP cards remain atached until the jobs leave the interloop buffer
s0 that the condition of one loop impacts the condition of the other linked loops. The
configuration might gpply to non-bottleneck loops which run at a speed fast enough to
keep up with the rest of the line. When CONWIP cards are released when the job enters

the interloop buffer, the loops remain unlinked and the buffers between adlow these loops

www.manaraa.com



-53-
to temporarily run a different speeds without impacting each other in the short term. The

unlinked configuration may be used, for example, when one loop can be identified as the
bottleneck loop. In either configuration, the CONWIP loops will run at a speed that
approaches the bottleneck rate over the long term. Such a setup may be desirable for
gpan of control consderations in the organization or to more closaly approximate the
control achieved by kanban systems by increasing the number of CONWIP loops. The
interloop buffers aso dlow for “passng points’ where higher priority jobs can move
ahead. In addition, andyzing the system is smplified somewhat as each loop can be
andyzed separately. However, there are severd tradeoffs. Using alooped configuration
ismore complex in terms of the implementation and the communication required to
support production. Efficiency is adso degraded because of the additional WIP and the
increased cycle time created by the interloop buffers[1].

The existence of a shared resource across routings a so presents a more complex
gtuation for contralling production since incoming work is avalable from multiple
routings. By establishing CONWIP loops before and after the shared resource, parts
needed most urgently at downstream workstations can move ahead of other jobsin the
buffer. In the loops adjacent to the shared resource, the overall sequence within each
loop can be maintained asfirg-in-system firg-out (FISFO) such that production is linked
with demand asin a pull system. At the shared resource, jobs can be sequenced by age so
that the work needed soonest is completed firgt. This configuration not only smplifies
management of the shared resource, but the routings in this configuration can aso be

andyzed independent of one another, making the system andys's somewhat more
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managesble. By relaxing the basic CONWIP assumption of no significant setups,
additiondl control parameters are needed to define the number of parts from one family to
process before changing to another family. If the load of the productsisfairly constant,
the shared resource capacity can be alocated to specific part families based on aleve
volume of product in the routings. Similar to availability, this method decreases the
overdl time available for processing parts in each routing, thereby increasing the
effective processng time. With afairly steady volume of products, each routing can be
goproximated with the basic “conveyor” modd. However, the greater the fluctuation in
loading on the lines, the greeter the variation introduced into the system, with an impact
gmilar to the variability introduced by long, infrequent equipment outages [1].

By further rlaxing the basic assumptions, the problem becomes more complex.
Such is the case with many product families, where processing times can differ and
sequence dependent setups might exist. This Stuation does not lend itself to control
using WIP limits because of the varying processng times. As an dternative, the total
amount of bottleneck processing time present in the line can be tracked and used asthe
trigger for materid release. This same approach can be effective where multiple routings
exist. However, most manufacturing systems do not resemble smple models and are not
adways sable, so it is often difficult to identify the bottleneck. For complex
manufacturing systems, no production control modd “can entirely mitigate the negetive
effects of highly variable demand” [1, p. 458]. Problems that can arise in gpplying the
CONWIP modd are: premature releases, when WIP levelstrigger release of materids

which are planned beyond a specified future window, and bottleneck starvation, which
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can occur when downstream machines fail and there is no mechanism to authorize

additiona releases. Theissue of premature rel eases can be addressed by establishing a
gpecific rlease window which is used in conjunction with WIP leve s to trigger materid
release. The basic CONWIP method can be modified in a manner smilar to the Drum-
Buffer-Rope technique which is referred to as the Pull From Bottleneck strategy. This
strategy addresses the bottleneck starvation by establishing a CONWIP loop from the
beginning of the line to the bottleneck, and using a push srategy for the workstations
following the bottleneck. The PFB strategy can then be used for routings through the
bottleneck, while non-bottleneck routings are run as CONWIP loops. The non-bottleneck
routings can aso use the combination of WIP level and release window if the volume is
not steady [1].

With the PFB drategy, the location of the pushvpull interface, that boundary
between the CONWIP loop and the downstream push portion of the line, has important
impacts that depend on both customer requirements and the actua production process.
By locating the push/pull interface closer to the customer, the customer may perceive
better serviceif thereis a noticeable increase in the gpeed of service. The characterigtics
of the process are important in that some steps may not lend themsalves to the conditions
imposed by the interface location. For example, the location of the interface may require
that materials resde in a buffer a a specific point in the process, but those materias may
not be easily handled or stored for the required length of time. At the sametime, the
number and locetion of the divergent points, where customization occurs, must aso be

consdered. If there are very few finished goods produced, locating the interface closer to
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the customer may be accomplished with a reasonable levd of finished goods inventory,

whereas aline producing alarge number of finished goods would require an interface
located further upstream to avoid excessive amounts of inventory. This later example
relies on variability pooling. By locating the interface further upstream, less safety stock
is needed to protect the line from disruption due to variability. This ddaysthe
customization of the product until specific customer demand exists [1].

Assembly operations introduce a more complex Situation because the arrivals
must be synchronized to avoid negative impacts on the system. The importance of the
assembly operation often necessitates that the requirements for this operation dominate
the control of the production in that the find assembly schedule drives the schedule of
upstream fabrication operations. The assembly operation will trigger the release of
materid into the preceding fabrication lines, which are operated as CONWIP loops with
specific WIP levelsfor each. As separate loops, each is separated from the assembly
operation by an interloop buffer. The completion of assemblies then triggers materid
release into the fabrication lines

General Consderationsin Applying Production Control Methodsto the
Supply Chain

As previoudy discussed, production control objectives remain the same at the
supply chain level, suggesting that smilar, if not the same, methods gpplied to the
production line may be applied to the chain environment. The focus a the chain levd is
the control of production activities by planning and controlling materid flow through

control points. There are several similarities between these two environments:
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1. thelineleve routing is smilar to the supply chain pipdine introduced eearlier.

This“routing” congsts of “machine workcenters’ represented by the various
organizationsin the chan.

2. thecondraint isthe bass for the system outpui.

3. thefocusison inventory in the system as arobust control parameter.

There are ds0 severd important differences to consder at the supply chain level:

1. thereisno planning BOM counterpart in the supply chain environment.
While a consolidation of organization level planning BOMSs could serve this
role if compatible, transportation is an important issue that would not be
addressed.

2. athelinelevd, trangportation is not a significant issue, but supply chains are
geographically dispersed. The geographica disperson of activitiesis
consdered by viewing logigtics as a“production process’ [2]. While varying
definitions of logigtics exist [79], in this discussion the term logidtics is used
to refer to the transportation network between supply chain activities.

3. contrary to the line level model, setups at the chain level are not considered.

4. thebasic definition of “product” or “end product” is adso fundamentaly
different. Customer requirements a the chain levd include the “finished
product” in a specific place a a specific time. While many qudity
philosophies emphasize this concept, it is critical to the gpplication of
production control methods at the chain level asthis differentiates between

supply chain pipelines.
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The application of congraint-based production control methods paralelsthe

production line leve. A smplified supply chain will be used to illugtrate the gpplication.
In thismodd, asingle physica product is produced and sold through geographicaly
dispersed retailers. Each of the supply chain pipdinesis differentiated solely by
variations in the trangportation “processng time” or capacity, anaogous to products
routed through a series of shared resources. Implicit in thismode are severd important
assumptions:

1. inlieu of setups it is assumed that Sgnificant retooling of an organizationina
supply chain pipdine would most likely not occur. Rather the composition of
the supply chain would more likely change when facing a dragtic shift in focus
or requirements.

2. if trangportation “ processing” timeis not the same or smilar, that portion of
the channd may require management as a distinct supply chain pipeline.

3. the system congraint(s) can be identified.

4. product volumeis steady enough for a stable congtraint.

Theory of Congtraintsat the Supply Chain Leve

At the expanded chain levd, it is il important to identify the five control points.
The agpplication of V-A-T Andyssin the chain environment pardlds the gpplication at
the production line level. While there is no planning BOM, each control point (constraint,
divergent points, convergent points, gating operation and shipping operation) hasa
counterpart in the supply chain, where shipping is viewed as the last transport process to

the customer. Using V-A-T Andysss, the supply chain structure will vary by the type of
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goods manufactured and distributed by the chain. In each, trangportation is depicted as a

process by which pipelines differ in either processing time or capacity.

The expendable consumer goods chain (Figure 3.8) is the firgt type of supply
chain to examine. In thistype of chain, the distribution link isthe mogt criticd, and the
distribution network is most likely sophisticated [48], implying larger numbers of
retallers. Not only do divergent points largely dominate this structure, but other
characterigtics of the production line level V-structure dso apply. Materid after the
divergent operation is generdly not available to be shifted to another pipeline, though the
differentiation has only occurred through transportation “processing” o this portion of
the processis more easly reversble. Materid dlocation at the divergent point remainsa
primary concern. In thisingtance, abuffer could be used at the divergent point to alow
for risk pooling to reduce downstream risks [79], smilar to the approach to long setup
times a the line level. However, this Strategy would require consderation of the
disadvantages of the additiona inventory in the chain created by risk pooling. Further,
where multiple divergent points exist, each requires information regarding order priorities
and quantities. Even though thismodd is very smpligtic with very few divergent points,
it quickly becomes fairly complex.

An A-gructure ismore typica of a durable consumer goods chain as shownin
Figure 3.9, where the purchasing component is as critica as alarge number of raw
materias and component suppliers can be included in the chain [51]. As at thelinelevd,
this structure is characterized by the combination of many raw materials or components

to produce relatively few finished goods. At the chain levd, this structureimpliesa
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fewer number of retailers than might be found in a V-structure, and involves alarger

number of supply chain pipdines that converge. Convergent point schedules are based
on the congraint schedule and order priorities must be maintained to avoid late arriva of
non-congtraint parts because of misalocation upstream. The divergent points are dso
controlled using finite schedules of actud quantities to reduce misalocation of capacity
and diminate expediting.

The third type of supply chain (shown in Figure 3.10), that producing and
digtributing complex discrete products [51], would really show characteristics of the A-
gructures. Asthe manufacturing of components has a much more sgnificant impact on
the chain, the ability of the manufacturing organization to respond quickly without usng
inventory becomes more important. With ill afairly high rdiance on the purchasing
components, thistype of structure would involve even fewer retallers than the typical A-
Sructure, with acritica convergent point at the end of the process asis characteristic of a
T-dructure. This convergence point isan essentia control point in this chain structure,
Heavy manufacturing supply chains (such asindudtria equipment, aerospace and
defense) would typicdly involve this structure. Other production line characteristics
might aso apply, as the chains would typicaly operatein an MTO or ATO environment
and production activities in the manufacturing organization are usualy labor intensve,

The same operations in these chains could produce awide variety of combinations for the
end product.

Overdl, the V-A-T Andyss a the chain level indicates smilar control points for

anaogous structures. The expendable consumer goods chain, with a V-type structure,
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would be controlled through the congraint, the gating operation (usudly one), and

divergent points (if not the congtraints). A durable goods chain, being Smilar to an A-

structure, would be controlled through convergent points which are located before the

packing and assembly, the congraint and divergent points. Lastly, the complex discrete

products chain would be controlled through severa gating operations, the constraint and

convergent operations. The gpplication of V-A-T Anadyss at the production line and

supply chain levelsis summarized in Table 3.1.

Table3.1

SUMMARY OF V-A-T ANALYSISAPPLICATIONS

Production LineLeve

Supply Chain Leve

Elements Product Routings Supply Chain Pipdines
Panning BOM No counterpart
Output Identifies 5 control points, key ?;nne S}:'tpprlggelét[ftlﬁg
operations, and buffer locations. Sport p
customer
Use Focus management attention on
specific areas to improve system Same
performance

In examining the gpplication of DBR to these chain structures, the basic concepts

goply farly directly asshownin Table 3.2. The locations of the various buffers

(condraint, assembly and shipping) are consstent with the line level gpplication. The
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SUMMARY OF TOC SCHEDULING PROCESS APPLICATIONS

Production Line L evel Supply Chain Leve
Drum Rate of con_stra' nt Rate of gongra' nt
workstation organization

Condraint buffers—time
buffer before, space buffer

Buffers after Same
Assembly operation buffer
Shipping Operation buffer

Rope Condraint-based schedule Samne

Means of schedule
Buffer Management execution by managing the Same
content of the buffers

basic concepts of BM aso apply.

impact actud implementation:

However, severd practica issues arise that might

1. cogsand locations of inventory — amethod for determining cost distribution

IS necessary as inventory is consolidated at specific points in the chain rather

than throughout the chain. Further, while not necessarily anissue @ the line

level, the specific locations of the inventory in the chain would need to be

resolved. For example, an assembly buffer between a transport process and an

assembly point could be located at the freight company’ s destination point

facilities or at the assambler’ sfacilities.

2. determining the buffer sze — the actua mechanism for determining buffer sze

should be determined by function within the chain. However, as indicated

ealier, large retallers have used their leverage to dominate the supply chain.
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3. digtinguishing between Raw Materids Inventory (RMI)/Work-1n-Process

(WIP)/Finished Goods Inventory (FGI) and Input Materias Inventory
(IMD/Work-InTrangt (WIT)/End Product Inventory (EPl) — supply chain
inventory issues must be differentiated from organizationd level issues. Since
traditiond line leve categories of inventory (eg., RMI, WIP and FGI) vary a
each stage of the chain as product moves from one organization to the next,
supply chain inventory designations (eg., IMI, WIT and EPI) remain the same
throughout the chain. This dlows identification of inventory held for supply
chain management purposes, making it easer to address issues of inventory
cost and control. This also requires exact inventory control, perhaps in near
real-time or red-time.

4. increasng complexity — even with asmple example, the modd begins to look
farly complex. Reaxing the assumptions could quickly result in avery
complex situation with multiple interactions between pipelines and
organizetions in the chain.

5. achieving Jug-1n-Time (JT) information — as information replaces inventory
in the supply chain, the need for AT information becomesincreasingly
important. In addition to communicating between the chain organizations,
data must be reliably transferred.

6. identifying the congtraint — it may not be possible to specificaly identify the

condtraint.
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7. sequencing across severa pipelines — even the most smple structures will

mogt likely involve routing severd pipelines through at least one of the same
(and perhaps severd of the same) organizations. Thiswill require sequencing
flow in amanner smilar to ashared resource. However, priorities must be
communicated across the various organizations, relying on an effective
communication network.

8. exploding WIT —just as push systems at the line level can experience aWIP
explosion, gpplying TOC a the chain leve presents the possibility of aWIT
exploson. The “paced push” aspect of TOC could mitigate this, but the
possihility of aWIT explosion Hill exigs.

Regardless of structure, though, the application of the TOC modd to the supply
chain environment addresses important concerns and provides important benefits, which
specificdly include:

1. ahility to react to change — employing TOC directs the correct information to
the appropriate control point, enabling the chain, as a system, to react to
changes more quickly.

2. reductionininventory — srategicaly locating inventory in the chain, and
replacing inventory with information, decreases overdl inventory costs
throughout the chain.

3. minima response time to the market — by reducing inventory, overdl chain

cycle time decreases and respons veness increases.
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4. reduced demand digtortion — thisis especidly important for the manufacturing

organization in the chain. By tranamitting customer demand directly to the
congiraint, other activities in the chain are then based on the condtraint
schedule, diminating, or at least mitigating, amplification of the demand
sgnd up the chain. This eiminates the need for each link to generate
independent forecasts.

5. increased gability in the chain — more predictable demand means more

gability in the chain, dlowing better forecasting of customer requirements.

6. prevention of Sarvation — ensures the condraint and the assembly operations

are continuoudy fed.

7. enhanced customer service — by locating the shipping buffer near the retailer,

customer sarvice isimproved by better response to changing customer needs.

8. defined information flow — identifying specific links which need red-time or

near real-time information reduces unnecessary informetion exchange.

The application of the TOC concept in the supply chain consolidates the flow of
information. It creates a more structured forum that both promotes and requires
coordination in the chain to succeed. TOC concepts aso concurrently address severd
important congderations which are essentid to achieving the objectives of the chain,
while producing specific benefits for the manufacturing organizations in the chain. The
implementation concerns and benefits when applying TOC to the chain are summarized

in Tables 3.4 and 3.5 respectively (pages 81 and 82).
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CONWIP Conceptsat the Supply Chain Leve
In applying the factory physics CONWIP approach to the same structures

described in the previous section, the andyss again pardlds closdy the production line
concepts. Examining each dtructure individualy, the CONWIP approach offers more
flexibility in the types of drategies available to address concernsin the chain structure.
Specificaly these strategies include:

1. Basic CONWIP loops

2. Tandem CONWIP loops (linked and unlinked)

3. Pull From Bottleneck (PFB)

4. Assembly loops.
Asinthe TOC andysds, the first structure to look at is the expendable consumer goods
supply chain, again andogous to the V-dructure. While many possible configurations
exist, one possible gpproach to this type of chain structure is shown in Figure 3.11. The
main focusis on smplicity, asthe supply chain environment is dready complex enough
to manage. More complex controls are only used when absolutely necessary. As such,
this structure chain can be most easly andyzed as separate stages divided by the
divergent points. Asdetermined in the TOC andysis, thisisalogica control point in the
CONWIP modd aswell since these are points of customization in the chain. Since the
stages form a serid configuration, it makes senseto look at the stages as tandem
CONWIP loops. For each stage, focusing on the most effective means of control (e.g.,
balancing smplicity and cagpability), the first lage could operate as abasic CONWIP

loop. Thisloop should operate as alinked loop sinceit is the non-bottleneck. The
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interloop buffer is best located at the divergent point to consolidate any inventory held as

far upstream as possible (arisk pooling strategy [79]). The second stages of the chain are
the bottleneck loops. Both can best be operated using the Pull from Bottleneck (PFB)
drategy within thisloop, unlinked to avoid disruptions at the condraint due to
downstream outages. Theinterloop buffer is, again, held at the divergent point to
postpone customization. The last stage of the pipeline is dso operated as alinked
CONWIP loop. An EPI buffer at the retailer serves as the pushv/pull interface, offering
better customer service and responsiveness to the end customer.

The next chain structure, the durable goods supply chain, is aso divided into
dages a the divergent points, and involves the strategy used for assembly operations.
The condraint paths shown in Figure 3.12 are the main pipelines with other pipdinesthat
merge considered as non-bottleneck loops. While this structure requires a more complex
approach, the focus remains on using the most basic CONWIP tools to achieve effective
control. Inthe Product 1 pipdines, the first loop (from raw materid to end product
manufacturer) isthe congraint loop for that pipeine, so the unlinked PFB loop isagain
appropriate here. The End Product Manufacturer is the assembly point. Both loops
feeding this assembly operate as basic linked CONWIP loops and maintain an interloop
buffer that functions smilarly to the assembly buffer in the TOC andyss The
Component Supplier at the left of Figure 3.12 isadso at the first stage of the pipdine, and
could require an IMI buffer upstream to ensure the assembly operation does not starve.
This buffer would only be necessary if the loop is ungtable or has very long cycle times

that might impact the inventory level of the interloop buffer. The interloop buffer
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preceding the trangport operation feeds the loop which converges a the assembly

operation. The necessity of this buffer would again depend on the “processing time” and
capacity of the transport operation, and would be unnecessary if the transport operation
can reliably supply the assembly operation from the interloop buffer at the divergent

point preceding the trangport operation. If these interloop buffers are necessary, both
could be held at the end product manufacturer performing the assembly operation, or a
the distribution facilities of the freight company. The End Product Manufacturer isaso
the divergent point, so the interloop buffer would be maintained there. The second stage
the entire congtraint pipeline operates as a PFB linked loop with the EPI buffer located at
the retailer.

The application of the CONWIP grategies in the complex discrete manufacturing
chainin Figure 3.13 employs the same gpproaches as in the other Sructures with minor
exceptions. Here the congtraint loops merge at the End Product Assembly operation. In
this case, the center Materid Supplier (labeled “Primary Congtraint Loop”) isthe best
candidate for the main congtraint pipeline sinceit feeds two assembly operations. The
entire loop from Materid Supplier to the find transport operation functions as the
congraint loop in the pipeline. Since the loop interfaces directly with the End Customer
of the Product 1 pipeline would aso operate as alinked basic CONWIP |oop with an EPI
buffer a the retailer, just asin the expendable goods chain. For Product 2, the first stage
could begin a either raw materid supplier on theright side of Figure 3.12. However,
since the raw materia supplier feeds adivergent operation that subsequently merges a

the next leve in both pipelines, thisloop isthe best candidate for the non-bottleneck
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loop. Thiscould dsoinvolve an IMI buffer a the Raw Materid Supplier, which, in this

case, would most likely be necessary. The interloop buffer held at the Component
Subassembly would function as abasic CONWIP loop. The transport operation would
hold the interloop buffer, but this buffer could be unnecessary if the trangport
“processing” timeislow with high capacity and low utilization of the trangport resource.
The congtraint loop for Product 2 begins a the Raw Materiad Supplier on theright side of
Figure 3.12. In this case, the first stage extends from the Raw Material Supplier to the
retaler. The congraint buffer is maintained a the Component Assembly operation, and
(no buffer for such large, expengive itemsthat are most likely MTO), the congraint loop
operates as alinked PFB loop. End Customer demand is transmitted directly to the
condraint. At thelineleve, the assembly operation can be used as the trigger for
materid release. However, in the chain structure, assembly operations in the constraint
loop would not function as the materid release trigger, but would rely on the congraint as
the materid release within the congraint loop. While this strategy could be used at the
chain level, the existence of two or more serid assembly operations could introduce
demand amplification. Typicdly at thelinelevd the schedule is tranamitted back from
the assembly operation, subjugating fabrication operations to assembly [1]. In asupply
chain with multiple serid assembly operations, tranamitting the demand up the chain
sequentidly through each assembly operation could amplify the demand sgna through
the Bullwhip Effect, just aswhen serid linksin the chain independently forecast demand.
The secondary congraint operates as an unlinked PFB loop which feeds the interloop

buffer closest to find assembly. Thefirst stage loop beginning with the Materid
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Supplier on the right side of Figure 3.13 operates as an unlinked basic CONWIP | oop.

As discussed in the context of the durable goods chain structure, loops terminating & a
divergent point could function as linked or unlinked loops, depending on the processing
time of the trangport operation, the capacity and the utilization of the transport resource.
The remaining loops dl function as basic CONWIP loops and each could have IMI
buffers at the firgt link in each pipeline. As mentioned before, the necessity of each IMI
buffer should be evaluated based on the transport processing time, capacity and
utilization of the transport resource.

Applying the CONWIP principles and strategies to the supply chainisfairly
graightforward and the concepts extrapolate well to the expanded system. The
gpplication of CONWIP in the production line and supply chain environmentsis
summarized in Table 3.3. In this context, the gpplication of the factory physics mode is
basad on the following assumptions:

1. non-bottleneck CONWIP |oops have enough capacity to “catch up” to
the congtraint loop in the event of an outage in the non-bottleneck
loop.

2. thecondraint isidentified.

3. the assembly operations require anumber of components from each
supplying non-congtraint loop that can be provided without the loop
becoming a bottleneck or near-bottleneck.

With these assumptions in mind, using factory physics a the supply chain leve bringsto

light some practical issues that might impact implementation. The first Sx issues
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Table3.3

SUMMARY OF CONWIP APPLICATIONS

Production Line L evel Supply Chain Level

Same; used with

Basic CONWIPloop | Releasestimed to maintain constant WIP linked/unlinked strategies

CONWIP cards released after the next loop

accepts the job so downstream loop Same; interloop buffers
impacts upstream loop held upstream

* non-bottleneck loop

Linked tandem loop

Same
* used in conjunction
CONWIP cards released as jobs enter with PFB in the constraint

Unlinked tandem interloop buffer so successive loops loop with interloop
loop operate independently in the short term buffers upstream

* bottleneck loops * used to feed interloop
buffers preceding

assembly operations

CONWIP loops before and after shared
resources provide a means to reprioritize Potentia application but

Split loop work in the buffers while maintaining not addressed in this
FISFO sequence model
* shared resource
Multiple product Totd bottleneck proc&_ssing timeis Potential applicgtion _but
tamilies tracked/controlled and is used as the not addressed in this
release mechanism model

Same; push/pull interface
location balances service
level and postponement
* used with unlinked
tandem loop for
constraint with interloop
buffers upstream

Prevent bottleneck starvation by
Pull From establishing a basic CONWIP loop from

Bottleneck (PFB) | thebeginning of the line to the bottleneck,

then using a push strategy downstream.

Different; material release
not based on assembly
completion as serid
assembly operations
could amplify demand

Dominates upstream fabrication operations
that are run as separate CONWIP loops
with assembly completion as the release

trigger

Assembly Operation
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highlighted by the TOC andysis (pages 65-67) aso apply to the application of the factory

physcsmode. In addition, other issues may arise such as:

1. implementing the release feedback mechanism — establishing a
mechanism to trigger release across severa organizations could be
complex and difficult to establish. Systems employing the CONWIP
controller concept [1] would simplify thistask, but would increase
reliance on reliable, real-time or near real-time eectronic data
exchange.

2. coordinating capacity requirements — thereis no “best guess’ schedule
for coordinating capacity requirements across organizations. From a
functiond manager’ s perspective, this would increase the difficulty of
managing resources within the organization.

3. mantaning supply chan inventory levels— in the structures
examined, the number of buffer locations increases, especidly in the
complex discrete manufacturing chain.

Theflexibility offered by the variety of strategiesin the CONWIP approach
provides anumber of advantages in addition to those found through the application of
TOC (pages 67-68). Specificdly:

1. re-prioritizing work in the pipeline — the interloop buffers alow for re-

Seguencing or re-prioritizing work in the pipdine.
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. postponement of customization and cost — holding interloop buffers at

upstream links delays customization and trangportation expense until
absolutely necessary.

. preventing condraint sarvation — unlinked PFB 1oops prevent shutdown of
the congraint loop in the event of downstream outages.

. identifying the condraint — while the structures examined do explicitly

identify the congraint, the pipeline could operate with only the condraint loop
identified. In this case, the congtraint loop would operate as an unlinked basic
CONWIP loop.

. ampler configurations — loops can involve fewer organizations, relying on

less complex rdationshipsin the chain. As supply chain management is
aready complex enough, the least complex control method is preferred.
Further, samdler loops minimize unnecessary information exchange and
decrease the size of the information feedback 1oop.

. benefits of apull sysem — the CONWIP approach incorporates the advantages
of pull production, providing better inventory control. This may ultimately
counter the impacts of more buffer locations by keeping smaller amounts of
inventory a more locations. With better control of WIT offered by the pull
aspect of CONWIP, the overal WIT could till be lower than that observed
with TOC, even with more buffers.

. Subdividing the system — in theory, the syster should have only one

congraint. However, as recognized by the factory physics gpproach, it is often
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difficult to explicitly identify the congtraint in a production line. The Stuation

isfurther complicated by near congtraints and floating bottlenecks. TOC, on
the other hand, does not explicitly address these Stuations beyond the
existence of two parald operations which are both capacity constrained
resources (asin Figure 3.11). The problem of congtraint identification
becomes even more complex at the supply chain level. Whileit is possbleto
at least identify the system’s congtraint loop, other loops may operate as near
congraints. In these cases, it may be preferred to operate the system asiif
there were multiple congraints, identifying primary and secondary (or more)
congtraints as shown in Figures 3.10 and 3.13. Strictly speaking, TOC does
not recognize near bottlenecks or floating bottlenecks. Thus the CONWIP
model offers amore robust gpproach to a practica implementation issue that
organizations in the chain may well encounter.

The agpplication of the CONWIP concepts at the supply chain offers more
drategies for addressing the concerns involved with srategicaly placing inventory in the
supply chain. With its focus on controlling materid flow through inventory levelsin the
system, the CONWIP gpproach relies on the actua state of the system to trigger releases.
This gpproach is dso feasble a the supply chain leve, usng WIT as the control
parameter for materid flow a the chain level. The implementation concerns and benefits
when applying CONWIP to the chain are summarized in Tables 3.4 and 3.5 respectively

(pages 81 and 82).
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POSSIBLE IMPLEMENTATION ISSUES IN APPLYING CONSTRAINT-BASED

METHODS AT THE SUPPLY CHAIN LEVEL

Issue... Congderation in applying...
TOC CONWIP
Methods for cost distribution and inventory Yes Yes
location determination
Egablishing actud mechanism for determining
buffer Sze ves ves
Differentiating between organizationa and chain
leve inventory Yes Yes
Addressing the increased complexity of the chain
environment Yes Yes
Achieving JT information Yes Yes
Specificdly identifying the condraint Yes Yes
Sequencing across severd pipdines Yes
Exploding WIT Yes

Complexity and difficulty of establishing ardlease v

mechanism across severd organizations &
Difficulty of coordinating capacity/resource
management a the organizationd level without a Yes
“best guess’ schedule

Maintaining supply chain inventory a lower leves v

if additional interloop buffers are used s
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Table35
BENEFITS OF APPLYING CONSTRAINT-BASED METHODS AT THE SUPPLY
CHAIN LEVEL
Benefit... Realized when applying...
TOC CONWIP

Information directed to control points for greater

. Yes Yes
responsiveness to change
Reduced inventory levels and cost Yes Yes
Improved overdl cha_n cycletimefor better Yes Yes
responsveness
Reduced demand distortion Yes Yes
Increased chain stability Yes Yes
Enhanced customer service Yes Yes
Defined |morma| on fllovv to reduce unnecessary Yes Yes
information exchange
Postponement of customization and cost Yes
Congtraint need not be pecificdly identified, only v
) es
the congtraint loop
Smpler configurations involving fewer Yes
organizations usng smaller loops
Incorporates benefits of pull Yes
Robust gpproach to near congtraints and floating Yes
bottleneck through subdividing the system
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CHAPTER IV

SUMMARY

The development of Supply Chain Management has occurred gradualy over the
latter half of the last century, gaining momentum and accelerating as the end of the
century drew closer. Inthis century, SCM will continue to evolve a a seemingly ever-
increasing rate in response to the continual changes in the business environment. More
and more organizations will turn toward the supply chain as they exhaust opportunities
for breakthrough improvement within the four walls of their organization. Manufacturers
in particular can benefit from this increased focus on the chain since they are typicaly
located further upstream in the chain and are more impacted by the Bullwhip effect,
though the gains redlized by manufacturerswill vary by the type of supply chain. By
effectivdly usang tools adready common a the production line level, organizationsin the
chain can tailor production control principles currently in use to address important supply
chain consderations. 1n doing S0, the focus on inventory in the system remains akey
eement. The Theory of Condraints and the factory physics principles behind the
Congtant WIP concepts focus on the system condtraint with the aim of controlling
inventory. Each can be extrapolated to focus on a system whose boundaries span the
entire supply chain. But in doing o, it isimportant to understand the impact of the
production line counterparts in the chain environment. It isimportant to specificaly

identify the inventory held for supply chain considerations so that these concerns are

-83-

www.manaraa.com



considered in the proper context, while other inventory considerations can be addressed

a the organization level.

Conclusions and Contributions

Understanding that the production control principles used commonly & the line
level gpply amost directly to the chain leve isthe fundamental basisfor examining the
gpplication of congraint-based methods to supply chain management. Since the supply
chain is so much more complex than the production line, it is absolutely necessary to
carefully andyze the specific Sructure and capabilities of each chainindividudly. There
isno “dlver bullet” that can address the wide variety of possible scenarios. However, the
basic principles of TOC and CONWIP can be applied to the supply chain in a manner
that effectively addresses key concernsin the chain environment, and manufacturersin
particular can redlize the additiona benefits described. The application of V-A-T
Anaydsto the chain effectively identifies control pointsin the chain sructure. Using
these control points, both TOC and CONWIP ensure that assembly and congtraint
operaions are continuoudy fed. The difference in focus of the two methods carries
forward from the production line leve to the supply chain. TOC's gtrength liesmainly in
its scheduling methodology, with unique benefits and interesting possibilitiesin its
goplication at the chain level. The CONWIP principles, on the other hand, effectively
incorporate pull principles to provide an effective, more flexible and more robust
schedule execution mechanism. With this seemingly synergistic relationship, it seems

logica that the components of each could be “mixed and matched” using Drum-Buffer-
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Rope scheduling with CONWIP execution to maximize gains in managing the supply
chan.

One areain which congtraint-based production control methods can be directly
goplied is supply chain smulation. While smulation is dready well established and
accepted in manufacturing [80, 81], it is more recently emerging as a comprehensgive tool
for evauating both the operationa and strategic eements of the supply chain [63]. The
impact of time dependencies affects the entire chain and requires the use of Smulation in
andyzing the supply chain [82]. Smulation isdready in usein avariety of settings,
driven by organizations needs to do one or more of the following:

optimize the whole manufacturing network —the ability of the supply chain to

meet the challenges of the market place depend more and more on the dynamics

of the chain and not on isolated organizational changes[83]. Supply chain
amulations that focus on the factory level capture the highest level of these
interactions between supply chain entities[84]. However, implied in this
approach isasupply chain reference modd. The reference models in use today
arewidely varied, and there is no sandard reference modd that adequately

represents the supply chain [85].

control amplification of production dynamics up the supply chain — as noted

ealier, sysem dynamics are aprimary driver of inventory in the supply chain.

This aso drives the need for organizations to optimize individud pipdines within

the chain to control or dampen the amplification of system dynamics up the
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supply chain. Organizations must control the schedule ingtabilities within the
chain and the inventory fluctuations that result [61].
evauate the impact of pull/push systems — while the main focusis on pull
systems, the CONWIP pull/push interface is modeed in the same manner. The
Theory of Congraints drum-buffer-ropeis modeled in amanner Smilar to the
traditiond push manufacturing systems (eg., MRP) [85]. These smulations
dlow organizations in the supply chain to eva uate the impacts of these various
drategiesin individud pipdines.
determine the degree of vertica integration [61] — smulations track a number of
gdtigics that can be used in determining the most robust supply chain
configuration. The overdl performance of the supply chain, in terms of cost and
operationd performance, can be gauged by a number of measures which include
inventory investment, response and lead times, and customer service [87]. These
measures, dong with other smilar measures, are important tools to evauate the
impact of operational control over supply chain entities[88] versus dynamic
dignment in the chain.
Simulation models need a certain degree of complexity to “capture the key cause-and-
effect relationships in the system” [86, p. 144]. The extenson of congraint-based
gpproaches from the production line to the supply chain coud identify the sgnificant
interactions in the system. In lieu of a comprehensive reference mode for the supply
chain, these interactions would form the basis of the model, and drive the level of

complexity.

www.manaraa.com



_87_
Directionsfor Future Research

The discussion herein has focused on admittedly smple scenarios for the sole

purpose of examining the applicability of the basic principles. As discussed, the supply

chain presents a sgnificantly more complex and intricate environment, so an obvious

areafor future research is the development of case studies which detail the application of

these principles and andyze the performance of congtraint-based methods in the chain

environment. There are dso many areas which directly impact the supply chain

objectives discussed, including:

1.

2.

supply chain layout consderaions

pipeine desgn

the impact of control policies (order quantities, reorder points and safety stocks) ina
chain employing condraint-based control methods

effective control mechanisms for serid assembly operationsin the supply chain
effectively blending the TOC and CONWIP concepts for enhanced chain
performance, and comparing the performance of this system againgt others based only

on the TOC or CONWIP approach.

While some of these topics have been addressed to varying degreesin the literature, it

would be both interesting and beneficia to research the impacts of these areasin achain

where congtraint-based methods form the basis of the overdl system control. Thiswould

be particularly interesting in a chain that blends the concepts of TOC and CONWIP to

optimize the chain’s performance.
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