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ARETRACT

MODELING MULTILEVEL SUPPLY CHAIN SYSTEMS TO OPTIMIZE ORDER
QUANTITIES AND ORDER POINTS THROUGH MATHEMATICAL MODELS,
DISCRETE EVENT SIMULATION AND PHYSICAL SIMULATIONS

Alck K. Verma
Old Dominion University, 2005
Director: Dr. Han P. Bac

Managing supply chains in today’s distributed manufacturing environment has
become more complex. To remain competitive in today’s global marketplace,
organizations must streamline their supply chains. The practice of coordinating the
design, procurement, flow of goods, services, information and finances, from raw
material flows to parts supplier to manufacturer to distributor to retailer and finally to
consumer requires synchronized planning and execution. Efficient and effective supply
chain management assists an organization in getting the right goods and services to the
place needed at the right time, in the proper quantity and at acceptable cost. Managing
this process involves developing and overseeing relationships with suppliers and
customers, conirolling inventory, and forecasting demand, all requiring constant feedback
from every link in the chain. Base Stock Model and (Q, r) models are applied to three tier
single-product supply chain to calculate order quantities and reorder point at various
locations within the supply chain. Two physical simulations are designed to study the
above supply chain. One of these simulations is specifically designed to validate the
results from Base Stock model. A computer based discrete event simulation model is
created to study the three tier supply chain and to validate the results of the Base Stock
model. Results from these mathematical models, phyvsical simulation models and
computer based simulation model are compared. In addition, the physical simulation
model studies the impact of lean implementation through various performance metrics
and the resulis demonstrate the power of physical simulations as a pedagogical tool for
training. Contribution of present work in understanding the supply chain integration is

discussed and future research topics are presented.
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Chapter - |

INT CTION

Supply chain management is the integration of key business processes from end
user through suppliers and provides products, services, and information that add value for
customers and other stakeholders. In today’s highly competitive environment, companies
must manage costs if they are to survive. Cost management must be applied across the
entire life of the product by everyone involved in its design and manufacture. Cost
management cannot be limited to the four walls of a factory, it must spread across the
entire supply chain and cover all aspects of the value chain of the company’s products or

services.,

However, it is more than just cost management that must extend across the
organizational boundaries between buyers and suppliers. Suppliers are major source of
innovation for lean enterprises [1] & [4]. The key point is that the supply chain must be

managed for competitive advantage, not just to reduce cost. [13]

At the beginning of the Century, supply chains were paper chains, linearly
connecting manufacturers, warchouses, wholesalers, retailers and consumers. The chain
ranged from one or two to dozens of tiers and logistics were a nightmare. People and
paper physically connected various tiers together. Furthermore, the linear nature of the
chain made communication between the front-end and back-end of the chain messy and

time consuming.

The advent of Internet and computers has changed the structure of supply chain in
the later third of the 20” century. The following quote from the Stanford University web

site provides a glimpse of the new paradigm in supply chain and is illustrated in Figure 1.
“The latest generation of supply chain management is Web-Centric. It is characterized

by the marriage of the Internet and the supply chain and has resulted in the birth of

electronic business (e-business) applications. These Intermet enabled, e-business
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applications have Internet integrated ail branches of the supply chain and emerged as the
most cost effective means of supply chain operation.  E-business applications (e-
procurement, e-commerce, and e-collaboration applications) change the supply chain
from a linear, rigid chain into a dynamic chain based on an information hub called an

EX]

ERP (Enterprise Resource Planner).

The supply chain, which typically spans multiple companies, has demanding
needs that are becoming increasingly more complex and difficult to link together. E-
business applications have evolved into the most intelligent and optimized tools with
which to execute front-end and back-end operations in a supply chain, using the Internet.
E-business applications effectively provide an information system that links multiple

companies in the cham.

The center of the e-business supply chain is an information hub (a node in a data
network where multiple organizations interact in pursuit of supply chain integration),
where incoming information is quickly processed and then sent out to other chain-

members. The hub also has capabilities of data storage and push/pull publishing.
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Figure 1. New structure of Today’s Supply Chain
Adanted from Stanford Web Site
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The emergence of lean supply is the first step in the larger process of creating a
lean supplier network. The high degree of outsourcing that characterizes lean enterprises
means that every firm in the supply chain is responsible only for small percentage of total
value added of a product. Lean thinking requires that participants in the lean supply chain
focus on the value creation process and collaborate actively with other participants both
upstream and downstream to maximize the value created for customer. While the
interaction between players in the supply chain has become more concurrent in nature the
flow of parts still takes place in a sequential manner. Figure 2 shows this flow in a

typical two tiered supply chain which is the focus of this study.

Secondary

Supplier :
. ) Primary
{ Supplier ,
Supply Chain Lompaiy

Primary
Supplier

Secondary
Supplier

Figure 2. Flow of Parts in a Two Tiered Supply Chain
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Chapter — 2

2.1. Lean Philosophy

The term lean was first coined about 15 years ago at Massachusetts Institute of
Technology and later published in a book called Machine That Changed the World,
written by James Womack and his colleagues [4]. The generally accepted definition of

lean in the industrial community is that it is:

“A systematic approach to identifyving and eliminating waste (non-value-added activities)
through continuous improvement by flowing the product at the pull of the customer in

pursuit of perfection.”

The lean principles have evolved from the works of Henry Ford and subsequent
development of Toyota Production System in Japan. Lean manufacturing principles
improve productivity by eliminating waste from the product’s value stream and by
making the product flow through the value stream without interruptions [1], [4] & [3].
This system in essence shifts the focus from individual machines and their utilization to

the flow of the product through processes [7].

Lean philosophy is people centric in the sense that it focuses on the value for the
customer and how this value can be increased by removing waste from the system and
increasing flow through the system by changing the way people think about their work, It
is more about people than the tools and technigues it employs. Lean defines value in
terms of the entire customer experience with the product [1]. A critical step in defining
value is the determination of target cost based upon the resources required to make a

product of given specification if all the muda (waste) was removed from the system.

In their book Lean Thinking, James Womack and Dan Jones [ 1] outline five steps

for implementing lean:
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Specify the value desived by the customer.
Identify the value stream for each product and challenge all waste.

1

2

3. Make the product flow through the value creating steps.

4. Introduce pull between all steps where continuous flow is possible.
5

Manage toward perfection by continuously improving the process.

Lean philosophy can be described metaphorically as house whose foundation are
Lean vision and commitment, the building blocks are various tools used to implement
Lean principles and roof is the philosophy of continuous improvement. The entrance to
the house is through another tool — Value Stream Mapping. This concept is graphically

represented below in Figure 3 as the House of Lean.

.
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Figure 3. House of Lean and Tools

The power of Lean philosophy can be seen in the benefit it can generate for an
organization. It is not uncommon to have a value-added content of only 5-30% within
many current business enterprises [55]. This means, there is opportunity to eliminate 70
to 95% of waste in their value streams. Documented resulfs across various industries are

indicated in Table 1.
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Element

Benefit

Capacity

Inventory

Cycle Time

Lead Time

Product Development Time
Space

First-pass Yield

Service

10 to 20 % gain in capacity by optimizing bottlenecks

Reduction of 30 to 40% in inventory
Throughput time reduced by 50 10 75%
Reduction of 50% in order fulfillment
Reduction of 35 to 50% in development time
35 1o 50% space reduction

5 to 15% increase in first-pass vield
Delivery performance of 99%

2.2. Lean Enterprise

Table 1. Lean Benefits

When Lean principles are applied not just to manufacturing but to business

operations not only within the organization but across all supply chains, a lean enterprise

is created. Lean enterprise therefore is a set of synergistic processes along a value stream

to create value for the customer.

Physical Processes R
Value Stream ) o
Business Processes - R B Aok . Yerma

RO Y

§

Figure 4. Lean Enterprise
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Lean thinking encourages organizations o view itself as just one part of an

extended supply chain. It follows that organizations need to think strategically beyond

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=

their own boundaries. Lean philosophy contends that because value streams flow across
several departments and functions within an organizstion, 2 company shouid be
organized around its key value streams. A value sirearmn in general may cut across
organizational boundaries of several organizations as shown in Figure 4. Stretching
beyond the firm, some form of collective agreement or organization is needed fo manage
the whole value stream for a product family, setting common improvement targets, rules
for sharing the gains and effort and for designing waste out of future product generations.

This collective group of organizations is called a lean enterprise.

2.3. Value Streams and Supply Chains

A product is created within a value stream by a set of linked processes either within
a single organization or across multiple organizations. A single organization may have its
own supply chain that provides it with raw materials, components or services to make the
product. Value stream of a small component may merge into the value stream of a larger
product as shown in Figure 5. Value streams of different products may cross within a

company also.
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Figure 5, Intersecting and Merging Value Streams
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It is important to note that while the flow of parts and material may be linear
along a value stream, the flow of information may be concurrent and may use an
Enterprise Resource Planning (ERP) system. This is further discussed in section 2.4 and

iltustrated in Figure 7.

Figure 6 shows four value streams for the production of a carton of cola. The cola
is produced using essence which is made from caramel from com which is produced in
corn fields. Sugar is used to sweeten the cola which is grown in sugar fields. Cola is
packaged in aluminum cans which are produced consecutively by smelting, hot rolling,
cold rolling and drawing processes. Cans are packaged in carton which is produced from

paper in carton plant.
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Caramel storage

Hat Rolling Mill | :
iy | Suger storage

. " Cold Rolling Ml
Fir e
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Figure 6. Value Streams for Cola Production
Adapted from Womack & Jones [ 1]
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2.4. Lean Extended Enterprise

The highest generation of Lean is the Lean Extended Enterprise. Here, an
organization views all participating entities in the value stream {e.g., suppliers,
subconiractors, its own enterprise and customers) as part of its own. The Lean Extended
Enterprise 1s an expansion of the traditional notion of Lean to improve velocity,
flexibility, responsiveness, quality and cost across the entire value sitream. The
effectiveness of each partner determines the effectiveness of entire value stream [55].
Supply Chain Management (SCM), Enterprise Resocurce Planning (ERP), Customer
Relations Management (CRM) and Suppliers Relations Management (SRM) and Product
Lifecycle Management (PLM) form an integral part of the Lean Extended Enterprise as

shown in Figure 7.

Ll
atinne
Managen

Lean Extended Enterprise |

Figure 7. Lean Extended Enterprise
Adapted from Burton & Boeder [55]
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3.1 Issues in Supply Chain Management

Traditional supply chains are plagued with inefficiencies resulting from
adversarial relationships among key players. These inefficiencies result in long lead time,
high cost, late deliveries, high inventory and un-satisfied customers. A survey was
conducted to identify the key issues related to supply chain facing the ship building

industries in this area. The ranked issues are listed in Table 2.

1| Scheduling Problem
2 | Adversarial Relationship with Supplier

3 | No Involvement of Supplier in Product
Design and Development Process
Long Lead-Time

High Costs

High Inventory

Challenge in Synchronizing Flow with
Suppliers.

Vendors Furnishing Information Late
9 | Irregular Performance

10 | Higher Price to US Shipyards

11 | Shrinking Choice of Vendors

12 | Frequent Engineering Changes

w3 O | U |

@0

Table 2. Issues in Supply Chain Management

3.2 Basic Components of Supply Chain

Supply chain management is the combination of art and science that goes into
improving the way a company finds the raw components it needs to make a product or
service, manufactures that product or service, and delivers it to customers. The following

are five basic components for supply chain management.
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a. Plan - This 1s the strategic portion of supply chain management. One needs a strategy
for managing all the resources that go toward mesting customer demand for one’s
product or service. A big piece of planning is developing a set of metrics to monitor the
supply chain so that it is efficient, costs less, and delivers high quality and value to
customers. Of many planning approaches that exist in business today, Management by
Planning (MBP) is unparalleled in its ability to articulate the objectives to be delivered,
the plans by which objectives will be delivered, the ownership of the team in delivering
the objectives, and management’s responsibility in aiding the team in meeting those
objectives. In Management by Objective (MBO), the stated objective becomes the focus
and not the process by which objective is achieved. By contrast, in Management by
Planning the goal is to become a learning organization through the activity of planning
and the implementation of theses plans [11]. Thus, MBP is a process oriented approach to

supply chain management.

Applying MBP to the integration of lean SCM and activities first involves
identifying common overarching objectives. Overarching objectives simply are the

highest level objectives based directly on strategic intent of the company.

b. Seurce - Choose the suppliers that will deliver the goods and services needed to create
product or service. Develop a set of pricing, delivery and payment processes with
suppliers and create metrics for monitoring and improving the relationships. And put
together processes for managing the inventory of goods and services received from
suppliers, including receiving shipments, verifying them, transferring them to

manufacturing facilities and authorizing supplier payments.

¢. Make - This is the manufacturing step. Schedule the activities necessary for
production, testing, packaging and preparation for delivery. As the most metric-intensive
portion of the supply chain, measure quality levels, production output and worker

productivity.

d. Deliver - This is the part that many insiders refer to as "logistics.” Logistic activities

include locating facilities, coordinating the receipt of orders from customers, developing
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a network of warchouses, picking carriers to get products to customers and setting up an
inveoicing system to receive payments etc. These activities have been integrated over the

past 50 years and are an essential function of supply chain management.

To achieve highest level of service at the lowest possible cost, it is necessary for
managers to examine the entire logistic systern and not just one isolated facility or
activity such as transportation. The logistic system is concerned not only with the
physical placement of the facilities, but also with the levels of inventory and the flow of
material through those facilities {16]. Logistic includes the activities of sourcing and
purchasing, conversion, including capacity planning, technology solution, material

planning, scheduling ete. [12].

e. Return - The problem part of the supply chain. Create a network for receiving
defective and excess products back from customers and supporting customers who have

problems with delivered products.
3.3 Lean Supply Chain Management (SCM)

The concept of single-piece flow lies at the heart of lean supply, with the supplier
acting as an extended just-in-time factory for the buyer. While mass production relies on
imventories at buyer as well as supplier. When both buyer and supplier have adopted lean
thinking, the safety net of inventory is removed. This results in endless search for

perfection in the supply chain. {11]

The heavy reliance on the suppliers forces the lean producers to develop rich
relationships with its suppliers because the firms are tightly connected through their

production processes.

SCM and Lean manufacturing intersect most significantly in profitability
objectives, customer satisfaction objectives, and quality objectives. It is typically these
three areas and the resulting strategic activities that drive the coordinated operational

actions.
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While lean manufactoring has been widely practiced internally, most
manufacturers have failed to realize the importance of extending those same lean
principles to their suppliers. Lean philosophies must be applied consistently to the supply

chain, just as they are embraced internally to maximize the elimination of waste. Lean

manufacturing requires a different sourcing philosophy—one that is focused on sole
sourcing, supplier selection criteria beyond cost such as capabilities and culture. For lean
manufacturing to work effectively, the suppliers in the chain take on a greater role and
take over some of the activities that the buyer previously handled. This requires a system
of mutual trust and respect between the buyer and its suppliers. The supplier relationship
must be more tightly integrated in terms of sharing information and interlocking business
processes. As a result, supplier relationships become much more strategic, and supplier
certification programs are more rigorous to determine a supplier’s ability fo support a
lean customer. This results in more strategic suppliers with longer relationships and

longer term contracts. Strategic relationships are a prerequisite to extending lean concepts

to suppliers.

The main focus of lean is the goal of continuous single piece flow. When applied
to replenishment, this is reflected in the pull model, most commonly supported through a
kanban system. The problem with most lean manufacturers is that after all their focus
internally on heijunka (defined as “production smoothing”) and takt time (defined as “net
operating time divided by customer reguirements”™), they end with simply providing their
supplier with a kanban signal. Furthermore, when driving to single-piece flow and
requiring suppliers to deliver smaller lot sizes more frequently, they end up shifting
excess inventory up the supply chain. They have achieved lean deliveries, but have not
eliminated the waste. The supplier’s need to hold a larger inventory to support the
customer’s JIT requirements simply creates hidden costs and waste elsewhere in the
supply chain. A much more beneficial approach is to extend the lean principles beyond
suppliers’ finished goods inventory and into their production processes. Of course, this
requires the type of sirategic relationship discussed earlier. By brezking down the
supplier’s production lead time, it is possible to provide the supplier earlier visibility to

demand signals that can drive shorter overall lead times. Specifically, this could include
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providing forecast and historical consumption data for planning in conjunction with the
kanban signal that authorizes shipment. This also allows the suppliers to perform their

own heijunka or leveling process that is more aligned with the end customer demand.

Finally, measuring supplier performance is critical to building a lean supply
chain. Coupled with the benefits of mutual trust and respect comes accountability on
quality, delivery, costs reduction and responsiveness. Defining and measuring the key
metrics of the supplier relationship is the best way to ensure that supplier performance is

aligned with a manufacturer’s strategy and goals.
3.4 Supply Chain Dynamics

To succeed in the serious competitive market, firms take many actions to improve
their supply chain performances. One of the hot points is supply chain planning under
uncertainty. In this context, Supply Chain Dynamics (SCD) is meant to be dynamics
associated with the variability of the system. Supply Chain Dynamics (SCD) makes the
planning more difficult, and results in unpredictable business performance. Sen, Scott,
Thomas et. al. [56] studied the effect of SCD on the proportion of Build-to-stock and
Build-to-order in supply chain planning and evaluated the effects of SCD on the business
performance and improvement. They look at the effects of SCD due to demand forecast,

capacity, and information and materials delay, on business performance and planning.

There are many factors that amplify the complexity of SCD [56]. Some important
factors are:
a. Demand Forecast: Companies do operate according to their forecast of the future
customer demand, at least partially. As it is a rolling horizon forecast, it keeps changing
and so do the orders. So, there will be a difference between the quantity produced and the
actual demand gquantity.
b. Capacity: Obviously, if the demand is less than the capacity, the unpredictability due
to SCD will become a mute point. Otherwise extra dynamics will be incurred due to

limited capacity.
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¢. Information Delay: Obviously, it always takes some time for the information o flow
from the purchasing intention of customers to the Master Production Scheduling. It also
takes some time for the information on directions of production and operation to flow
from the MPS to the operational unit. These information delays not only make forecast
more difficult, but also lengthen the fotal cycle time of delivery.

d. Material Delay: It is common that sometimes materials are in short supply. In this
case, firms may order more than that they really need to ensure that their material supply

is enough and in time.

3.5 Lean Buyer Supplier Relations

Lean buyer-supplier relations have four major characteristics. The first deals with
reduced supplier base. Lean enterprises rely on the smaller number of suppliers than their
mass production counterparts. This helps them in creating tighter linkages with their
suppliers. Sustaining these tighter linkages requires rich relationships with the suppliers.
The second characteristic deals with level of relationships. Buyer-supplier relations
depend heavily on the degree of reliance that the buyer is placing on the supplier for
design innovation. When virtually no reliance is placed on supplier for design innovation,
the supplier is either 2 common supplier of commodities (such as nuts, bolts etc) or a
subcontractor for simple components designed by the buyer. When design innovation is
required, the suppiier is either a major supplier or family member. Major suppliers design
and manufacture group components and family members produce major functions. As the
level of supplier shifts from common to family member, their number typically drops.
The third characteristic captures the nature of buyer-supplier relationship. In particular
buyer-supplier relationships are characterized by interdependence- the buyer depends on
supplier for its design expertise, and supplier depends on buyer for both business and
technical support. The outcome of this interdependence is buyer-supplier relations that
are stable over {ime, have high degree of cooperation and operate for mutual benefit.
While interdependence is the glue that holds the buyer-supplier relations together, it is the
trust that enables the buyver and supplier o interact in the sophisticated and mutually

beneficial ways. Trust is created primarily through the stability of the buyer-supplier
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relationships. It is created because there is 2 high level of cooperation between buyer and

supplier [11]. This nature of buyer-supplier relationship is shown in Figure 8.

Stability

Interdependence Trust

Cooperation

Mutual Benefit

Figure 8. Nature of Buyer-Supplier Relations

The final characteristic looks at the way that organizational boundaries are
blurred as firms begin to share resources dynamically. Once the right type of
relationships has been developed, buyer and supplier can take advantage of that

relationship.

The advantage of these lean buyer-suppliers relations lies in increased ability and
willingness to share information about product design, manufacturing processes and
product costs. This shared information enables buyer and supplier to increase their degree

of innovation, leading to products that have higher functionality and lower cost.

educing the Number of Suppliers

The level of coordination required between lean buyers and suppliers is much
greater than in the world of mass production. The tight interaction between buyer and
supplier makes it difficult for lean producers to rely on a large number of suppliers
because {ransaction costs will be high. There are three ways to reduce the number of
suppliers: reduce the number of suppliers for each part; reduce number of suppliers for

each family of parts; and outsource fewer parts. The advantage of having multiple
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suppliers is reduced reliance on a single source while the disadvantage lies in loss of
economies of scale and minor differences in the paris supplied by two suppliers that may
cause problem on production floor. Most lean producers rely on single lean supplier for

each part.

Lean producers opt to select several competing suppliers at the parts-family level.
Thus individual part is single sourced but part family is multi-sourced. The advantage of
this approach lies in the creativity induced by the competition and sharing the
improvements among the suppliers involved. When major functions are outsourced then
multiple suppliers approach is not adopted. Instead single supplier is identified and near-

equal partnership is created.

End Buyer
1° tier 1% tier
Supplier Supplier

-

N

gnd giop 2" tier 2" tier 2" tier
Supplier Supplier Supplier Supplier
k4
3% tier 3" tier 3" tier 3 tier
Supplier Supplier Supplier Supplier

Figure 9. Tiered Supply Chain

The number of outsourced parts can be decreased by manufacturing more in-
house and by outsourcing group components and major functions as opposed to
individual components. The decision to outsource group components or major functions
leads to tiered supplier structure. The direct or first tiered suppliers are responsible for

design and manufacture of group components and major functions that are being
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outsourced. In turmn they identify the secondary supplier for the components that they
outsource. The result of this approach is that each firm deals with relatively small number
of suppliers and that overall there are fewer number of suppliers. Figure 9 shows an

example of tiered supply chain.

3.7 Four Levels of Buyer-Supplier Relations

Four distinct levels of buyer supplier relations can be identified: common
suppliers, subcontractors, major suppliers, and family members. This four level
categorization to a certain extent oversimplifies the complex relationships between
buyers and suppliers that are observed in practice. Common suppliers supply components
that are commonly available and are purchased by many buyers. Examples include nuts,
bolts etc. The buyer’s relationship with its common supplier is the least sophisticated of
all the supplier categories. Typically common suppliers are viewed as interchangeable
and cost is often the deciding factor in the choice of supplier. The subcontractors are
brought into the process after buyer has designed the product. The subcontractor’s task is
to manufacture these parts to buyer specifications. Their design responsibility is limited
to the suggestions for minor improvements to the component design. The buyer’s
relationship with subcontractors is richer than that with common supplier but still fairly

unsophisticated.

For major suppliers, the buyer provides high-level specifications and then
requests the supplier to design the major function or sub-assembly. Major suppliers get
involved in the design process after the product has been conceptualized but before
detailed design is established. The buyer’s relationship with ifs major supplier is much
richer than with its common suppliers and subcontractors. Family members are
responsible for completely designing and delivering a major function of the final product.
They have highest degree of autonomy and act almost as an integral part of the buyer’s
design team. The buyer’s relationships with its family members are the richest of all the

supplier categories.
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3.8 Lean Supplier Networks

The emergence of lean supply is the first step in the larger process of creating a
lean supplier network. The high degree of ocutsourcing that characterizes lean enterprise
means that each firm in the supply chain is responsible for only a small percentage of
total value added of a product. To achieve full advantages of lean design and production,
all the firms in the supply chain have to adopt lean buyer-supplier relations. The
individual supply chains form a network of suppliers. These lean supplier networks
functions in many respects as a single entity dedicated to producing low cost products
that have high functionality and quality the end customer’s demand. The primary
advantages of these networks are their flexibility and responsiveness compared to mass
producers. The primary determinant of the type of supplier network is the number of core
firms that dominate the network. The first type of network the “kingdom” emerges when
a single firm adopts the core position. Typically this is the firm that sells end product to
the customer. These networks operate to support the central firm that dominates the entire
network. Second type of network “barony” emerges when several firms adopt the core
position. Here the barons dominate the other firms but their power is significantly
reduced compared to the core firm in the kingdom. Finally the third type of network, a
“republic” emerges when there is no core firm. Here, none of the firms has any
significant power over the others. Thus one of the primary differentiators of network type
is level of power that core firm or firms have over the other members of the network.

Table 3 lists the characteristics of these three types of networks.

Type of Network Kingdom Barony Republic
Number of core One Several None
firms
Contracting High Medium Low
Power
Network Top-down enforced | Enforced by suppliers | Mutual agreement
Objectives
Table 3. Types of Network

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




3.9 Performance

etrics in Supply Chain Manage

A key element of improved supplier relationships is the presence of an objective
performance measurement system, which is used to ensure that both parties are operating
according to expectations and are meeting stated objectives. [14] Developing and using
performance measures are an essential function of management. Managers give
directions and achieve control through the use of performance measures. The key
question in supply chain management is how to coordinate the efforts of every firm in
supply chain and every employee of those firms.

Performance measures drive behavior in any system. The selection of
performance measures is crucial inside a firm and throughout the supply chain. Managers
coordinate behavior of their employees and of their partners in the supply chain by use of
performance measures.

The ideal performance measure pushes every firm in the supply chain and all
employees in each firm to direct all of their efforts to increasing the profits made by
everyone in the supply chain. The problem is that there is no perfect performance
measure which will always push firms and their employees in both the short term and
long term to make best decision for the long term benefit of supply chain. Key
performance measures that can be used in supply chain are: revenue, logistic costs,
logistic profit contribution, return on inventory, return on assets etc. [ 16]. The companies

should try to develop customer driven supply chain measures.

3.10 Supply Chain

lanagement and Information Technology

Supply chain management is driven by the customer. If requires communication
to all participants in the supply chain of the customer’s needs and wants as well as how
well these needs and wants are being met. To facilitate managing the linkages in the
supply chain many types of software tools have been developed. These software
programs are not the strategy, rather they are the tools to implement a firm’s strategy.

The strategy is to focus the entire supply chain on satisfying the needs of the customer.
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Installing and using these tools is not the goal of the firm; the goal is to improve its
supply chain management. Many organizations place huge bets on technology and other
supply chain projects with little understanding of pavoffs and the risks. The software
supply is abundant and vendors constantly produce new products. The manager is on his
own in evaluating a solution in the form of software or technigue in terms of its fit with

company needs. [15]

There are a variety of software packages for each link in supply chain. The
available software can be divided roughly into three major categories. The first one
focuses on the internal linkages (i.e. software integrating own firm), the second software
links the firm to the customers and the third links firm to suppliers. The structure and use
of these software was discussed briefly in chapter 2 and illustrated in Figure 7 which is

reproduced here as Figure 10.

. - o

< Network, Portal, Exchanges

“Customers |

 Gustomet
. Relations
 Management

_ Produc Lfecycle Msnagement (PLM)

R

Figure 10. Lean Extended Enterprise
Adapted from Burton & Boeder [55]

Three main software that form the backbone of an extended lean enterprise are:
Enterprise Resource Planning (ERP), Customer Relations Management (CRM) and
Supplier Relations Management (SRM). Based upon benchmarking data from the 2002
12 Planet Conference it should be noted that: 65% of companies have ERP in place, 44%

of companies have SCM in place and 44% of companies have CRM in place.
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In the following sections, we will discuss issues related to inventory management
within an organization and across several organizations within a supply chain.

Inventories 1 supply chain can be divided mto four categories:

1. Raw materials — These are the components, subassemblies, or materials that are
purchased from outside the plant and used in fabrication/ assembly processes
ingide the plant.

2. Work in progress — WIP includes all unfinished parts or products that have been

released to a production line.

L4

Finished goods mventory: It includes finished product that has not been sold.
4. Spare parts — These are components that are used to maintain or repair production

equipment.

3.11 Reasons for Holding Inventory

a. Raw Materials: If a company could receive raw materials from its suppliers in just-in-
time fashion, it will not need to carry any raw materials inventory. Since this is very
difficult to happen, all manufacturing systems carry stocks of raw materials. Three main
factors influence the size of these stocks.

{. Batching: Quantity discounts from suppliers, limited capacity of the plant’s
purchasing function, and economies of scale provide incentives to order raw
materials in bulk. Inventory that addresses the batching considerations is
referred as cycle stock.

2. Variability: Due to variability in various manufacturing processes the extra
stocks are planned for directly as a safety stock.

3. Obsolescence: The changes in demand or design c¢an render some materials

obsolete. This inventory is termed as obsolete inventory.

b. Weork in Progress: Despite JIT goal of zero inventories, firm can never operate a

manufacturing system with zero WIP since zero WIP implies zero throughput. Under
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realistic conditions actual WIP levels frequently exceed the critical WIP level by large

amount. WIP can be divided into five categories as:

1. Queuing: if parts are waiting for resources

2. Processing: if part is being worked on by a resource

3. Waiting for batch: if WIP has to wait for other jobs to arrive in order to form 2
batch.

4. Moving: if it is actually being transported between resources.

5. Waiting to match: if it consists of components waiting at an assembly operation

for their counterparts to arrive so that an assembly can occur.

As illustrated in Figure 11 below, the fraction of WIP in most manufacturing
systems that is actually moving or being processed is small. The majority of WIP is in
queue, waiting for batch, or waiting for match. Clearly, a WIP reduction program must

address these later categories.

Waiting {0 match ,

Waiting for batch

Queuing

Figure 11. Breakdown of WIP in Manufacturing Systems

¢. Finished Goods Inventory: If a company is able fo ship everything it produces
directly to customers as soon as processing is complete, there will be no need for FGL

Although some manufacturing systems can achieve this, many cannof. The basic reasons
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for carrying FGI are: Customer responsiveness, baich production, forecast errors,

production variability, and seasonality. All these factors interact with each other.

d. Spare Parts: Spare parts are not used as direct inputs to finished products, but they do
support the production process by keeping the machine running. In many systems the
dollar value of inventory involved is not large but the consequences of shortfalls can be
severe. In theory spare parts inventory systems are not much different from FGI systems.
In both parts are stocked, possibly in batches to satisfy an uncertain demand process with

some level of service.

3.12 anaging the Inventory

The objective in managing the inventory is to have them available when needed
by the production process without carrying any more inventory than necessary. Some
strategies can enhance our ability to do this for all parts while others are economically

viable for only certain classes of parts. A few strategies are discussed below.

a. Improved Forecasting and Scheduling:

Due to long manufacturing cycle times and purchasing lead times, companies are
required to purchase at least some of the materials before they have firm customer orders.
In short term company may not have any option other than fo maintain safety stock of
raw materials but in long term, company can improve the situation by following policies

such as: improving forecasting, reducing the cycle times, and improving scheduling.

b. ABC Classification:

In most manufacturing systems, a small fraction of the purchased parts represent a
large fraction of the purchasing expenditure. To have maximum impact management
should focus on these parts. To achieve this, ABC classification for purchased parts and
materials is used. ‘A’ parts are the first 5 to 10 percent of parts accounting for 75 to 80
percent of total annual expenditures. ‘B’ parts are the next 10 to 15 percent of parts

accounting for 10 to 15 percent of annual expenditure. “C’ parts are the bottom 80 percent
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or so of the parts accounting for only 10 percent or so of total annual expenditure.
Because their number is relatively small and their cost is high it makes sense to use
sophisticated, time consuming methods to tightly coordinate the arrival of A parts. But
such efforts are not warranted for C parts. The B parts are in-between so they deserve

more attention than C parts but not as much as the A parts.

d. Just-in-Time:

The way to maintain the absolute minimum level of inventory of a part is to
coordinate deliveries with use in the production process. This is the idea behind JIT. A
typical JIT contract with supplier calls for frequent deliveries in small quantities closely
matched to what is required by the production schedule. To give suppliers reasonable
chance of meeting delivery requirements well managed JIT procurement systems provide
visibility of production schedule to suppliers. In concept JIT systems are very attractive.
However in order for them to work suppliers must be reliable, with regard to both

delivery timing and quality.

e. Setting Safety Stock/ Lead Times for Purchased Components:

It makes sense to link the purchases of expensive parts close to the production
schedule. In MRP language this means that parts should be ordered on lot-for-lot basis.
This approach is different from JIT because the parts are ordered according to planned
schedule, rather than having them delivered in synchmnizatién with actual production.
The main drawback of this approach is that if schedule changes, production of the desired
amounts may be impossible due to lack of appropriate raw material. This implies that

short delivery lead times are less difficult to work with than long ones.

f. Setting Order Frequencies for Purchased Components:

JIT and lot-for-lot purchasing schemes are reasonable options for part A and they
might work for intermediate B parts but are generally not appropriate for inexpensive C
parts. It doesn’t make sense fo order screws, washers, etc to be delivered in tight
synchronization with production schedule. The increased risk of stockouts and exira

purchasing can’t be justified by reductions in inventory investment. The problem of
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managing inexpensive purchased parts can be thought of in terms of lot sizing. The
essential economic tradeoff is between inventory investment and purchasing cost. Lot
size can be calculated using the standard EOQ formula:

[24D

0=~ M

Where D = Demand rate in units per year
A = Constant setup cost to produce a lot
h = Holding cost in dollars per unit per year

Q = Lot size in units

And the average number of lots per year can be calculated using equation (2)
1 &D /
F=—Y" @
N ; 9
Where D; = Demand rate in units per year
N = Number of periods
Q; = Lot size in units

3.13 Managing Work in Progress (WIP)

The first thing to note about managing WIP is that Little’s law written as

Cycle Time = (WIP/Throughput) 3

implies that, for fixed throughput, reducing WIP and reducing Cycle Time (CT) are
directly linked. Therefore measures that are used to reduce cycle time can be used to
decrease WIP. The second important point concerning WIP management is that, the bulk
of WIP in most production systems is in queue, waiting for batch or waiting for match.
Thus WIP reduction program should be directed at smoothing out variability, reduce
batching or improving synchronization. It should be noted that a byproduct of WIP

reduction program is lower machine utilization.
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a. Reducing Queuing:
For single-machine workstation, with mean processing time 1., coefficient of
variation of processing time ¢, coefficient of variation of arrivals ¢,, and utilization u,

cycle time can be approximated by:

[ C? 4+ C? 3
CT ~| === )( — e, “)
o2 Al=u)
So by Little’s law and the fact that u = r, t., where 1, is the average arrival rate to the
workstation.
CZ + 2
WIP:CT}(}"G«%( G, }( “ }u-&—a (5)
2 1—u

Thus WIP and CT at workstation can be reduced by reducing variability of
arrivals to the station, effective variability of processing times at the station or utilization.
This can be achieved by using one of the following tools:

Equipment changes/ addition, pull systems, Finite-capacity scheduling, setup reduction,

improved reliability/maintainability, enhanced quality, floating work.

b. Reducing Wait-for-Batch WIP
Anything that enables jobs to move from one workstation to the next in smaller
batches and hence with less waiting, will clearly reduce WIP and cycle time. Specific

approaches for doing this include lot splitting, Flow-oriented layout, Cart sharing etc.

¢. Reducing Wait-to-Match

Ideally company will like to release the work orders for the wvarious
subcomponents and process them in the fabrication lines so that they arrive at assembly at
exactly the same time, in close coordination with the final assembly schedule. Variability
makes this impossible but the synchronization can be improved by using iools like

Pull Systems, Work Balancing, Batching etc.
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3.4 Managing Finished Goods Inventory (FGI)

Finished goods inventory acts as buffer between production and demand. Such a
buffer may be needed to insulate customers from manufacturing cycle time, perhaps to
provide “instant” delivery, to absorb variability in either the production or demand
process of {0 level out capacity loading (due to seasonality). These imply that anything
that links production and demand processes more closely will allow less FGI to be
carried. Options for doing this include improved forecasting, dynamic lead time quoting,
cycle time reduction, and cycle time variability reduction, late customization, balancing

labor, capacity and inventory.

3.15 Managing Spare Parts

Managing spare parts is an important component of overall maintenance policy,
which can be a major determinant of operational efficiency in manufacturing system.
Because of it’s importance and complexity, a wide variety of spare parts practices are

observed in industry.

There are two distinct types of spare parts, those used in scheduled preventive
maintenance and those used in unscheduled emergency repairs. Scheduled maintenance
represents a very predictable demand source. The standard MRP logic is probably
applicable to these parts. On the other hand unscheduled emergency repairs are by
definition unpredictable. There using MRP logic for these parts tends to work poorly.
Various approaches such as Backorder Model, Stockout Model can be used for

maintaining sufficient safety stock of spare parts whose demand is unpredictable.

3.16 Multiechelon Supply Chains

Many supply chains including those for spare part, involve multiple levels as well
as multiple parts. Inventories can be stocked in central location such as warehouse or

distribution center which allows holding less safety stock than holding separate
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inventories at individual demand sites. On the other hand holding inventories in
distributed fashion enables swifter response to demand because of geographic proximity.
The basic challenge in multiechelon supply chains is to balance the efficiency of central
inventories with the responsiveness of distributed inventories so as to provide high
system performance without excessive investment in inventory. The complexity and
variety of multiechelon supply chains make them very challenging from an analysis

standpoint.

a. System Configurations:

The defining feature of a multiechelon supply chain is that lower level locations
are supplied by higher level locations. However within this framework there are many
possible variations, and if transshipment between locations at same level are allowed then
very definition of level becomes hazy. Thus multiechelon systems can be very complex.
It is important to point out that system configuration itself is a decision variable.
Determining the number of inventory levels, the locations of warehouses, and policies for
interconnecting them can be among the most important logistics decisions a firm can

make about its distribution system.
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System
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Figure 12. Arborescent Multiechelon Supply Chains
Adapted from Hoop and Spearman [20]
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This study focuses on a three level serial, single product supply chain system as

shown on top of Figure 12.

b. Performance Measures:

To make design decisions or develop a model, it is essential that desired system
performance be specified in concrete terms. Few performance measures are discussed

here.

i. Fill Rate - It is the fraction of demands that are met out of stock. This could apply at
any level in the system. However measure applied to higher levels is only a means to an
end. It is the performance of the low levels that actually service customers that
determines the ultimate performance of the system.

ii. Backorder Level - This is the average number of orders waiting to be filled. This
measure applies to the systems where backordering occurs.

iti. Lost Sales - It is the number of potential orders lost due to stockout. This measure
applies to systems in which customers go elsewhere rather than wait for backordered
item.

iv. Probability of Delay - This is the likelihood that an activity will be delayed for lack

of inventory. This measure is often used in systems where high reliability is required.

¢. The Bullwhip Effect:

An important issue that arises in multiechelon supply chains is that of channel
alignment. This refers to coordination of policies between various levels and can involve
information sharing, inventory conirol and transportation, among other management
decisions. The natural response to the complexity of multiechelon supply chains is to
treat the various levels independently. That is allowing each level to use local information
to implement locally “optimal” policies. Consequence of this is the bullwhip effect,

which refers to the amplification of demand fluctuations from the bottom of supply chain
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to the top. Figure 13 illustrates the bullwhip effect. The demand at the retail level seems
to be steady but at the manufacturer’s level it is volatile. The amplification of variability

as we go up the supply chain is a result of bullwhip effect.

1400+
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Time

2 Retail Orders to Distributors @ Distributor Orders to Manufacturers

Figure 13. Variation in Demand at Different Levels of Supply Chain
Adapted from Hoop and Spearman {20]

3.17 Flow in Supply Chain

One of the key attributes of a successful winner in today's highly competitive
marketplace 1s the ability to respond rapidly to the end consumer demand. To maximize
competitive advaniage all members within the supply chain should "seamlessly” work
together to serve the end consumer. The main idea surrounding partnership sourcing is
that via closer ties and the resulting information sharing the partners will be more able to
effectively meet their customers' demands. Basically the pipeline is a mechanism by
which materials and information flow through a supply chain. Pipelines are smooth, well

defined passages enabling undisrupted movement, therefore requiring some form of
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design by the supply chain members. All companies belong to a supply chain but
unfortunately not all have developed to operate effective pipelines. The term "pipeline
management” was first coined by Forrester. As outlined by Farmer and Van Amstel the
concept is relevant to many situations where the organizational system is required to

balance a flow of incoming materials against outgoing components/products.

To compete effectively in the marketplace much pressure has been exerted on
supply chains and individual companies to improve pipeline performance by optimizing
their response to customer demand. As an important coniribution to this improvement,
organizations have implemented specific pipeline process improvement technigues such
as just-in-time (JIT) and manufacturing resources planning (MRP). Methodologies such
as "lean manufacturing” have shown improvements to a whole host of industries, most
notably the automotive sector where extensive research has been carried out. More
recently this approach has been broadened to encompass "lean thinking" and shown to

apply to a very wide range of industries. [17]
a. Functional Flows in Supply Chain

Flows within a supply chain can be divided into four categories based upon
function they serve. Value creation is achieved by simultaneous integration of these four

critical supply chain flows:

i. Product and Service Flow - which represents the value-added movement of
products and services from the raw-material provider to end-customers. Product
value is increased through physical modification, packaging, market proximity,
customization, service support, and other activities that enhance product

desirability from the end-customer's viewpoint.

ii. Market Accommedation Flow - which reflects post-sales service
administration and reverse logistics, including product recalls and recycling.
Market accommodation also enables effective supply chain planning through
exchanging information on sales and product use. Examples include product

customization requirements, point-of-sale (POS) data, end-customer consumption,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a3
L

and warchouse releases. The market-focused flow provides supply chain
participants with channel visibility regarding timing and location of product
consumption. Improved overall planning and operations result when participants

share a common understanding of demand and consumption patterns.

2%

iii. Information Flew - which is the bi-directional exchange of transactional data
and inventory status information among supply chain partners. Typical examples
are forecasts, purchase orders, order acknowledgments, shipping and inventory
mformation, invoices, payments, and replenishment requirements. Information
exchange initiates, controls, and records the product-service value flow and

market accommodation flow.

iv. Cash Flow - which generally moves in the reverse direction of the value-
added activities. In situations involving promotions and rebates, however, cash
may flow in the same direction as products and services. Cash-flow velocity and

asset utilization are essential to superior logistics performance.

These four flows occur in all distribution channels. Yet if not coordinated
and integrated among the channel participants, they can be characterized by delay,
redundancy, and inefficiency. To improve flow across a supply chain, individual
competencies related to operations, planning and control and behavioral

management must be integrated [9].
b. Physical Flows in Supply Chain

If we focus on the physical nature of entities flowing within the supply
chain, only two types of flows exist: Information flow and material flow. Lean thinking
emphasizes streamiining these two types of flows to enhance the value creation process.
Traditionally, productivity strategies have focused mainly on the material flow. It must be
emphasized that information flow is equally critical if we are to improve the efficiency of

the supply chain.
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;. Imformation Flow

The major technology behind improved information flow was the advent
of electronic data interchange (EDI). 1t offers greatly improved information flows
and is an extremely important aspect within leading organizations in the fight to
decrease lead-times. However, while the intreduction of EDI in many companies
has offered marked improvement in the speed of transmission of orders {once
sanctioned), the current information flow in the vast majority of supply chains is
still far from ideal. Unfortunately, in all too many instances the old problems of
distortion and magnification of order information remain, not least because the
many decision processes which still remain block rapid data transference to where

it is really needed.

The main constraint to enriching a supply chain with market sales data is
the common attitude that information is power. As a consequence of the
traditional culture companies will deliberately distort order information to mask
their intent not only to competitors but even to their own suppliers and customers,
unbelievable though this may seem. In contrast managers can and should redesign
their business processes to gain competitive advantage and must include improved

information flow within their new strategy.

Market sales data is the information catalyst for the whole supply chain,
holding undiluted data describing the consumer demand pattern. Therefore, the
best way to ensure everyone in the supply chain gets the most up to date and
useful information is to feed each level of the supply chain directly with the
market sales data. Managers should, therefore, be challenging and questioning
mechanisms within pipeline, structures which delay order information through the

supply chain.

In the traditional supply chain the retailer is the only player who has direct
sight of consumer demand; all other members only have the orders from their

immediate customer, {i.¢. the warehouse only has sight of the distributor's orders).
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Therefore, in the traditional mode the market information is distorted initially by
the retailer and further distorted with each successive link in the chain. However,
in the information streambined supply chain each player, no matter how far

upstream, receives the marketplace data directly.
ii. Material Flow

The concept of simplified material flow is not a new one, in fact the
principles can be traced at least as far back as the 16th Century, during which time
the Venice arsenalotti regularly delivered a war galley on a daily basis. In more
recent times the principles have been adopted by Womack and Jones and can be
seen to underpin the Lean Thinking paradigm and the associated concept of Value
Stream Management. If material flow is not simplified numerous symptoms are
clearly visible that result in ineffective product delivery process performance.
Simplified material flow can be achieved via the application of the 12 simplicity
rules. These rules are based upon the fundamental theoretical and practical work
started in this field by Jay Forrester and Jack Burbidge and has been further
extensively developed by Towill. [18]

Rule 1: Only make products that can be quickly dispatched and invoiced to

customers, highlights the need for companies to be pull/customer driven.

Rule 2: Only make in one time bucket those components needed for assembly in

the next, emphasizes the need to minimize work-in-progress stock levels.

Rule 3: Streamline material flow and minimize throughput time, is of critical
importance to all products. Compression of material, information and financial
lead times dramatically improves the integration and performance of supply
chains. Information lead times can be reduced via the use of the shortest planning

periods,
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Rule 4, Furthermore, adherence io this rule will reduce the use of old and less
accurate information thereby improving forecast accuracy and reducing buffer

stocks.

Rule 5: Only take deliveries from suppliers in small batches as and when needed
for processing and assembly is a well recognized approach to reducing in-bound

inventory levels.

Rule 6: Synchronization of time buckets through the chain. Lack of
synchronization results in buffer stocks at every location where the time buckets
differ. Consequently information lead times are elongated and out-of date data is

frequently used as a result of conflicting time buckets in the planning process.

Rule 7 relates to the need to avoid the conflicting objectives of serving different
markets by a single supply chain strategy. Hence, by forming natural clusters of
products and designing processes appropriate to each value stream the

requirements of diverse customer requirements can be best served.

Rule 8: eclimination of all uncertainties in all processes, Rule 8 is universal and
onlv by aiming for this goal will simplified material flow be truly achieved. If the
uncertainties in the process are not eliminated the result is poor and variable
quality levels and excessive lead times adversely impact on customer service and

raw material inventory levels.
Rule 9 relates to the need for a structured approach to change.

Rule 16: Highly visible and streamlined information flows. Rule 10 is important
te the simplification of material flow for all supply chains. It is this information

that co-ordinates, controls and synchronizes the flow of material.

Rule 11 relates to the need to use proven and robust decision support systems in
the management of the supply chain so scientific rigor as opposed o gut intuition

guides strategy.
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The final Rule 12 is of critical importance to all types of products and related
supply chains. The operational target of the seamless supply chain needs to be
commonly accepted and shared by all members so to facilitate the arduous task of

change.
3.18 Summary

In summary this chapter provides a general background on the subject of supply
chain and its management. While there is ample information on issues in supply chain
management, there is a lack of cohesive approach utilizing systems perspective for
solving day to day problems that supply chain managers face in today’s global
manufacturing environment. We hope, this study will result in a set of practical
guidelines that the managers can implement to streamline their supply chains. To get
closer to the heart of the topic of this dissertation, we need to explore the published
literature specifically in the area of supply chain dynamics and bullwhip effect. In next

chapter, we look at the published literature
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Chapter - 4

LITERATU

SURVEY

Supply chain management (SCM) is the practice of coordinating the design,
procurement, and flow of goods, services, information and finances, from raw material
flows to parts supplier to manufacturer to distributor to retailer to consumer. This process
includes product design, order generation, order taking, information feedback and the
efficient timely delivery of goods and services, and typically involves many or more of
the business functions in firms that are linked to specific supply chains. Efficient and
effective supply chain management assists an organization in getting the right goods and
services to the place needed at the right time, in the proper quantity and at acceptable
cost. Managing this process involves developing and overseeing relationships with
suppliers and customers, controlling inventory, and forecasting demand, all requiring

constant feedback from every link in the chain.

To co-ordinate such a complex network is difficult and requires better
communication at each stage of the supply chain. The performance of a supply chain
depends upon a number of factors. Issues facing the supply chain in today’s shipbuilding
industry were mentioned in Table 2 in chapter 3. In this section, we look at the published

literature dealing with some of these issues.

4.1 The Impact of E

on Supply Chain Management

Ackkermans et al presented resulis from a Delphi study on the future impact of
enterprise resource planning (ERP) systems on supply chain management (SCM) [22].
The Delphi study was conducted with 23 Dutch supply chain executives of European
multi-nationals. Findings from this exploratory study were threefold. The following key
SCM issues were identified for coming vears:

(1) Further integration of activities between suppliers and customers across
the entire supply chain.

{2} On-going changes in supply chain needs and required flexibility from IT.
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{3} More mass customization of products and services leading 1o increasing
assortments while decreasing cycle times and inventories.
{4} The locus of the driver’s seat of the entire supply chain.

{5} Supply chains consisting of several independent enterprises.

It was also concluded that there is only a modest role for ERP in improving future
supply chain effectiveness and a clear risk of ERP actually limiting progress in SCM.
ERP was seen as offering a positive contribution to only four of the top 12 future supply
chain issues:

(1) More customization of products and services.
(2) More standardized processes and information.
(3) The need for worldwide IT systems.

(4) Greater transparency of the marketplace.

The following key limitations of current ERP systems in providing effective SCM
support emerged as the third finding from this exploratory study:
(1) Their insufficient extended enterprise functionality in crossing organizational
boundaries.
(2) Their inflexibility to ever-changing supply chain needs.
(3) Their lack of functionality beyond managing transactions.

(4) Their closed and non-modular system architecture.

These limitations stem from the fact that the first generation of ERP products has
been designed to integrate the various operations of an individual firm. In modern SCM,
however, the unit of analysis has become a network of organizations, rendering these

ERP products inadequate in the new economy.

4.2 WMade to Store

TS) vs. Made to Order {

0)

Hax and Candea proposed that there are two ways to determine whether a product

should be produced according to made to store {(MTS) or made to order (MTQO). The first
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criterion was service consideration based on lead times, and the second criterion was
economic considerations based on cost [38]. In a working paper of MIT, the MTS and
MTO manufacturing sirategies were compared, and the effect of inventory on delivery
time was evaluated [35]. Donald et al first considered them as a set of strategies and
called them Production Positioning Strategy (PPS) [39]. Howard et al called it built to
store {BTS) and built to order (BTO) strategies, and named them Demand Response
Strategies, and considered them as the methods of response to customer demand [40].
Nguyen developed heavy traffic limit approximations for various performance measures
in hybrid MTO/MTS systems, governed by base-stock policies [41]. Wang and Yu
analyzed the integration of BTS and BTO strategy by a mathematical model and
computer programming [42]. In general, the main limitation of the past research is that
many researchers do not pay much attention on the integration of the typical sirategies,

which is very important.

4.3 How Gillette Cleaned its Supply Chain

Duffey [23] discusses about the problems Gillette faced with its supply chain and
how it overcame them. Gillette failed to meet its goal for effective customer service.
Even though Gillette’s products were constantly in demand, they could not reliably ship
to its customer’s requirements. The major reason for this was its lackluster supply chain
performance. The table below gives an idea about the problems Gillette faced, and the

measures it took to counter them.
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Problems Faced

Steps taken

Inventory levels decided hased on planners
experience, without taking forecast accuracy,
demand volatility and manufacturing run
frequency into account

Improved supply plannming by tking into
account new product launches, vendor
flexibility,  batch  sizes, manufacturing
flexibility, forecast accuracy and sourcing
location.

Collaborated with customers to make dala
uniform. In some cases JIT, where predictable
demand.

No on-time shipments due to spikes in demand

Segmented forecasiing o accommodate spikes
in demand resulting due to factors such as
seasonality & promotions.

For promotions, dependence on dollar accuracy
of forecast rather than unit accuracy — resulting
m shipment inaccuracies.

Worked closely with sales to ensure dollar
forecasts are translated into unit forecasts and
that all parties are held accountable for final
expectation.

No accountability, finger pointing

Had members of both demand side and supply
side on project team.
Focus more on data.

Segmented supply chain process

Integrated value chain organization

Different departments responsible for inventory
planning, demand planning, promotions,
customer service each one reporting to different
Vice President.

Staff Co-located and under one management
team & single point accountability {Cradle to
grave approach}

Demand planning more focused on what
company wanted to sell rather than how many
could be sold

Demand not concentrated on financial targets,
giving a true picture of demand.

A dedicated manager for demand planning
resulting in a less fittered view of demand.

Forecast Accuracy: 46 % ... Jan’03
Fill rates: 90 % ... Jan’03

Forecast Accuracy: 71 % ... Mov'03
Fill rates: 98 % ... Nov’03
Inventory reduction by 25 %

Cost reduction by 3 %.

4.4

Table-4 Problems Faced by Gillette and Steps Taken

ullwhip Effect

Demand variability increases as one move up the supply chain away from the

retail customer and small changes in customer demand can result in large variation in

orders upstream. This phenomenon is known as Bullwhip effect. This results in increased

cost and poorer service.
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The sources of variability can be demand variability, guality problems, strikes, ¢tc.
Variability coupled with time delays in the transmission of information up the supply
chain and time delays in manufacturing and shipping goods down the supply chain create
the bullwhip effect.

The following can add to bullwhip effect

o No communication through the supply chain

» Delay in flow of information and material

» Large batch size

» Neglecting to order in an attempt to reduce inventory

o Inaccurate demand forecast

The bullwhip effect has been noted and assigned various causes across a range of
academic disciplines. Forrester stated that the principal cause of this was the difficulties
involving the information feedback loop among companies, and that such systems were
too complex for managerial intuition alone to address. Consequently, his remedy lay in
understanding the system as a whole, and modeling that system with system dynamics
simulation models [43]. Sterman proposed a simple beer distribution game which
simulated a supply chain with four players, retailer, wholesaler, distributor, and the beer
producer. In the game, customer orders were predetermined but were revealed only
period by period as the game progresses. The demand was constant in the first few
weeks, and then doubled and kept constant in the subsequent weeks. He found that
because of the demand change and the rational actions of the players, the information was
distorted, and the demand was amplified [44, 45]. Goodwin and Franklin also did some
work on this game [46]. Metters constructed a function to quantify and optimize the
discounted expected cost of the bullwhip effect in the supply chain. In the function the
inventory holding cost, production cost, and penalty cost of unsatisfied demand were
evaluated [47]. Lee et al analyzed the causes of the bullwhip effect, which were demand
forecast updating, order batching, price fluctuation, and rationing and shortage game.
They used an order-up-i0-S, periodical model to quantify their effect and proposed some

approaches to reduce the bullwhip effect [36, 37]. Towill discussed the industrial
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dynamics modeling in supply chains, and Towill and McCullen analyzed the impact of
agile manufacturing on supply chain dynamics [48,49]. Song also built a simple model
developed from the beer game model and discussed the effect of seven causes on supply
chain dynamics {SCD), which were shortage game, capacity, information delay, poor
coordination, materials delay, demand signaling, and order batching [50]. Fransoo
and Wouters proposed a mathematical model to measure the bullwhip effect in the supply
chain. In the model, the bullwhip effect at a particular echelon in the supply chain was
measured as the quotient of the coefficient of variation of demand generated by this
echelon and that received by this echelon. Then based on the model and the data from a
project, they discussed how to solve the problems in the measurement of supply chain
bullwhip effect [S1]. Chen et al. analyzed the effects of demand forecasting, lead times,
and information in a simple supply chain, and concluded that the bullwhip effect could be
reduced by centralizing demand information [52]. In general, there is a lot of good
research in this domain, but the qualitative analysis of SCD and the discussion on its

effect on supply chain planning is not enough.

4.5 Managing Physical, Information and Financial Flows

According to Villa [24], managing different types of physical, information and
financial flows become a real challenge for managers and researchers, due to the
complexity of the problem. Supply chain management involves a variety of management
and technical issues, starting from distributed design of products and processes, the
decentralized but efficiently coordinated production of goods through suppliers
contracting and outsourcing to the coordination of third party logistics and multi-
locations inventories. Often each supplier in the supply chamn tries to maximize its own
profit, which conflicts with the overall performance goal of the supply chain as a whole,
The paper further states that an integrated supply chain can present significantly different

performance depending on the types of products and production flows involved.
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4.6 Supplier Relationship Management
Improving supply chain execution and leveraging the supply base has become

more critical than ever in achieving competitive advantage [25]. Technological
developments in the last 10 years aimed at improving the supply chain have mainly fallen
into two major areas: optimized Supply Chain Planning, and Customer Relationship
Management. However the successful Supply Chain Planning applications of the last
decade have been largely focused on optimizing resource utilization within a single
enterprise. This paper discusses about a new category of supply chain software
applications, called Supplier Relationship Management (SRM) which can dramatically
improve supply chain performance and empower a new level of supply base
management, and how it can fit into typical manufacturer’s supply chain process. SRM
solutions are aimed at helping manufacturers maximize the value of their supply base to
deliver strategic value. A comprehensive SRM solution supports a broad set of business
processes including:

. Strategic Supply Management

2. Supply Chain Collaboration

3. Procurement Execution

4.7 Improving Extended Supply Chain Performance through Better

Control

Many manufacturers struggle with the challenges of shrinking product lifecycles,
increased complexity of outsourced or multi-tier supply chains, and volatile product
demand {26]. Even after spending millions of dollars on ERP, APS, and Supply Chain
Event Management (SCEM) these systems rarely meet expectations. Moreover scope of
ERP and APS systems are limited to a single-enterprise. Communication, visibility and
control across the multi-tier system have become the most significant challenges for
today’s manufacturers.

The companies that can smoothly control the flow of materials while matching

supply and demand have a significant advantage, and more importantly they have better
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financial performance. Controlling supply chain means having the capability o either

increase or decrease material velocity across the entire supply chain.

@

ent in Small

4.8 Supplier Development and Supply Chain Manage

and Medium Size Enterprises

This paper {27] provides the outcomes of a supplier development and supply
chain management attitude survey designed to identify current trends in businesses within
supply chains. The analysis identifies the adaptation of supplier development and supply
chain management techniques. The relationships between customers and smaller
suppliers are also examined, giving an indication of the lack of effective adaptation from
the traditional adversarial relationships to the modern collaborative supply chain
relationships. The outcomes based on a survey of 400 small firms identify issues, which
businesses need to address to improve the performance of their supply chains, and so
improve their competitive position by grasping the benefits of effective supply chain

management

4.9 Information Systems Failure and Its Impact on the Supply Chain

Decision Process

The realization that many supply chain managers are still using strategies that
were devised for the pre-IS types of supply chains calls for a strategy that considers the
effect of Information System Failure (ISF) in supply chain management decision making.
Rakotobe et al [28] proposed supply chain decision strategy that addresses the dynamic
multi-dimensional socic-technical issues within a heedful supply chain. The framework is

based on the high reliability organization and supply chain management techniques.
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4.10 plications of Postponement for Supply Chain

With the increasingly sophisticated customer demand (e.g. product variety and
customization), supply chains have to be responsive o constantly changing markets. As
forecast and planning become very complex [29], producing and storing all types of
finished goods based on forecast will run a high risk of stock out and obsolescence while
lead times often makes make-to-order impossible. Therefore, postponement has been

increasingly vsed as an important supply chain strategy.

Postponement centers around delaying activities in the supply chain until real
information about the markets is available. The viability of postponement is determined
by the structure of the supply chain characteristics. On the other hand, postponement
affects the supply chain. The implementation of postponement often leads to the
reconfiguration of the supply chain. Postponement application has also resulted in a
blurring of warehousing, assembly and retail operations, and the warehouse is often the
place where final assembly, labeling and packaging are processed. By employing
postponement and combining it with a holistic view, some companies have managed fo

improve the performance of the supply chain.

4.11 Very High Inventory, No Consistent Approach to Inventory

Vianagement

This is also a common problem faced in the supply chain [30]. Various inventory
management methods are utilized by firms to minimize supply and demand imbalances in
the supply chain. The problem is generally complicated by the fact that the demand is

uncertain, which causes stock outs resulting in order not being filled.

In addition to the above issues discussed in the literature, other problems found

within a supply chain include high order fulfillment lead {ime [32], ineffective customer
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service [317], planning cycles not aligned [33] and a general lack of trust among supply

chain members [34].

High order fulfillment Lead Time resuifs in the overall long lead times for the
company. Ineffective customer service results when the company is not able to meet iis
customer demand on-time. If the planning cycles for the entire supply chain is not
aligned, it will result in bottlenecks throughout the system. A lack of trust between
customer and supplier equates fo higher transaction costs since this will lead to

companies holding “safety” inventory at multiple stages in the supply chain.

For a company to be a world leader, it has to streamline its supply chain. Demand
forecast accuracy, perfect order, supply chain cost, and cash-to-cash cycle time are
the four most critical metrics a company can use to get a quick, balanced snapshot of its
supply chain performance. With these four metrics, a company can see how good a view
of demand it has, where it is making trade-offs between cost and service, and how well it

is managing the cash flow.

4.12 Summary

Published articles point to 2 number of issues related to the supply chain
management. Chief among these issues is the lack of integration of activities between
suppliers and customers across the entire supply chain. Other issues include bullwhip
effect, management of flow within the supply chain, supplier relations management,
impact of ERP and implications of postponement. A number of authors have focused on
one or two specific issues however there is lack of a cohesive approach to address all the
issues. For example, there is plenty of research in the area of supply chain dynamics, but
the qualitative analysis of SCD and the discussion on its effect on supply chain is not
enough. In general, the main limitation of the past research is that many researchers do
not pay much attention to the integration of multiple strategies. ERP’s were conceived to
improve integration of business activities however they suffer from insufficient extended

enterprise functionality and inflexibility to ever changing supply chain needs.
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4.13 Intent of Dissertation

This study strives to address the supply chain integration problem by looking at
the big picture via three methods; mathematical stochastic modeling, physical simulations
and computer based simulations. All three of these methods incorporate variability
associated with supply chains. Simulations in general are used extensively for modeling
complex systems because of their ability to incorporate system variability. We make the
distinction between physical simulation and computer based simulations. Physical
simulations are those where participants in a class room are assigned specific roles within
an organization and make decisions based upon the situation and rules given to them.
Performance metrics are used to track system performance. This is usually done in
multiple phases where productivity and management strategies are introduced and their
impact studied. Use of physical simulations in manufacturing and management training
has grown recently with the advent of Lean philosophy. Computer based simulations use
a computer software to model a system with all its inherent variability and track its
performance through a number of parameters. Computer based simulations can
incorporate much higher level of detail and resolution compared to physical simulations
however in terms of mimicking a real life system, physical simulations do a much better

job since they incorporate human interactions and dynamics.

To achieve the dissertation intent indicated above, the following chapters are
provided in succession. Existing mathematical models (both deterministic and stochastic)
are discussed in chapter-3. Application of base stock model and (Q, r) model are
discussed in chapter-6 and 7. Physical simulation models are discussed in chapter-8 and 9

and computer based simulation model is discussed in chapter-10.
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Chapter - 5

MATICAL MODELS

EXISTING

Taylor’s principles of scientific management [59] were precursor to a host of
mathematical models designed to solve the problems associated with manufacturing
planning and control. These models formed the foundation for instruction in several
operations management (OM) areas like inventory control, scheduling, capacity planning,
forecasting and quality control. Of these areas, inventory control saw the development of
a variety of mathematical models. These models can be subdivided into two broad areas.
Those that assumed a known demand, and those that assumed a stochastic demand. Hopp
and Spearman [20] provide a survey of existing mathematical models for analyzing

inventory management within a supply chain.

5.1 Deterministic Models

One of the earliest deterministic models came out of work of Ford W. Harris [58]
(1913). Harris’s Economic Order Quantity (ECQ) model has been widely studied. His
model makes the assumptions that:

1. Production is instantaneous

2. Delivery is immediate

3. Demand is deterministic

4. Demand is constant over time

5. Each production run incurs a constant setup cost
With these assumptions, he derived the following formula for calculating the total

inventory cost per product:

A A
Y(O) :E% -+ 5 + (6)

Where D = Demand rate in units per year

¢ = Unit production cost
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A = Constant setup cost to produce a lot
h = Holding cost in dollars per unit per year
QQ = Lot size 1 units

The lot size that minimizes Y((Q) in the previous equation is;

24D 7
v

The Economic Production Lot Model (EPL) propose by Taft [60], modifies the EQQ
model to include finite and predictable production rate P,
AD N W(i—-D/ PO N
o 2

Minimizing equation (8) yields:

Y(Q)= De (8

24D
Q =l &)
h(1-D/P)
Wagner-Whitin model [61] considers the problem of determining production lot size

when demand is deterministic but varies with time.
5.2 Stochastic Models

Statistical modeling of production and inventory control dates back to Wilson’s
work [62]. Wilson breaks inventory control problems into two parts:
1. Determining the order guantity, which is the amount of inventory that will
be purchased or produced with each replenishment.
2. Determining the reorder point, or the inventory level at which a replenishment

will be triggered.

The following three models have attempted to address this issue with three
different approaches:
1. Newsboy Model — Considers only 2 single replenishment so the only issue is to
determine the order guantity in face of an uncertain demand.

Base Stock Model — Considers the replenishment of inventory one unit at a

E\)

time as random demand occurs. Thus, the only issue here is to determine the
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reorder peint. The target inventory set for the system is known as the base
stock level.

3. (Q, r) Model — In this case the inventory is monitored continuously and demand
occurs randomly and possibly in batches. When the inventory level reaches 1,
an order of size Q is placed. After a lead time |, during which a stockout may

occur, the order is received.

The Newsboy model, while being useful in certain situations, is not realistic in
case of a supply chain where multiple replenishments may be required. Thus we will lock
at the last two models in detail and compare them in the context of a two tier supply
chain. Base stock model is closer to the Lean concept of make one move one since the
replenishment quantity is one here. Realistically, it is not always possible to have order
quantities of one and economies of scale may dictate ordering in batches. (Q, r) model
addresses this need by providing a method for calculating both the order quantity and the

reorder point.

We first look at the Base Stock model and then (Q, r) model.

5.3 The Base Stock Model

The Base Stock model uses a continuous time frame and makes the following
assumptions:

1. Products can be analyzed individually. There are no product interactions.

2. Demands occur one at a time. There are no batch orders.

3. Any demand not filled from stock is backordered. There are no lost sales.

4. Replenishment lead times are fixed and kmown. There is no randomness in
delivery lead times.

5. Replenishmenis are ovdered one af a fime. There is no setup cost associated with
placing an order and no constraint on the number of orders that can be placed per

year.
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We make use of the following notations:
1 = Replenishment lead time (in days)

x = Demand during replenishment lead time (in units), a random variable
GxR)=P{X<=x)= Z; pliy, cumulative distribution function of demand

during replenishment lead-time; we will allow G to be continuous or discrete.

8 = E [ X] mean demand (in units) during lead time |

h = cost to carry one unit of inventory for one year (in dollars per unit per year)

b = cost to carry one unit of backorder for one year (in dollars per unit per year)

r = reorder point which represents the inventory level that triggers a replenishment
order;

R =1+ 1 base stock level

S =1 - 0, safety stock level

G (r) or S (R) = Fill rate i.e., Fraction of demand filled from stock is equal to the

probability that an order arrives before the demand for it has occurred.

We place an order when there are r units in stock and we expect a demand of 6 units
to occur while we are waiting for replenishment order to arrive. The inventory level is r —
8 when the order arrives. If s =1 — 8 > 0, then we call this the safety stock for the system.
Since finding r — 9 is equivalent to finding r (8 = constant), we can view this as the
problem of finding the optimal base stock (R = r + 1), or reorder point 1, or safety stock

level(s=r—0).

We can approach the problem of finding an optimal base stock level in one or two
ways. We can formulate a cost function and find a reorder point that minimizes this cost.
Or we can simply specify the desired customer service level and find the smallest r that
attains it. We will look at the second approach since customer satisfaction is one of the

key goals of Lean philosophy.
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We begin by analyzing the relationship between inventory, replenishment orders,
and backorders under a base stock policy. We distinguish between on-hand inventory,
which represents physical inventory in stock (cannot be negative), and inventory
position, which represents the balance of on-hand inventory, backorders, and

replenishment orders and 1s given by

Inventory position = on-hand inventory — backorders + orders (10}

Under the base stock policy we place a order every time a demand occurs. Hence,

the following relationship holds true at all times:

Inventory position =R (11)

Using equations (10) and (11), we can derive an expression for the performance

metric for meeting a specified service level.

Since lead times are constant, we know that all the other R — 1=r items either in
the inventory or on order will be available to fill new demand before the order in question
arrives. Therefore, the only way the order can arrive after the demand for it has occurred
is if demand during the replenishment lead time is greater than or equal to R { that is,

X > R ). Hence, the probability that the order arrives before its demand (i.e., does not

result in backorder) is given by

PX<R)y=P(X <R-1)=GR~-1)=G{) (12)

Since all orders are alike, the fraction of the demand that are filled from stock is

equal to the probability that an order arrives before the demand for it has occurred, or

S(R) = G(R~1) = G(r) (13)
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Hence, G{r) or S{R) represents the fraction of the demand that will be filled from
stock. This is known as the fill rate and represents a measure of customer satisfaction and

hence its selection as a performance metric.

Base stock model is equivalent to the Japanese Kanban System (with kanban size
of one) since, order guantity is one.
If h = annual cost to hold a unit of inventory and
b = annual cost of backorder
The condition for the optimal base stock level for this model is very similar to one for
Newsboy model and has been derived by Johnson and Montgomery [57].

h
G(R*)= —— (14)

Thus the optimal base stock level is the one for which the fill rate is given by
equation (14). This result makes intuitive sense, since increasing the holding cost h will
decrease R*, while increasing backorder cost b will increase R*. It should be noted that
when backorder and holding costs are equal the resulting fill rate is 0.5 and R* = 8, the

average demand during replenishment lead time, and therefore there are no safety stocks.

Cost Analysis:

We can formulate the quantitative cost analysis by first looking at the expression
for average inventory level. For most of the cases, unless there is seasonal product
demand, the average inventory position can be expressed as:

Inventory Position = Average Inventory -+ Safety Stock

Average Inventory = (3/2

Safety Stock =s=r~8

Therefore: Inventory Position = {% +r—8} and
0.,
Investment in inventory = ¢x4 5 +r—8 f
L

Where ¢ = unit cost of product in dollars

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



g
(¥

2

‘i )
Total Cost = Order Cost + 5x{§+r~§}
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We will use these cost equations to compare the various cases later in chapter 6.

Primary Insights from the Model:

Base stock model has been widely researched in operations management
literature, partly because it is simple to analyze and can be applied to a wide rage of
situations. For instance, base stock can be used to control work releases in a multistage
production line or multiechelon supply chain. In summary, the primary insights from base

stock model are:

1. Reorder points control the probability of stockouts by establishing safety stock.

2. To achieve a given fill rate, the required base stock level (and hence safety stock)
will be an increasing function of both mean and standard deviation of the demand
during replenishment lead time.

3. Base stock levels in multistage production systems are very similar to kanban.

5.4 Application of Base Stock Model — An Example

We consider the example of an appliance store which sells various models of
refrigerators. We know from past experiences that the mean demand for a certain model
is 10 units per month, and replenishment lead time is one month. Therefore mean demand
during the replenishment lead time is 10 units. Thus known quantities are:

Average Demand = D = 10 units per month

Replenishment lead time, 1 = 1 months

Average demand during replenishment lead time, 6§ = —xX D = %X 10 =10 units

0
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This example was adapted from the book bv Hoop and Spearman [20] and

included here to illustrate the application of this model. Let us assume that the demand

for refrigerators follows Poisson distribution.

p(r) = Probability {Demand during lead time =r}=

And G (r) Cumulative Probability Distribution =

ﬁre—é B 1{}&"{3—1{}

W0

<

7

B ¥ l{)xe~év

The Poisson distribution is a good modeling choice for supply chains where

demands occur one by one and do not exhibit cyclic fluctuations. It is completely

specified by only one parameter, the mean and is therefore convenient when one does not

have information concerning the variability of demand. The standard deviation of the

Poisson is equal to the square root of the mean.

12

095

0.

0 0.792

1 0 0 13 0.073 0.864 —
2 | 0.002 0.003 14 0.052 0917 LI 4
3 | 0.008 0.01 5 0.035 0.951

4 | 0019 0.029 16 0.022 0.973

5 | 0.038 0.067 17 0.013 0.986

6 | 0.063 0.13 18 0.007 0.993

7 | 0.09 0.22 E 0.004 0.997

g8 | 0113 0.333 20 0.002 0.998

9 | 0135 0.458 21 0.001 0.999

10 | 0.125 0.583 22 0.000 0.999

11| 0114 0.697 23 0.00 1.00

Table 5. Fill Rates G(r} for Various Values of v

We need to calculate the base stock level and safety stock for a given fill rate.

Table 5 is constructed using the above formulae. From this table, we find the value of r

that will satisfy a given fill rate. For example, if we want a fill rate G(r) of 90%, the

closest number above 0.9 1s 0.917 which corresponds to a value of r = 14,

Hence safetvstock s =r-8=14-10=4
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The optimal base stock level is the one for which the {ill rate is given by equation
(%) which was derived by Johnson and Montgomery [57] and give here again.

sy D
6% =+ (15)

Where h = annual cost to hold a unit of inventory and

b = annual cost of backorder

If we assume the annual holding cost h to be $15 and annual cost of a backorder b
to be $ 40, then the fill rate corresponding to optimal base stock level will be given by:

40
h+b 15+40

This {ill rate corresponds to an optimal base stock level of v* =12 from table 4.

=0.727

G{r*) =

This example points out the utility of Base Stock Model. According to the model,
if the manager of the appliance store desires a fill rate of 90% then he should mamtain a
base stock level of R =r + 1 = 14 + 1 = 15 refrigerators. However, if the manager’s
primary concern is to minimize the cost associated with inventory then he should carry a
base stock level of R" =1 + 1 =12+ 1 = 13. The corresponding fill rate will drop down

as in this case to 72.7% leading to a lower customer satisfaction.

5.5 The (Q, r) model

The first formal publication of the {(Q, r) model was done by Wilson in 1934 [66].
From the modeling perspective, the (Q, 1) model is identical to the base stock model
except that:
1. A fixed cost is associated with each replenishment order.
2. Orders may be batched.

3. A constraint on the number of replenishment orders per year exists.
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Since there is scime cost associated with a replenishment order, replenishment
quantities greater than one may make sense. The model makes the following
assumptions:

1. Any demand not filled from stock is backordered.

2. Replenishment lead times are fixed and known.

3. There is a fixed cost associated with a replenishment order.

4. There is a constraint on the number of replenishment orders that can be placed per

year.

The basic mechanics of the (Q, r) model are illustrated in the Figure 14.
Q

Inventory
(Units)

Time
Figure 14. Inventory vs. Time in (Q, r) Model

When the mventory reaches the reorder point 1, a replenishment order for quantity
Q is placed. After a lead time of 1, during which 2 stockout may occur, the order is
received. Larger values of Q will result in fewer replenishment per vear but high average
inventory levels. Smaller values of Q will produce low average inventory but many
replenishments per vear. A high reorder point will result in high inventory but a low

probability of stockout.
The replenishment quantity @ affects ¢ycle stock i.e., inventory that is held o

avoid excessive replenishment costs. The reorder point r affects safety stock ic.,

inventory held to avoid stockouts. It should be noted that under these definitions, all
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inventory held in EOQ model is cycle stock and inventory held in base stock model is
safety stock. In this sense, ((, 1) model is an integration of these two models. Depending
upon how we define customer service, we can create two formulations of (Q, r) model. In

both cases, we seek to choose values of Q and r to solve either (16) or (17).

Min o, | fixed setup cost -+ holding cost + backorder cost ] {16)
Min g » [ fixed setup cost + holding cost + stockout cost | (17

We represent the customer service based upon the first formulation i.e., use cost
of backorder in the analysis.

The following notations are used:

D = Expected demand per year (in units)

| = Replenishment lead time ( in days ) , assumed constant

X = Demand (random) during replenishment lead time (in units), a random
variable.

8 = E [X] = DI/365 = Expected demand during replenishment lead time (in units)

o = standard deviation of demand (in units) during lead time 1 {dollars per unit per
year)

p(x) = P(X = x) = probability demand during replenishment lead time equals x
{(probability mass function). We are assuming demand is discrete (i.e.,
countable), but sometimes it is convenient to approximate demand with a
confinuous distribution. When we do this, we assume density function g(x)

in place of the probability mass function.
Gx =P X<x)= ZLO p(i), Cumulative distribution function of demand during

replenishment lead-time; we will allow G {o be continuous or discrete.

A = Setup or purchase order cost per replenishment (in dollars}
¢ = unit production cost ( in dollars per unit)
h = annual unit holding cost { in dollars per unit per year )

k = cost per stockout (in dollars)
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b = annual unit backorder cost { in dollars per unit of backorder per vear); It
should be noted that failure to have inventory available to fill a demand is
penalized by using either k, or b but not both. This is same as choosing one of
the formulations equation (8) or (9). We choose the first formulation and use
cost of backorder.

(Q = replenishment quantity (in units); this is a decision variable.

r = reorder point {in units), this is the other decision variable
s = r - @ = safety stock implied by r (in units}
F(Q, r) = order frequency (replenishment orders per year) as a function of Qand r

S(Q, 1) = G{r )= fill rate (fraction of orders filled from stock) as a function of Q and r

{same fill rate as used in base stock model)
B(Q, r) = average number of outstanding backorders as a function of Q and r
I(Q, r) = average on-hand inventory level (in units) as a functionof Q and r
B(r) = average number of backorders in a year as a function of r

n(r) = number of backorders during a replenishment cycle
The relationship between B(r) and n(r) is B(r) = gx n(r)
If the demand for product follows Poisson distribution then:

8¢’ 107"

7! 7!

p(r) = Probability {Demand during lead time =r1}=

R R k _-10
And G (r) Cumulative Probability Distribution = Z plk)y= Z 10 e

k=0 k=0 ki

These are the same equations that we used in the case of base stock model.

The Poisson distribution is a good modeling choice for supply chains where
demands occur one by one and do not exhibit cyclic fluctuations. It is completely
specified by only one parameter, the mean and is therefore convenient when one does not
have information concerning the variability of demand. The standard deviation of the

Poisson is equal to the square root of the mean.
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Now we construct a cost function based upon fixed setup cost, holding cost and

backorder cost below:

2. Fixed setup cost
Since the number of replenishments per year is D/Q), the annual fixed set up cost can be

written as
D
F(Q,r}xA:E—xA (18)

b. Holding cost

The holding cost can be written as product of h, annual unit holding cost and I(Q, 1)
which is average on-hand inventory level. The exact expression for an average inventory
has been calculated by Hadley and Whitin [70], but we can easily approximate the
average inventory level I(Q, r) by looking at Figure 15.

Expected
Inventory

Qrs=
r-6+Q

Time
Figure 15. Expected Inventory vs, Time in the (Q,r ) Model

It is clear that the expected inventory will decline from (+s to s overreach

replenishment cycle. Hence the average inventory is given by:

1Qn =@r9*ts _ 2o %ﬂw@

19)
> 5 (19

{Assume s>0)

Using Equation (10} we can express the approximate holding cost per year as:
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;
th{Q,iﬂ):h(%+rmﬁ} (20)

¢. Backorder cost:

The number of backorders in a cvcle equals the number of backorders on the
books when a replenishment order arrives. If the demand during the replenishment lead

time is x, then the number of backorders can be expressed as

0 ifx<r
x—r ifx2r

Number of backorders = {

The expected number of backorders that will be placed during a cycle is indicated by n(r)

which is integral of the
n(r) = [(x—r)g(x)dx @1

Hence the expected number of backorders per year is obtained by multiplying n(r) by the

expected number of cycles per year:

Expected no of backorders per year = B(r) :g n(r) (22)

Therefore, total backorder cost will be = bg n(r) (23)

Another approach to calculation of quantity B(Q, r} is to compute it similar to fill
rate , by averaging the backorder level for the base stock model over all inventory
positions betweent+ 1 andr + Q.

B(O,r)= 1 fﬂ(x) = é{g{r +1)+ .+ Blr + 0)] (24)

Pt
To simplify our calculations, we can simply use the base stock backorder formula which
was derived in a previous section in this chapter.

B(Q.r) = BG)

The loss function B (r) which represents the average backorder level in a base stock

model and was shown by Hopp and Spearman [20] to be:
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n(ry=8 p(r)+{@-r){l-G(r)) (25)

Thus, B(r}= —gn(r) = g{@ plry+{8—-ryl— G{r}}} (26)

Total Cost Fermulation
Now substituting in Equation (8) , we get the (Q, ) model cost function
Y{(Q,r) :QA+ h(2+r—ﬁ\l+ bgn(i”) (27)
o 27 )
We compute the values of § and r that minimize this function. Differentiating Y (Q, r)
with respect to Q and setting the result equal fo zero yields

oY (Qg,») _—Db4 +ﬁ_ bDn(r) -0

28
w0 0 20 )

This can be simplified as:

D24 N bDnz(r) _ h or 2D(A +2bn(r)) =t and finally

o 0 2 o

2D{A+bn(r
Q=J (4-+bn(r)) 29
h

Now, differentiating Y (Q, r) with respect to r and setting the result equal to zero yields

9r(Q,r) =h+ bD on(r) =0 (30)

or Q0 or

Since

%?zgﬁwﬂﬁwﬂ=~%mﬂ=ﬁﬁﬁw>
Equation {30) becomes

h——@@m{}{r}}:@ (31

o

This can be further simplified and written as equation below:

Gry=1- Y (32)

bD
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The optimal replenishment quantity Q* and the reorder point ™ can be found by

simultaneously solving the following equations (33) and (34):

[ 2D(A+bn(r))
Q -y 2

Y
Gry=1--= (34)

(33)

Since these equations are coupled (i.e., Q depends on r and r depends on Q), we require

an algorithm to solve these.

d. Algorithm for Solving Coupled Equations (Single product (Q, r) model)

Coupled equations like (33) and (34) can be solved by an iterative process which

is described below:

Step 0 Given the known quantities like fixed setup cost A, annual unit holding cost h and
annual demand in units D, we calculate an initial value of order quantity Qp using
the EOQ model formula.

Then, we find an initial value of reorder point 1o which will satisfy the desired fill
rate calculated by equation (34). This value of 1y is obtained from probability

density function tables that we have already used in base stock model.

Step 1 Then, we compute optimal values for order quantity Q and reorder point r using

equations (33) and (34) which were developed for backorder cost model.

Step 2 In step 2, we compare the results obtained in step 0 and step 1. If the difference
between these values is less than one then these are the optimal values of Q and 1.
If the difference is larger than one, we repeat step 1. This is done until the
solutions converge. It is observed that solutions converge quickly, generally

within one or two iterations.

The above algorithm is described here in mathematical form.
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Step 1

Compute

_ [2D(A+bn(r)
Q; —d h

and compute 1 as the value of r that satisfies

Step 2
If lQ, - QHi <1 and |rr - ”1—11 <1, stop and set Q* = Q,, r* =r,. Otherwise, set

t =t +1and go to step (1).
This algorithm generally converges quickly.

e. Basic (Q, r) Insights

The basic insights behind the {Q, r) model are essentially those of EOQ and base
stock mode!l namely:
e Cycle stock increases as replenishment frequency decreases

e Safety stock provides a buffer against stockouts

(Q. 1) model and base stock models ( same a (Q, r) model except Q = 1) are
historically early attempts to explicitly model variability in the supply chain and provide
quantitative understanding of how safety stock affects the customer service level. This
model suggests that the safety stock, service level and backorder levels are primarily
affected by the reorder point r, while cycle stock and order frequency are essentially

functions of order quantity Q.
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The (Q, r) model offers some gquantitative insights inte the nature of the
dependence of service on safety stock.

1. Increasing the annual average demand D during 2 replenishment lead time 8 will
tend to increase the optimal order quantity Q.

2. Increasing the variability of the demand process will tend to increase the optimal
reorder point 1. It should be noted that increasing either the annual demand D or
the replenishment lead time { will serve {o increase 8

3. Increasing the holding cost will tend to decrease the optimal replenishment

guantity Q and reorder point 1.

The basic (Q, r) model is premised on data that can be difficult to obtain in
practice. The two potential trouble spots are:
1. The setup/purchase order cost A may not be known

2. The annual backorder cost b may be hard to estimate

However, we can still pursue the quantitative framework offered by the (Q,r )
model to characterize the cost tradeoffs between inventory, replenishment frequency and

customer service. To do this, we formulate the problem as follows:

We come up with a cost function for total inventory investment and minimize it
with respect to constraints that are easy to estimate and are found in real world situations.
For example, average replenishment frequency or customer service level. We can apply

the following constraints to these two parameters:

Average replenishment frequency < F

Average customer service level = S

We have already developed an approximate expression for the average inventory
level, namely /2 + 1 - 8 . Hence the total investment in inventory is

]
{

.

.. !

Investment in inveniory = c¢X{~—+r—-§;
§

2 i

R——
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The customer service or fill rate is given by

Fillrate = ,i;-m
9

Hence, from the above discussion we can formulaie the problem as follows:

( )
Min cx!gﬂ‘nr—ﬁ% Subject to: QSF and 1~@ZS
12 J o o

After solving these equations we can rationally balance the frequency of

replenishment and customer service with inventory investment.

5.6 Application of (Q, r) Model — An Example

We consider the example of an appliance store that sells various models of
refrigerators. We know from past experiences that the mean demand for a certain model
is 14 units per year, and replenishment lead time is 45 days. This example was adapted
from a book by Hoop and Spearman [20] and included here to illustrate the application of

this model.

Annual demand is D = 14 units/year

Unit cost of the part = $150

Annual holding cost, h = $15

Replenishment lead time, | =45 days

Average demand during a replenishment lead time is

6 :;D;XZ :—Eﬂ—x45=}.726
365 365

The cost of each backorder, b = $ 40

Let us model the demand using Poisson distribution.

r -8 ¢ _—10
p(r) = Probability {Demand during lead time =1 }= g eg = 10 i
r! r
v X = 107 e™
And G {r) Cumulative Probability Distribution = Z plry= 1 g
7t

r=0 =0

Number of backorders in a replenishment cycle, #n{(#) =8 p(r)+(8 -1~ G(r))
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This above expression nfr} is same as that for the base stock model and
justification for using this expression was presented by Hopp and Spearman [20] and

explained in the previous section.

The Poisson distribution is a good modeling choice for supply chains where
demands occur one by one and do not exhibit cyclic fluctuations. It is completely
specified by only one parameter, the mean and is therefore convenient when one does not
have information concerning the variability of demand. The standard deviation of the

Poisson is equal to the square root of the mean.

Table 6 is generated using the equations for probability and cumulative

probability distribution function. Where:

p(r) = Probability of demand during lead time
G(r) = Fill rate

n{r) = Expected number of backorders during a replenishment cycle

T i

0 0.178

1 0.3072 0.4852 0.9040

2 0.2651 0.7503 0.3892 =23
3 0.1525 0.9029 0.1396 (L' n=3
4 0.0658 0.9687 00424 I\M ¢+ =3
5 0.0227 0.9914 0.0111

3 0.0065 0.99% 0.0026

7 0.00016 0.999 0.0005

8 0.0003 0.9999 0.0001

) 0.0001 1.000 1

10 0 1 0

Table 6. p(r), G(v), n(r) Values for Various Values of r

We now test the algorithm for (Q, r) model which was developed in the previous

section.
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Step ¢
124D 12x10x14
= = =432 ~4
e, *J B \j 15
Find the smallest r such that
Giry21-T 13X 4 eo3
bD 40%14

From table 6, we see that the next higher fill rate after0.893 is 0.903 which

corresponds to a value of r = 3. Hence rp = 3

Step 1
Compute (J;

5393=5

2D(A+bn(r,)  [2x14(10+40x0.1396)
o= h z\/ 15 -

Recalculate r; as the smallest r such that

bD 40x14

From the table r; =3

= (0.866

Again if we calculate Q, and r, we will find the same values.
Hence Q* =35, r* =3

Safety stock level =r-86=3-1.726 = 1.274

5.7. Summary

A number of models have tried to address the complexity of inventory systems
and supply chains. We have discussed in this chapter two deterministic and three
stochastic models. These models are compared in table 7. The table compares them with
respect to various parameters and assumptions. The dashes indicate that the particular

modeling decisions do not apply to them.
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Modeling Decision Model
EOQ| EPL [ WW | NV | BS | (Q,
)]
Continuous, C or discrete D, time C C D D 'S C
Single, S or multiple M, product g q g < g 5
Single, S or multiple, M periods - - M g . .
Backorder, B or lost sales, L - - - L B B
Setup or order cost {Yes or Noj Y Y Y ™ N '
Dieterministic, D or random, R demand o o D B B R
Deterministic, IJ or random, B o Iy D D 13! D
production
Constant, C or dynamic, D demand C C D - o C
Finite, F or infinite, | production rate 1 F i - 1 1
Finite, F or infinite, 1 horizon I 1 F F 1 1
Single, § or multiple, M echelons S S S S 5 S

Table 7. Classification of Inventory Models
Adapted from Hopp and Spearman [20]

While some of the above models are simpler to implement (ECQ), others are
harder to implement since they require data that is hard to obtain. Collectively as a group,

they do offer following insights:

t. There is a tradeoff between setups (replenishment frequency) and inventory.
The more frequently we replenish inventory, the less eyele stock we will carry.

2. There is tradeoff between customer service and imventory. When demand is
random, higher levels of customer service require higher safety stock.

3. There is a tradeoff between variability and inventory. For a given customer
service and replenishment frequency, higher the variability of demand, the more

inventory must be carried.
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APPLICATION ASE STOCK

L

In this chapter, we apply the base stock model to a serial three level multiechelon
single product supply chain system as shown in Figure 16. Supply chain systems like
these are very common in industry. Research literature includes several examples of two
level supply chains. Hopp and Spearman [20] discuss a two level arborescent system. It is
important to study this since, supply chain dynamics effects like bullwhip effect get more

amplified in a three level serial system.

Decision Variable = Reorder Point Inventory- r

Fill rate = 0.9, Poisson distribution for demand, Vary replenishment lead time

Secondary o :
T Warehouse Cusiomey !
Supplier (engine , , Slomy i

part) {Engine} {Engine) ;

.. r=2 Demand =~ Cons. |-

%%? ””’3 — e
Bep -2 Step - 1

Figure 16. Base Stock Model Applied to Three Level Serial Supply Chain

Our goal is to study these supply chains by applying base stock (chapter 6) and
(Q, r) models (chapter 7) and compare the results. We then, study these systems using
physical simulations and validate the findings of mathematical models through physical
simulations. Finally we, validate these models through the use of a computer based

simulation model using ProModel software.

In this section we evaluate base stock model for five replenishment lead time, 12,
8, 6, 4, and 2 months and calculate reorder point for these cases. We start with the bottom
of the supply chamn and based upon customer demand calculate the inventory level that
must be kept at the warehouse for a given fill rate (Step — 1 in Figure 16). For all these
cases, the desirable fill rate is assumed to be 90%. Then, we move up the supply chain

and calculate the quantity that must be stored at primary supplier to attain desired fill rate
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for orders received from the warehouse {Step — 2 in Figure 16). This is repeated until we
L ,

have the r values for each entity in the supply chain.

Cost Analysis:

We can formulate the quantitative cost analysis by first looking at the expression
for average inventory level. For most of the cases, unless there is seasonal product

demand, the average inventory position can be expressed as:

Inventory Position = Average Inventory + Safety Stock
Average Inventory = (/2
Safety Stock=s=r~ 6

Therefore: Inventory Position = {% +r—- 0} and

Investment in inventory = ¢X {% +r— 6}

Where ¢ = unit cost of product in dollars

Total Cost = Order Cost + ¢X {% o H}

We will use these cost equations to compare the various cases later in chapter 6.

The following pages include the analysis for five replenishment lead times.
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Land

eplenishment Lead Time = 12 months

Secondary Primary Warch Cusi
Supplier Supplier N areaouse ‘ -ustomer
(engine parts) |- (Engine} j— (Engine) :> (Engine)
r =25 r=19 r=14 Demand = 10

Location - Warchouse

Average Demand = 10 units per year

Replenishment lead time, | = 12 months
Average demand during replenishment lead time, 6 = % x10 = 10 units

We model the demand based upon Poisson distribution:

gre—ﬂ B 10/ e—l()

p(r) = Probability {Demand during lead time =1}= : ’
7l 4

’” v &k _-10
And G (r) Cumulative Probability Distribution = Z (k) = z 10 :'
=0 k=0 !

The Poisson distribution is a good modeling choice for supply chains where
demands occur one by one and do not exhibit cyclic fluctuations. It is completely
specified by only one parameter, the mean and is therefore convenient when one does not
have information concerning the variability of demand. The standard deviation of the

Poisson is equal to the square root of the mean.
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0 0.00 0.00 10.00
1 0.00 0.00 9.00
2 0.00 0.00 8.00
3 0.01 0.01 7.00
4 0.02 0.03 6.01
5 0.04 0.07 5.04
6 0.06 0.13 4.11
7 0.09 0.22 3.24
8 0.11 0.33 246
9 0.13 0.46 1.79
10 0.13 0.58 1.25
11 0.11 0.70 0.83
12 0.09 0.79 0.53
13 0.07 0.86 0.32
14 0.05 0.92 0.19 r=14
15 0.03 0.95 0.10
16 0.02 0.97 0.05
17 0.01 0.99 0.03
18 0.01 0.99 0.01

Table 8. Fill Rates for Various Values of r, | =12 months

For a fill rate of 90% { G(r) = 0.9}, we get a value of r = 14 from Table 8. Which

means, at least 14 units must be stored at the warehouse to get a fill rate of 90%.

Location - Primary Supplier

Average Demand is 14 units per year from the ware house. We calculate the
guantity that must be stored by the primary supplier to meet a fill rate of 90%, by

constructing the table below for the demand that follows a Poisson distribution.
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Table 9. Fill Rates for Various Values of r, 1 = 12 months

In order to maintain the fill rate of 90%, we need r =19 at primary supplier
Thus, safety stock = 19-14 =35

Location - Secondary Supplier

Average demand is 19 units per year from the primary supplier. We calculate the quantity
that must be stored by the secondary supplier to meet a fill rate of 90%, by constructing

the table below for the demand that follows a Poisson distribution.
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i 0.00 0.00
2 0.00 0.00
3 0.00 0.00
4 0.00 0.00
5 0.00 0.00
6 0.00 0.00
7 0.00 0.00
3 0.00 0.00
9 0.00 0.01
10 0.01 0.02
T 0.02 0.03
12 0.03 0.06
13 0.04 0.10
14 0.03 0.15
15 0.07 0.21
16 0.08 0.29
17 0.09 0.38
18 0.09 0.47
19 0.09 0.56
20 0.09 0.65
21 0.08 0.73
2 0.07 0.79
23 0.06 0.85
24 0.04 0.89
25 0.03 0.93 <L£k r=125

Table 10. Fill Rates for Various Values of v , 1 = 12 months

In order to maintain the fill rate of 90%, we need r = 25 at Secondary supplier

Safety stock =25 -19=6

Thus when the inventory reaches to 25, replenishment is to be ordered.
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Warehouse
(Engine)
r= 10

6.2 Replenishment Lead Time = § months
Secondary Primary
Supplier Supplier
{engine parts) /| (Engine} e/
r=19 r=14

Location — Warehouse

Average Demand = 10 units per year

Replenishment lead time, | = 8 months

Customer
{Engine}
Demand = 10

Average demand during replenishment lead time, § = fizfx 10 = 6.67 units

We model the demand based upon Poisson distribution:

p(r) = Probability {Demand during lead time =r}=

And G (r) Cumulative Probability Distribution = Z plk)=

9/'6—9 3 1078—10

7!

k=0

10%e™
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B i i
g 3.00 0.00 1.67
i 0.01 0.61 5.67
Z 0.03 0.04 4.69
3 C.06 0.10 3.72
4 0.10 8.21 2.82
S 0.14 0.34 2.02
6 0.1 0.50 1.37
7 0.15 0.65 0.87
3 0.12 6.77 0.52
9 0.09 0.86 0,29
16 0.06 0.92 0.15 r=10
it 0.04 0.96 0.07
12 0.02 0.58 0.03
i3 0.0t 0.99 6.01
i4 0.01 1.00 0.01
15 0.00 1.00 0.00

Table 11. Fill Rates for Various Values of r, | =8 months

Let the customer has average demand of 6.67 units (say engine).
For fill rate of 90% and referring Table 11

r = 10 units per 8 months to be stocked at warchouse.

Location - Primary Supplier

Average Demand = 10 units per 8 months We calculate the quantity that must be stored
by the primary supplier to meet a fill rate of 90%, by constructing the table below for the

demand that follows a Poisson distribution.
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e 0
! 0.00 0.00
2 0.00 0.00
3 0.01 0.01
4 0.02 0.03
5 0.04 0.07
6 0.06 0.13
7 0.09 0.22
g 0.11 0.33
9 0.13 0.46
10 0.13 0.58
i 0.11 0.70
12 0.09 0.79
! 0.07 0.86
14 0.05 0.92 r=14
15 0.03 0.95
16 0.02 0.97
17 0.01 0.99
18 0.01 0.99

Table 12. Fill Rates for Various Values of r, | = 8 months

In order to maintain the fill rate of 90%, we need r =14 at Primary supplier

Safety stock = 14-10=4
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Location - Secondary Supplier

Average demand = 14 units per 8 month

e

0 0.00 0.00
1 0.00 0.00
2 0.00 0.00
3 0.00 0.00
4 0.00 0.00
5 0.00 0.01
6 0.01 0.01
7 0.02 0.03
8 0.03 0.06
9 0.05 0.11
10 0.07 0.18
1i 0.08 0.26
12 0.10 0.36
13 0.11 0.46
14 0.11 0.57
15 0.10 0.67
16 0.09 0.76
17 0.07 0.83
18 0.06 0.88
19 0.04 0.92 r=19
20 0.03 0.95
21 0.02 0.97
22 0.01 0.98
23 0.01 0.99
24 0.00 0.99
25 0.00 1.00

Table 13. Fill Rates for Various Values of r, | =8 months

In order to mamtain the fill rate of 90%, we need r =19 at Secondary supplier

Safety stock = 19-14 =5

Thus when the inventory reaches to 19, replenishment is to be ordered.
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eplenishment Lead Time = 6 months

Sgcgniiiy TN gr;my 4 Warehouse Customer

2Upp upplier Bngi : 8 it

{engine parts) | (Engine) :> ( n%me} | > g\Engm—e_)
=15 r—11 r=8 Demand = 10

Location - Warchouse
Average Demand = 10 units per year

Replenishment lead time, | = 6 months
Average demand during replenishment lead time, 8 = {EX 10 =5 units

We model the demand based upon Poisson distribution:

r_-8 10
p(r) = Probability {Demand during lead time =1}= ¢ e' = 10 e’
r! 7

r 7 k£ _—10
And G (r) Cumulative Probability Distribution = Z plk) = Z 10 e

k=0 K
r ey ) Ofey

0 0.01 0.01

1 0.03 0.04

2 0.08 0.12

3 0.14 0.27

4 0.18 0.44

5 0.18 0.62

6 0.15 0.76

7 0.10 0.87

8 0.07 0.93 =8
9 0.04 0.97 e
10 0.02 0.99

11 0.01 0.99

12 0.00 1.00

13 0.00 1.00

14 0.00 100

15 0.00 1.00

Table 14, Fill Rates for Various Values of v, | = 6 months
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Let the customer has average demand of 5 units (say engine).
For fill rate of 80% and referring Table 14

r = 8 units per half year to be stocked at warehouse.

Location - Primary Supplier

ot ey G
0 0.00 0.00
! 0.00 0.00
2 0.01 0.01
3 0.03 0.04
4 0.06 0.10
5 0.09 0.19
6 0.12 031
7 0.14 0.45
8 0.14 0.59
9 0.12 0.72
10 0.10 0.82
11 0.07 0.89 r=11
12 0.05 0.94
13 0.03 0.97
14 0.02 0.98
15 0.01 0.99
16 0.00 1.00
17 0.00 1,00
18 0.00 1.00
19 0.00 1.00

Table 15. Fill Rates for Various Values of r, ] = 6 months

In order {o maintain the fill rate of 90%, we need r =11 af Primary supplier

Safety stock = 11-8=3
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Location ~ Secondary Supplier
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Table 16. Fill Rates for Various Values of r, | = 6 months

In order to maintain the fill rate of 90%, we need r =15 at Secondary supplier

Safety stock = 15-11=4

Thus when the inventory reaches to 11, replenishment is to be ordered.
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6.4

Location — Warehouse

84

Replenishment Lead Time = 4 months
S;i;giz?’ . g ¥ ém?ry Warchouse Customer
: P Supplier Engine Engine
{engine parts) V| (Engine) ( r E 6 } De(maid :}Eﬁ
r =13 r=9 '

Average Demand = 10 units per year

Replenishment lead time, | = 4 months
Average demand during replenishment lead time, 6 = i% x10 =3.33 units

We model the demand based upon Poisson distribution:

ﬁre—ﬁ B ]Ore—l()

p(r) = Probability {Demand during lead time =r}= t '
¥l rl

lok e-lo

And G (r) Cumulative Probability Distribution = ) p(k) =Y o

»
k=0 h=0
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0 0.04

1 0.15

2 0.32

3 0.22 0.57

4 0.18 0.76

5 047 0.88 e
6 0.07 0.95 =6
7 0.03 0.98

8 0.01 0.99

9 0.00 1.00

10 0.00 1.00

11 0.00 1.00

12 0.00 1.00

13 0.00 1.00

14 0.00 1.00

15 0.00 1.00

Table 17. Fill Rates for Various Values of r, | =4 months

Let the customer has average demand of 3.33 units (say engine).
For fill rate of 90% and referring Table 17

R = 6 units per 4 months to be stocked at warehouse.
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Location — Primary Supplier

Average Demand =6 units per 4 months

WWWWWW s
f 1 B § Oir} !

0 0.00 0.06

1 0.01 0.02

2 0.04 0.06

3 0.09 0.15

4 0.13 0.29

5 0.16 0.45

6 0.16 0.61

7 0.14 0.74

8 0.10 0.85

9 0.07 0.92 r=9

10 0.04 0.96

1 0.02 0.98

12 0.01 0.99

13 0.01 1.00

14 0.00 1.00

15 0.00 1.00

16 0.00 1.00

Table 18. Fill Rates for Various Values of r, | =4 months

In order to maintain the fill rate of 90%, we need r = 9 at Primary supplier
Safety stock = 9-6 = 3 units
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Location - Secondary Supplier

Average demand = 9 units per 4 months

0
1 0.00 0.00
2 0.00 0.01
3 0.01 0.02
4 0.03 0.05
5 0.06 0.12
6 0.09 0.21
7 0.12 0.32
8 0.13 0.46
9 0.13 0.59
10 0.12 0.71
i1 0.10 0.80
12 0.07 0.88
13 0.05 0.93 r=13
14 0.03 0.96
15 0.02 0.98
16 0.01 0.99
17 0.01 0.99
18 0.00 1.00
19 0.00 1.00

20 0.00 1.00

Table 19. Fill Rates for Various Values of r, | =4 months

In order to maintain the fill rate of 90%, we need r =13 at Secondary supplier

Safety stock=13-9=4

Thus when the inventory reaches to 13, replenishment is to be ordered.
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6.5 Replenishment Lead Time = 2 months

Secondary Primary

: . house Customer

Supplier |~} Supplier L. n] Wareh S _
{engine parts) [~V (Engine) {Englge) mm1> (Engine)

=8 r=5 r=3 Demand = 10

Location — Warchouse

Average Demand = 10 units per year

Replenishment lead time, 1 = 2 months

7
Average demand during replenishment lead time, 6 = —1—% x10 = 1.67 units

We model the demand based upon Poisson distribution:

r_—6 r _—10
p(r) = Probability {Demand during lead time =r}= 4 e‘ = 10 6:
r! 7!
1Ok e—lO

And G (1) Cumulative Probability Distribution = Z plk) = Z

k=0 K
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e Ko e

0 0.19 0.19

i 0.31 0.50

2 0.26 0.58 -
3 0.15 0.91 r=s
4 0.06 0.97 L S—
5 0.02 0.99

6 0.01 1.00

7 0.00 1.00

8 0.00 1.00

9 0.00 1.00

10 0.00 1.00

il 0.00 1.00

12 0.00 1.00

13 0.00 1.00

14 0.00 1.00

15 0.00 1.00

Table 20. Fill Rates for various values of r, | =2 months
Let the customer has average demand of 1.67 units (say engine).

For fill rate of 90% and referring Table 20
r = 3 units per 2 months to be stocked at warchouse.
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Location — Primary Supplier

Thus in order to fulfill the demand of 3 units per 2 months we require

T

. g

J 6.03 (.05
1 0.15 $.20
2 0.22 6.37
3 0.22 G.65
4 0.17 0.82
5 0.10 0.92 r=35
6 0.05 0.57
7 0.02 0.99
8 0.01 1.60
9 0.60 1.60
10 0.00 1.60
i1 0.00 1.00
12 0.00 1.00
13 0.00 1.00
14 0.00 1.00
15 0.00 1.00

Table 21. Fill Rates for Various Values of r, | = 2 months

In order to maintain the fill rate of 90%, we need r =5 at Primary supplier

Safety stock=5-3=2
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Location — Secendary Supplier

Average demand = 5 per 2 months

e LB
0 0.01 0.01
1 0.03 0.04
2 0.08 0.12
3 0.14 027
4 0.18 0.44
5 0.18 0.62
6 0.15 0.76
7 0.10 087
8 0.07 0.93 =3
9 0.04 0.97
10 0.02 0.99
1 0.01 0.99
12 0.00 1.00
13 0.00 1.00
14 0.00 1.00
15 0.00 1.00

Table 22. Fill Rates for Various Values of r, | =2 months

In order to maintain the fill rate of 90%, we need r = 8 at Secondary supplier.
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6.6 Summary of Results for Base Stock

To achieve a desirable customer satisfaction rate, we have assumed the fill rate to
be 90%. The order cost is assumed to be $ 25 per order and the unit product cost ¢ = §
150. The expression for inventory investment was derived earlier. We need to add to that
the cost of ordering products which will provide the fotal cost. The total cost is calculated
as follows:

Total Cost = Order Cost + Inventory Cost

Inventory Cost = ¢X {% +r- 9}

Order Cost = Cost per order x D

Table 23 summarizes all the results including the frequency of order, the order

cost and the total cost of inventory. Total cost is shown in the last column. Sample cost

calculation for the first case i.e. | = 12, D = 10 at warehouse is given here:

Total cost = $25x10+ $150 (1/2+ 14 -10) = $ 250+ $ 675 =8 925

Replenishment |
. Gkad Time Pointly} | 4 0 L et UG g | tem | Usst
10 14.00 100 Warchouse 10.00 10 250 925
12 14 19.00 PS 14.00 14 350 1175
19 25.00 S8 19.00 19 475 1450
6.67 10.00 Warehouse 6.67 6.67 166.75 741.25
8 10 14.00 160 PS 10.00 10 250 925
14 19.00 Ss 14.60 14 350 1175
10 8.00 Warchouse 10.00 5 250 775
6 16 1100 160 Ps 16.00 8 400 925
22 15.00 53 22.00 11 550 1225
10 6.00 Warchouse 10.00 3.33 250 725.5
4 18 9.60 160 BS 18.00 6 450 975
27 13.00 58 27.00 g 675 1350
1.67 3.00 Warchouse 1.67 1.87 4175 316,25
2 3 5.00 160 PS 3.00 3 75 450
5 8.00 58 5.00 3 125 950

Table 23. Summary of Application Runs of Base Stock Model
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Table 24 indicates the cost of replenishment for warchouse, primary supplier and

secondary supplier.

Replenishment Lead Time | Warchouse | Primary Supplier Secendary
{months) {$} (&3] Supplier (3}
i2 925 1175 1450
g 74125 925 1175
) 775 925 1225
4 7235 975 1350
2 31623 450 950

Table 24, Cost Resulis for Various Locations

The cost results can also be shown graphically in Figure 17.

1600 -
1400 -
1200 -
1000 -
800 -
600 -
400 -
200 -

Total Cost

Total Cost vs Replenishement Lead Time
Base Steck Model

~~g—-TC at warchouse
TC at PS
TCat S8

8 4 2

Replenishemmnt Lead Time

Figure 17. Total Cost vs. Replenishment Lead Time (Base Stock Medel)

It is evident from the figure that as replenishment lead time decreases (frequency

of delivery increases), the total cost of inventory goes down. It is possible to see slight

increase in the cost of inventory at times. This 1s due {o the fact that we are restricting to

discrete reorder points and as replenishment times are reduced it is necessary to increase

the reorder point, 1 to maintain the same customer satisfaction level.
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Reorder Point vs Replenishment Lead Time
Base Stock Model

30 - [--wmz at warchouse

25 ‘

20 -
i5 A
10 -
5

G T 38 P S

rat 38

Reorder Poind

12 8 8 4 2
Repienishment Lead Time

Figure 18. Reorder Point vs. Replenishment Lead Time (Base Steck Model)

Figure 18 shows the plot of reorder point at Warehouse, Primary Supplier and
secondary supplier when Base Stock model is used for inventory control with different
replenishment lead-time. We can see from Figure 18 that the reorder point decreases with
reduction in replenishment lead time. This also leads to reduction in total cost as

frequency of replenishment is increased.
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Chapter - 7

APPLICATI

r) MODEL

In this chapter, we apply the (Q, r) model to a serial three level muliiechelon
single product supply chain system as shown in Figure 19. Supply chain systems like
these are very common in indusiry. Research literature includes several examples of two
level supply chains. Hopp and Spearman [20] discuss a two level arborescent system. It is
important to study this since supply chain dynamics effects like bullwhip effect get more

amplified in a three level serial system.

Decision Variables = Order Quantity, Q and Reorder Point Inventory- r

Fill rate = 0.9, Poigson distribution for demand, Vary replenishment lead time

¢
L 8 b b M B R A T 0 g

| Secondary  Primary P

| Supptier {engine  Supplier Harchimse Customer

. part) 4 (Engine) Q(Enﬁim&}g = ,(Engin:} = oL
. o - andp=72 | smand = Cons, |
{ ’Q,amir 2 Qandr =7 S e :

T e
P Step - 1

Figure 19. (Q, r) Model Applied to Three Level Serial Supply Chain

Our goal is to study these supply chains by applying base stock (chapter 6) and
(Q, 1) models (chapter 7) and compare the results. We then, study these systems using
physical simulations and validate the findings of mathematical models through physical
simulations. Finally, we validate these models through the use of a computer based

simulation model using ProModel software.

In this section we evaluate base stock model for five replenishment lead time, 12,
8, 6, 4, and 2 months and calculate reorder point for these cases. We start with the bottom
of the supply chain and based upon customer demand calculate the inventory level that
must be kept at the warehouse for a given fill rate (Step - 1 in Figure 19). For all these
cases, the desirable fill rate is assumed to be 90%. Then, we move up the supply chain

and calculate the quantity that must be stored at primary supplier to attain desired fill rate
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for orders received from the warchouse {Step - 2 in Figure 19). This is repeated until we

have the r values for each entity in the supply chain.

Cost Analysis:

We can formulate the quantitative cost analysis by first looking at the expression
for average nventory level. For most of the cases, unless there is seasonal product

demand, the average inventory position can be expressed as:

Inventory Position = Average Inventory + Safety Stock
Average Inventory = Q/2
Safety Stock =s=r-8

Therefore: Inventory Position = {% +r— 0} and

Q

Investment in inventory = ¢ X {E +r- 9}

Where ¢ = unit cost of product in dollars

We will use these cost equations to compare the various cases later in the chapter.
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7.1 Replenishment Lead Time = 12 months
Secondary grim?ry Warehouse Customer
Supplier Suppuer (Engine) {(Engine)
{engine parts) —"\  (Engine) f;;_;;> r=13 [—_ ) Demand=10
r=20 r=16 Q=5 units /year
Q= 7 Q =7

Location - Warehouse

Replenishment Lead time = 12 months

Annual demand is D = 10 units/year

Unit cost of the part = $150

Annual holding cost h = $15

Average demand during a replenishment lead time is

= ——-—I—?—————-xl :—1—9><12:10 units
12 months

The cost of stockout =b = $40

We model the demand based upon Poisson distribution:

e’ 107

¥l pi

4 7 k _—10
And G (r) Cumulative Probability Distribution = Z plE)y = Z 10 e

E=0 K

p(r) = Probability {Demand during lead time =r}=

Number of backorders in a replenishment cycle, n(r) =8 p(r)+ (@)1~ G{r))
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i W ] G |

0 0.0000 0.0000|  10.00
1 0.0005 0.0005 9.00
2 0.0023 0.0027 8.00
3 0.0076 0.0103 7.00
4 0.0189 0.0293 6.01
5 0.0378 0.0671 5.04
6 0.0631 0.1301 4.11
7 0.0901 0.2202 3.24
8 0.1126 0.3328 2.46
9 0.1251 0.4579 1.79
10 0.1251 0.5830 1.25
11 0.1137 0.6968 0.83
12 0.0948 0.7916 0.53 o= 14
13 0.0729 0.8645 032 <;: =13
14 0.0521 0.9165 0.19 £=13
15 0.0347 0.9513 0.10
16 0.0217 0.9730 0.05
17 0.0128 0.9857 0.03
18 0.0071 0.9928 0.01
19 0.0037 0.9965 0.01
20) 0.0019 0.9984 0.00

Table 25. p(r), G(r), n(r) Values for Various Values of r, I = 12 months

Step ¢

0 :sz) =J2><10><10 3653

15
Find the smallest r such that
P -
Giryz1-T o 13%3 e
BD 40x10

Hencern = 14
Stepl

Compute Q)
0 = [2D(A+bn(r,) _ [2x10(10+40x0.19)
1Ty ) y 15

=4.81~5

Recalculate vy as the smallest r such that
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B, 15X5

G(r)z1-
5D 40%10

— = {382

From the table r,=13
Step 2

Compute (&

2y

Recalculate 1 as the smallest r such that

HXA+M@ szwm@wmx&w)_SSNS

i5

G 21— oy 15X3
bD  40x10

=0.82

Again if we calculate Q, and r, we will find the same values; ;=5 and R,=13

Thus (Q, r) model suggests Q* = 5 and r* =13 at Warchouse i.¢. the engine should
be replenished in a year with Q = 5 and should be replaced when the inventory
level is at 13.
Safety stock level =7 - 6

=13-10=3
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Loecation - Primary Supplier.

nery |

0 0.00 0.00 12,00
i 0.00 0.00 12.00
2 5.060 0.00 11.00
3 2.00 0.00 10.00
4 0.00 0.00 G.00
5 0.01 0.01 &.01
6 0.02 0.03 7.02
7 0.03 0.05 6.04
8 0.05 0.10 5.10
9 0.07 0.17 4.20
10 0.06 0.25 3.36
i1 0.10 0.35 2.61
12 .11 0.46 1.97
13 0.11 Q.57 1.43
14 0.10 0.68 1.60
15 0.09 0.76 0.68
16 0.07 0.84 0.44
17 0.05 0.89 0.28
18 0.04 0.93 0.17
i9 0.03 0.96 0.10

Table 26. p(r), G(r), n(r) Values for Various Values of r, | = 12 months

Step ¢

5

Qozszff) =Jz.1o.13 4164

Find the smallest r such that

Giryz1-19 o 132 e
bD 40.13

Hencery =16

Compute )

_ [2D(A+bn(r,) _ [2x13(10+40%0.44)

&) ﬂg A "1‘;’

15

=69~7

-

Ig— 16
1'1':16
r =16
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Recaiculate vy as the smaliest ¢ such that

5 ST
Goryz1-T2 o X7 4
B0 40%13

From the table =16
Again if we calculate O, and 1, we will find the same values; @, =7 and 1, = 16

Thus (Q, r} model suggests Q*=7 and r* =16 at Primary Supplier i.e. the engine
should be replenished in a year with Q* = 7 and should be replaced when the

inventory level is at 16.

Safety stock is 16 -13 =13
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Location - Secondary Supplier.

e

0 0.00 0.00 16.00

1 0.00 0.00 15.00

2 0.60 0.00 14.00

3 0.00 0.00 13.00

4 0.00 0.00 12.00

5 0.00 0.00 11.00

6 0.00 0.00 10.00

7 0.01 0.01 9.01

3 0.01 0.02 8.02

9 0.02 0.04 7.04

10 0.03 0.08 6.08

11 0.05 0.13 5.16

12 0.07 0.19 429

13 0.08 0.27 3.48

14 0.09 0.37 2.75

15 0.10 0.47 2.12

16 0.10 0.57 1.59

17 0.09 0.66 1.15

18 0.08 0.74 0.81

19 0.07 0.81 0.56 =21
20 0.06 0.87 0.37 <: 1= 21
21 0.04 0.91 0.24 r =20
22 0.03 0.94 0.15

23 0.02 0.96 0.09

24 0.01 0.98 0.05

25 0.01 0.99 0.03

Table 27. p(r), G{r), n(r) values for various values of r, | = 12 months

Step ¢
I
2AD 2x10x16
= = =46~5
Q{) '\%’ ]? J 15
Find the smallest r such that
h >
Gy z1-2Lo o 15X _ g9

bD 40x16

Hencerp =21
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Stepl

Compute

2D(A+bn(r,)  [2x16(10+40x0.24)
@ = p Y 15

=06.46~7

Recalculate 1; as the smallest r such that

By 15XT g4
D 40x16

G(r)y=1-

From the table r{ = 20

Step 2

=727~7

ID(A+bn(r,)  [2x16(10+ 40x0.37)
Q, = h B 15

Recalculate 1r; as the smallest r such that

Giry21- 10y 15XT
bD  40x16

0.84

From the table 1, =20
Again if we calculate Q3 and r3 we will find the same values; Q3 =7 and r3= 20

Thus (Q, r) model suggests Q* =7 and r* =20 at warehouse i.e. the engine should
be replenished in a yvear with Q* =7 and should be replaced when the inventory

level reaches 20.

Safety stock 1s 20 -16 =4
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7.2 Replenishment Lead time is 8 months
Secon?ary grim?ry Warehouse Customer
Supplier SUpplier {Engine) e
{engine parts) ‘_‘__;> (Engine) > r=9 ____;> @g‘;:zg}f} 10
r=16 r=12 Q=3 ol
Q=7 Q=6 units /year

Location - Warchouse

Annual demand is D = 10 units/year

Unit cost of the part = $150

Annual holding costh = §15

Average demand during a replenishment lead time is

= ._._.-—D—_xi :Ex8:6.67 units
12 months 2

The cost of stockout =b = $40
Let us model the demand using Poisson distribution.

We model the demand based upon Poisson distribution:

r -8 o ~10
p{r) = Probability {Demand during lead time =r}= 4 i = 10 e'
r! r
. i R 210%™
And G (r) Cumulative Probability Distribution = Z plk) = o
k=G k= .

Number of backorders in a replenishment cycle, n(r} =8 p(r)+ (@ —-r)(1-G())
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In— g
= g
r=9

11 0.04 (.96 0.07

12 6.02 (.98 0.03

13 4.01 0.99 0.01

14 0.01 1.00 0.01

i5 .00 £.00 0.00

16 0.00 1.00 0.00

17 0.00 1.00 0.00

18 0.00 1.00 0.00

19 0.00 1.00 0.00

20 0.00 1.00 6.00

Table 28. p(r), G(r), n(r) Values for Various Values of r, | = 8 months

Step 0
0 2\/2AD Zszloxm 3654
h 15
Find the smallest r such that
h
Giryz1-TEn o 19X4 65
bD 4010
Hencerpg =9
Stepl
Compute (;
[2D(A+bn(r,)  |2x10(10+40%0.29)
= X 8= |Z - =537~5
Q=y p ‘J 15
Recalculate 1) as the smallest  such that
Gryz1-T  15%5 ;g
bD 40x10

From the table ri=9
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Agam if we calculate Q) and r, we will find the same values; (J»,=5 and R,=9

Thus, (Q, r) model suggests QF = 5 and r* = 9 at Warehouse i.e. the engine should
be replenished in a year with Q* = 5§ and should be replaced when the inventory
levelisat 9.

Safety stock level =7 - § = 9-6.67=2.33

Location - Primary Supplier.

T 0.00 " 0.00 9.00

0
1 0.00 0.00 8.00
2 0.00 0.01 7.00
3 0.01 0.02 6.01
4 0.03 0.05 5.03
5 0.06 0.12 4.08
6 0.09 0.21 3.0
7 0.12 0.32 241
8 0.13 0.46 1.73
9 0.13 0.59 1.19
10 0.12 0.71 0.77
11 0.10 0.80 0.48 =13
12 0.07 0.88 028 <: =12
13 0.05 0.93 0.16 r=12
14 0.03 0.96 0.08
15 0.02 0.98 0.04
16 0.01 0.99 0.02
17 0.01 0.99 0.01
18 0.00 1.00 0.00
19 0.00 1.00 0.00
20 0.00 1.00 0.00

Table 29. p(r}, G(7), n(r) Values for Various Values of r, 1 = 8 months

Step 0

124D f'zxwxm.s
= = =424~ 4
g, “{f I | 15

Find the smallest r such that
hg, 3 15x4

Giryz1- e
%) 40x13.5

= (.89 hence vy = 13
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Stepl

Compute (3

f N
20{ 4 : / 3.5(10 + .
0 = z (A4 +bn(r,) _ §2><E.3 510+ 40x0.16) S 5435

Y 2 3 15

Recalculate 1y as the smallest r such that

RO 15%X5 e
bD 40x13.5

G(myzli-
From the table r;=12
Step 2

Compute

=6.18~6

2D(A+bn(r,)  [2x13.5(10 + 40x0.28)
= 2 =d 15

Again if we calculate Q3 and r; we will find the same values.
Hence Q* =6, r* =12

Thus (Q, r) model suggests Q=6 and r =12 at warehouse i.e. the engine should be
replenished in a year with Q = 6 and should be replaced when the inventory level

reaches 12.

Safety stock is 12-9=3
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eplenishment Lead time = 6 months

Secondary grim?nry Warehouse
Supplier upphier {Engine) o

; Engine - (Engine)
(engine parts) [ (502 R — r=7 W““> Demand = 10

= r= 10 —
23 _jf/j Q=6 Q=4 units /year

Customer

Location - Warechouse

Annual demand is D = 10 units/year

Unit cost of the part = $150

Annual holding cost h = §15

Average demand during a replenishment lead time is
D ] = 10

= X /] ==X 6 =25 ynits
12 months 12

The cost of stockout =b = $40
Let us model the demand using Poisson distribution.

We model the demand based upon Poisson distribution:

@re—é? B 1(}? e—l()

7 #!

p(r) = Probability {Demand during lead time =r}=

I li}k e—lO

i Al

And G (r) Cumulative Probability Distribution = Z plk) =
k=G

Number of backorders in a replenishment cycle, n(7) =8 p(r) +{(6-r)1-G(r))
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|

e L niy

0 5.00

1 0.03 0.04 4.01

2 .08 0.12 3.07

3 0.14 0.27 2.17

4 0.18 0.44 1.44

5 0.18 0.62 0.88

5 0.15 0.76 0.49 —
Inp— g

7 0.10 0.87 .26 <: r=7

8 0.07 0.93 0.12 g

9 0.04 0.97 0.05 T

10 0.02 0.99 0.02

11 0.01 0.99 0.01

12 0.00 1.00 0.00

13 0.00 1.00 0.00

14 0.00 1.00 0.00

15 0.00 1.00 0.00

16 0.00 1.00 0.00

17 0.00 1.00 0.00

18 0.00 1.00 0.00

19 0.00 1.00 0.00

20 0.00 1.00 0.00

Table 30. p(r), G(r), n(r) Values for Various Values of r, 1 = 6 months

Step 6

[24D _ [2x10x10
= = =3.65~3
ST TV 1 )

Find the smallest r such that

Gryz1-C0 o1 15%3 _ge
bD 40x10
Hencery =8
Stepl
Compute

~ !2D(A+bn(r0 2x10(10 +40%0.12)

} i
- = =444~ 4
Ly i ‘v[ 15

Recalculate r; as the smallest r such that
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. .
Goryz1-20 o 134 e
D 40x10

Fromthe igble r;, =7

Step 2
|2D(A+bn(r,) /2x18{i0~:~4@x0.1&2) ot
= = =521~5
y h Y 15
G212 13X5 e
bD 40%10

Fromthetablery, =7
Again if we calculate Q; and r, we will find the same values, Q; =4 and r, = 7.

Hence, (Q, r) model suggests Q* =4 and r* = 7 at warchouse, the engine should
be replenished in a year with Q* = 4 and should be replaced when the inventory
level reaches 7.
Safety stock level =1 - 0

=7-5=2

Location - Primary Supplier.

Primary supplier has to supply 7 items for 6 months and hence the demand for year is 14

items per year.

Total demand is 14 and the average demand is 7.
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e
0 0.00 0.00 7.00
1 0.01 0.01 6.00
2 0.02 0.03 5.01
3 0.05 0.08 4.04
4 0.09 0.17 3.12
5 0.13 0.30 2.29
5 0.15 0.45 1.59
7 0.15 0.60 1.04
8 0.13 0.73 0.64
9 010 0.83 0.37 rp= 10
10 0.07 0.90 0.20 <:ri =10
11 0.05 0.95 0.10 r =10
12 0.03 0.97 0.05
13 0.01 0.99 0.02
14 0.01 0.99 0.01
15 0.00 1.00 0.00
16 0.00 1.00 0.00
17 0.00 1.00 0.00
18 0.00 1.00 0.00
19 0.00 1.00 0.00
20 0.00 1.00 0.00

Table 31. p(r), G(r), n(r) Values for Various Values of r, I = 6 months

Step ¢
0 - ¥/22D _ 42.1;2.14 4304
Find the smallest r such that
G(r) 2 1—% =1- jg::; =0.89
Hence 1y = 10
Stepl
Compute (3
- ¥f2D(A;bn{;ﬂ0} _ gzx14{z@;540x9.2@> <0 ¢

Recalculate vy as the smallest r such that
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Emﬁgimim 15%6
6D 40x14

=0.84

v

G(r)

From the table n=10
Again if we calculate Q; and r; we will find the same values.
Hence Q* =6, r* =10

Thus, (Q, r) model suggests Q* = 6 and r* = 10 at primary supplier i.c. the engine
should be replenished in a year with Q* = 6 and should be replaced when the

inventory level reaches 10.

Safety stock is 10 -7 =3

Location - Secondary Supplier.

£ oy o d i o)
0 0.00 0.00 10.00
1 0.00 0.00 9.00
2 0.00 0.00 8.00
3 0.01 0.01 7.00
4 0.02 0.03 6.01
5 0.04 0.07 5.04
6 0.06 0.13 411
7 0.09 0.22 3.24
8 0.11 0.33 246
9 0.13 0.46 1.79
10 0.13 0.58 1.25
11 0.11 0.70 0.83
12 0.09 0.7 0.53
13 0.07 0.86 0.32 ro=14
14 0.05 0.92 0.19 (L n=14
5 0.03 0.95 oa0 | Y]t =14
16 0.02 0.97 0.05
17 0.01 0.99 0.03
21 0.00 1.00 0.00
22 0.00 1.00 0.00
23 0.00 1.00 0.00

Table 32. p(r), G(r), n{r) Values for Various Values of r, | = 6 months
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Step §

24D [2x10%20

0. =47 :,.%/ =165
Find the smallest r such that
Gy 21 ~%%— =1- ;55;@ -0091
Hencerg= 14
Stepi
Compute Q;
0 =V]2D(A;bn(r0) =J2><20(EOIL54OXO.E9) — 685~ 7

Recalculate r; as the smallest r such that

Giryz1-l2 25X g7
bD  40%20

From the table r;=14
Step 2
After recalculating ;=7 and r, = 14

Thus, (Q, 1) model suggests Q* = 7 and r* = 14 at Secondary Supplier i.c. the
engine should be replenished in a year with Q* = 7 and should be replaced when

the inventory level reaches 14.

Safety stock is 14 -10 =4
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plenishment Lead time = 4 months

Secondary
Supplier
(engine parts)
r=11
Q=2

—

Location Warehouse

Primary

Supplier

{Engine)
r=38
Q=5

—

Warehouse
{Engine)

r=5

Q=5

Customer
{Engine)
Demand = 10
units /year

Annual demand is D = 10 units/year

Unit cost of the part = $150
Annual holding cost h = §15

Average demand during a replenishment lead time is

D

B 12 months

10

The cost of stockout = b = $40

X/] =—x4 =333 units
12

Let us model the demand using Poisson distribution.

We model the demand based upon Poisson distribution:

p(r) = Probability {Demand during lead time =r1}=

Hre——e B EG{. 6—10

gl

And G (r) Cumulative Probability Distribution = Z plky =

i=l

k=0

Number of backorders in a replenishment cycle, n(r) =8 p(r)+ (@~ )1 - G{)
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e - S A —————

. afr) |
0 0.04 0.04 333
1 0.12 0.15 237
2 0.20 0.32 1.57
3 0.2 0.57 0.87
- Yo=— 5
4 0.18 0.76 0.45 i
5 0.12 0.88 0.21 <:. -
6 0.07 0.95 0.08 r=3
7 0.03 0.98 0.03
8 0.01 0.99 0.01
5 0.00 1.00 0.00
10 0.00 1.00 0.00
11 0.00 1.00 0.00
12 0.00 1.00 0.00
13 0.00 1.00 0.00
14 0.00 1.00 0.00
15 0.00 1.00 0.00

Table 33. p(r), G(r), n(r) Values for Various Values of r, | = 4 months

Step 0
szJLﬂ)ZJZXHde=365N4
h 15
Find the smallest r such that
Gryz1-T 13X s
bD 40%x10
Hencery =35
Step 1
Compute

=495~5

0 = [PPUxbnln) _ [2x10010:+40x0.20)
R 13

Recalculate 1y as the smallest r such that

Gryz1-T2 213X g4
5D 40%10

From the table ri=5
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Agam if we caleulate (; and 1 we will find the same values; (3,=5 and Ry=5

Thus, (Q, r) model suggests Q* = 5 and r* = 5 at Warehouse i.e. the engine should
be replenished in a year with Q* = 5 and should be replaced when the inventory
level reaches 5.

Safety stock level =r-8 =5-3.33=1.67

Lecation - Primary Supplier.

0.01 0.01 5.00

0
1 0.03 0.04 4.01
2 0.08 0.12 3.07
3 0.14 0.27 2.17
4 0.18 0.44 .44
5 0.18 0.62 0.88
6 0.15 0.76 0.49
7 0.10 0.87 0.26 =38
8 0.07 0.93 0.12 <:: =38
9 0.04 0.97 0.05 r=8
10 0.02 0.99 0.02
11 0.01 0.99 0.01
12 0.00 1.00 0.00
13 0.00 1.00 0.00
14 0.00 1.00 0.00
5 0.00 1.00 0.00

Table 34. p(r), G{r), n(r) Values for Various Values of r, | = 4 months

124D [2x10%15
= = = 4.47 ~ 4
Qo ’w h “%; 15

Find the smallest r such that
hQ, | 15%4

Gry=1- Ll
bD 40%13.5

Hence rp = 8
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Stepl
Compute Q;
12D(A+bn(r,))  [2x13.5(10+40x0.12)
0 = f—— & = ~ = 544~ 5
2=y p V 15
Recalculate 11 as the smallest r such that
h
Goyz1-M2 o 15X5 g
bD 4015
From the table r;=8
Step 2

Again if we calculate Q, and r, we will find the same values.
Hence Q* =5, r* =8

Thus (Q, r) model suggests Q* =5 and r* = § at Primary Supplier i.e. the engine
should be replenished in a year with Q* = 5 and should be replaced when the

inventory level reaches 8.

Safety stock is 8 -5 =3
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Location - Secondary Supplier.

r@:lz
r1:11
r =11

B
P
0 : .
1 0.00 0.00 7.00
2 0.01 0.01 6.01
3 0.03 0.04 5.02
4 0.06 0.10 4.06
5 0.09 0.19 3.16
6 0.12 0.31 2.35
7 0.14 0.45 1.66
8 0.14 0.59 1.12
9 0.12 0.72 0.71
10 0.10 0.82 0.43
1 0.07 0.89 0.24
12 0.05 0.94 0.13
13 0.03 0.97 0.07
14 0.02 0.98 0.03
15 0.01 0.99 0.01
23 0.00 1.00 0.00
24 0.00 1.00 0.00
25 0.00 1.00 0.00

Table 35. p(r), G(r), n(r) Values for Various Values ¢f r, | = 4 months

Step 0

{
Q0=J2AD=\12X10X24=5.66~6
h 15

Find the smallest r such that

G210y 15%6 _

=0.91
bD 40x24

Hence rg = 12

Stepl

Compute Q;
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[2D{A+bn(r,)  [2X24(10+40%0.12)

= = =697 ~7
& \;f h y 15

Recalculate 1y as the smallest r such that

-4
Gory2 1T 3XT g9
bD 40x 24

From the table ri=11
Step 2

Compute Q 2

0, = \/21)(4;571@) _ \/2><24(10 ;-:wo.zz;) 7003

Recalculate r; as the smallest r such that
O, 1- 15%8
bD 40x24

G(r)=1- =0.88

1'2:1 1

Thus Q; =8andrp =11

Thus (Q, 1) model suggests Q* = 8 and r* = 11 at Secondary Supplier i.e. the
engine should be replenished in a year with Q* = 8 and should be replaced when

the inventory level reaches 11.

Safety stock is 11- 8§ = 3.
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7.5 Replenishment lead time = 2 months
S@C(}ﬂd.ar}" ?Tﬁ'ﬂafy Warehouse {Customer
Supplier | | Supplier N (Engine) N,  {(Engine)
(engine parts) [ (Engine) 775 =3 | Demand = 10
r=8§ r=35 Q=4 o e
o=8 Q=6 units /year

Location - Warehouse

Anmual demand 1s D = 10 units/year

Unit cost of the part = $150

Annual holding costh = $15

Average demand during a replenishment lead time is

= _._B_xl :igx2=1.67 units
12 months

The cost of stockout =b = $40
Let us model the demand using Poisson distribution.
We model the demand based upon Poisson distribution:
ge? 10e™

p(r) = Probability {Demand during lead time = r}= —= '
#! I8

7 107(8—19
per o

And G (r) Cumulative Probability Distribution = Z plh)y =
k=0

Number of backorders in a replenishment cycle, a(r) =8 p(r)+ (8- rY{1 - G(r))
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G .19 0.15 1.67
i 0.31 (.50 (.86
2 0.26 0.58 0.30
3 0,15 4.81 .13
4 0.06 0.97 0.04
5 4.02 0.29 0.01
& 6.01 1.00 0.00
7 4,00 1.00 0.00
8 3.00 1.00 0.00
9 0.00 1.00 0.00
10 0.00 1.00 0.00
i1 0.00 1.00 0.00
12 0.00 1.00 0.00
13 0.00 1.00 0.00
14 0.00 1.00 0.00
15 0.00 1.00 0.00

Table 36. p(r), G(r), n(r) Values for Various Values of r, | = 2 months

Step 0
2
QO:J,M)ZJZXHDQO=365N3
h 15
Find the smallest r such that
h
Gry21-l0 193 e
b 40x10
Hencery =3
Stepl
Compute (;
J2B{A+bn(r0 \,2><10(1@~r40><0 13}
1 =

Recalculate ry as the smallest r such that

hQ, _,_ 15x4

Gry=1- -
5D 40x10

From the table =3

Again if we calculate (J; and r; we will find the same values; Q2=4 and R2=3

=0.85

45~4

EGZB
51:3
*

r =3
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Thus (Q, r) model suggests Q¥ =4 and r* = 3 at Warehouse i.e. the engine should
be replenished in a year with Q* = 4 and should be replaced when the inventory
level reaches 3.

Safety stock level=1r- 8

T prl ‘:.iff; A jﬂ
0 0.05 0.05 3.00
i 0.15 0.20 2.05
2 0.22 037 130
3 0.22 0.65 0.67
To— 5
4 0.17 0.82 032 "
5 0.10 0.92 0.13 <: =9
6 0.05 0.97 0.05 r=>5
7 0.02 0.99 0.02
8 0.01 1.00 0.01
9 0.00 1.00 0.00
10 0.00 1.00 0.00
11 0.00 1.00 0.00
12 0.00 1.00 0.00
13 0.00 1.00 0.00
14 0.00 1.00 0.00
15 0.00 1.00 0.00

Table 37. p(r), G{r), n(r) Values for Various Values of r, I = 2 months

Step 0

0 \/2AD_VZXEOXES 405

Find the smallest r such that
a0, 15%5

Gliryzi- D =1- T =0.90
Hencerg =5

Stepi
Compuie
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[2D(A+bn(r,) _ [2x18(10+40x0.13)

= = ":6‘,@4"“6
@ =y ! y 15

Recalculate ry as the smallest r such that

Goryz1-T o 15X6 g
5D 40%18

From the table r;=5
Again if we calculate Q; and 1; we will find the same values.
Hence Q* =6, r* =5

Thus (Q, r) model suggests Q* = 6 and r* = 5 at Primary Supplier i.e. the engine
should be replenished in a year with Q* = 6 and should be replaced when the

inventory level reaches 5.

Safety stockis 5-3 =2
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Location - Secondary Supplier.

e e e

o

7 2 By GG )
0 0.00 0.00 12.00
1 0.60 0.060 11.00
2 G.00 0.00 10.00
3 0.00 0.00 8.00
4 .01 0.01 2.00
5 0.61 0.02 7.01
6 8.03 0.05 6.03
7 0.04 0.09 508
8 0.07 8.16 4,17
9 $.09 0.24 3.32
10 0.10 0.35 2.56
11 g.11 £.46 1.91
i2 0.11 0.58 1.37
13 .11 0.68 0.95
14 0.09 0.77 0.63
15 0.07 0.84 0.40
16 0.05 0.90 0.25
17 0.04 0.94 0.15
18 0.03 0.96 0.08
19 0.02 0.98 0.04
20 0.01 0.99 0.02

1'0216

1‘1:16
tr*:m

Table 38. p(r), G(r), n(r) Values for Various Values of v, | = 2 months

Step ¢

0 z\/ZIZD :szloxls 485

15

Find the smallest r such that
hQ, - 15%5
D 40x18

Gryzi-

Hencerg= 16

Stepl
Compute (;

= (.90

i ¥

0 “_]j?:D(A%er(ro} ~ ;'2><18(ﬂ)+40><6.25)
=

13

Recalculate rq a8 the smallest r such that

=6.93~7
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0 15%
Giry21-T2 L 13XT _ges
b 40%18

From the table r,=16
Step 2
After recalculating Q; =7 and = 16

Thus (Q, r) model suggests Q* = 7 and r* = 16 at Secondary Supplier ie. the
engine should be replenished in a year with Q* = 7 and should be replaced when

the inventory level reaches 16.

Safety stock is 16 -12 =4
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ary of Resuits for

We summarize the result by comparing the total cost associated with inventory
for cach of the above five cases. The order cost is assumed to be § 25 per order,
backorder cost is $ 40 per order and the unit product cost ¢ = $ 150. The total cost
function was derived earlier for the (Q, r) model in chapter 5 and the firal cost equation
was shown in equation (27). We go through a quick cost formulation here again. The
total cost associated with carrying an inventory has three components; Cost for ordering
the inventory (setup cost), Inventory holding cost and backorder cost. Thus, the total cost

can be calculated as follows:

Total Cost = Order Cost + Inventory Holding Cost + Backorder Cost
Inventory Holding Cost = ¢ {% +r— 9}
Order Cost = Cost per order x Frequency = A x F

Backorder Cost= bx g X n(i”)

Total Cost = AXF + cx{%+r—9}+ bxgx;q(r)

Table 39 summarizes all the results including the frequency of order, the order
cost and the total cost of inventory. Total cost is shown in the last column. Sample cost

calculation for the first case i.e. | = 12, D = 10 at warchouse is given here:

Total cost = $25x2 + $150 (5/2 + 13 -10) = $ 50 + § 825 +25.6 = $ 900.60
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~%

E%}g \ ; »j - | %aﬁz % §
i 5ot oy g | 4% =,
il LB e 20 &a %
o e ;v | e
: e : i . e
2] WH | 032 | 13.00] 5.00 256 | S0.00 | 900.60
PS | 044 | 16.00] 7.00 327 | 4643 | 1054.10
ss | 037 {2000] 7.00 338 | s7.14 | 121600
6| WH | 026 | 7.00 | 4.00 26 | 6250 | 688.50
PS | 0.20 | 10.00 | 6.00 187 | 5833 | 977.00
ss 1019 | 14.00] 7.00 207 | 7143 | 1218.10
2| wH [ 013 | 3.00 | 4.00 13 | 6250 | 575.00
ps | 013 | 500 | 6.00 156 | 7500 | 840.60
ss | 0.2 | 800 | 8.00 18 | 9375 | 1161.80
81 wH | 029 | 9.00 | 5.00 232 | 5000 | 797.70
PS | 0.28 | 12.00] 6.00 252 | 5625 | 981.50
ss | 025 [16.00] 7.00 257 | 6429 | 1215.00
41 wH | 021 | 5.00 | 5.00 168 | 5000 | 692.30
ps | 012 | 8.00 | 5.00 144 | 7500 | 914.40
ss | 024 | 11.00] 8.00 288 | 75.00 | 1153.80
Table 39. Summary of Application Runs for (Q, r) Model
[ Replenishment | - wom ] o S
 Lead Time | Warehouse | Primary Supplier | Secondayy Supplier |
(months) Storage Cost (8) | Storage Cost(8) | Storage Cost(§)
12 900.60 1054.10 1216.00
8 797.70 081.50 1215.00
6 688.50 977.00 1218.10
4 692.30 914.40 1153.80
2 575.00 240.60 1161.80

Table 40. Cost Values for Various Replenishment Lead Times
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Figure 20. Total Cost vs. Replenishment Lead Time ((Q, r) model)

Different results of (Q, r) model are summarized in Table 41. The values at
different stages of algorithm are also noted in the table. Table 40 compares Cost at
Warechouse, Primary Supplier and secondary supplier when (Q, r) model is used for

inventory control. These values are plotted in Figure 20.

" Replenishment | ' . | Reorder Point |
Lead Time  Reorder Point| Reorder Point at | at Secondary
~ (months |at Warchouse | Primary Supplier]  Supplier |
12 13 16 20
8 9 12 16
6 7 10 i4
4 5 8 i1
2 3 5 8

Table41. Reorder Point for Various Replenishment Lead Time (Q,r ) Model
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Figure 21. Reorder Point vs. Replenishment Lead Time ((Q, r) model)

Table 41 compares reorder point at Warehouse, Primary Supplier and secondary
supplier when (Q, r) model is used for inventory control with different replenishment

lead-time. We can see from Figure 21 that the reorder point is increasing with increase in

replenishment lead time.

Replenishment |  Qat
deadTime | Warchouse |
12 5
8 5
6 4
4 5
2 4

Table 42. Q for Various Replenishment Lead Times

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter — 8

SICAL SIMULATION OF B

8.1 Goals of Physical Simulation

Primary goal of conducting the physical simulation i1s to validate the results
obtained from the mathematical models. Simulation was run to confirm that optimum
inventory levels i.e. reorder point at warehouse, primary supplier and secondary supplier
are realistic values. Physical simulations are being used very effectively as a teaching tool
for Lean training. Physical simulations can quickly and effectively demonstrate the effect
of organizational and process change to participants. These simulations can be used to

model stochastic systems like organizational supply chains.

8.2 Simulation Activity for Base Stock Model

This physical simulation models a three-tier single-product supply chain. ABC
company uses a certain type of engine for their product. Final assembly department of the
company withdraws these engines from the warehouse as needed. The Warehouse
receives engines from Primary Supplier. Primary Supplier receives the engine parts
like cylinders from Secondary Supplier. We will make the assumption that only one
cylinder is needed per engine. We are interested in inventory levels at Warehouse,
Primary Supplier and Secondary Supplier. Excessive inventory results in increased
holding costs while inadequate inventory results in backorders. Thus it is necessary to
keep the optimum level of inventory at Warehouse, Primary Supplier and Secondary

Supplier.

8.3 Simulation Layout

Customer, Warehouse, Primary Supplier and Secondary Supplier are 4

departments in the simulation. The movement of the parts is as shown in the Figure 22
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below. The Secondary Supplier provides cylinders to Primary Supplier. The Primary
Supplier assembles the cylinders in the Engine Block and sends the Engine to the
Warchouse. Engines are pulled from warehouse based upon a demand that follows

Poisson distribufion.

Total sirmuletion time 3 years (15 minutes), Poisson distribution for demand,
Replenishment lead time = 1 vear {5 minutes)

Secondary i‘ mery
Supplier Supplier
{Cylindes) {Engine

g=7

i Block)
L r=?

Figure 22. Layout of Supply Chain for Physical Simulation

8.4 Departments

a. Customer
Customer sends the Order Requirement Form to the Warehouse of company

ABC.

b. Warechouse
This department receives the Order Requirement Form from the Customer and

sends the parts to the Customer as per the schedule.

€. Primary Supplier:
Primary Supplier receives the Order Requirement Form from the Warehouse
and sends the parts to the Warehouse as per the schedule. Primary Supplier
sends the Order Requirement Form to Secondary Supplier and receives the parts

from it.
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d. Secondary Supbplier
Secondary Supplier receives the Order Requirement Form from Primary

Supplier and sends the parts to the Primary Supplier as per the schedule.

8.5 Simulation Activity Time Fra

The total duration of simulation for each phase is 15 minutes (3 years). Customer
sends the Order Requirement Form to the Warehouse at the start of simulation.
Inventory at Warehouse goes below reorder point when the customer demands parts
from Warehouse (at 1% min). Warehouse then sends Order Requirement Form to
Primary Supplier. This triggers production activity at Primary Supplier which has a
replenishment lead time of one year. Replenishment lead time at Secondary Supplier is
also one year. Warehouse has initial inventory (equal to reorder point). Demand at

Customer is satisfied with this initial inventory.

In second year Primary Supplier sends the parts to Warehouse as per the
schedule provided by Warehouse. Demand at Warehouse also follows Poisson
distribution. When inventory level at Primary Supplier goes below reorder point (at 6
min), it sends Order Requirement Form to Secondary Supplier. This initiates production
at Secondary Supplier. Secondary Supplier takes one year to replenish the items at
Primary Supplier. Customer sends second order at 6™ minute to the warchouse and
subsequently Warehouse sends Order Requirement Form to Primary Supplier. Thus the
production for third year starts at Primary Supplier.

In third year, Secondary Supplier starts sending parts to Primary Supplier (1 1"
min). Primary supplier sends engine to Warehouse as per the schedule received in
second year. Warehouse fulfills the Customer demand as per the Order Requirement

Form provided by Customer in third year.
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8.6 Phase-l

During phase-I, amount of initial inventory is same as reorder point calculated but
lower than the quantities predicted by the mathematical model. The level of inventory is
10 wems at Warehouse, 14 items at Primary Supplier and 19 items at Secondary
Supplier. Customer demand is 10 units per vear. These values are intentionally kept

lower than the ideal values of inventory predicted by mathematical model

Any demand not filled from stock is backordered. The number of backorders
during this phase is noted in the form provided at each department. Simulation activity

takes place and data is collected.

Base Stock model assumes replenishment quantity of one unit. Hence there is

Single Piece Flow in supply chain.

Inventory at the end of simulation at Warehouse, Primary Supplier and
Secondary Supplier is documented. The ideal values calculated by mathematical model
are Warehouse =14, Primary Supplier = 19. Secondary Supplier = 25. Total number

of backorders is documented and resulis are shown in spreadsheet.

Secondary Primary Warchouse Customer
Supplier :> Supplier E:___> {Engine) E:> {Engine)
{cytinders} (Engine r=10 Demand =

}‘:19 BiOCk} I‘:114 EG

8.7 Phase-Il

During phase-1I, the inventory levels are kept at the optimum values predicted by
the mathematical model. The inventory levels are same as reorder points in this phase
also. With optimum levels of invenfory, no backorders were documented in this phase

confirming the results predicted by mathematical models.
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8.8 Phase-III

During phase-III, the inventory levels are kept intentionally higher than the
optimum levels and the reorder points are as shown in the figure below. No backorders
were observed in this phase due to high inventory levels but inventory costs were high

due to large inventory level.

Secondary Primary Warehouse Customer
Supplier :> Supplier :> (Engine) E:> (Engine)
(cylinders) (Engine r=19 Demand =
=30 Block) r =25 10

8.9 Distribution of Demand

We ensure that the demand at Warehouse, Primary Supplier and Secondary
Supplier follows Poisson distribution as in the case of mathematical models. This is
done by using Stat-Fit software to calculate demand quantities for Customer, Primary

Supplier and Secondary Supplier. Figure 23 shows the Stat-Fit screen for demand

calculation for a typical year.
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Figure 23. Stat-Fit Screen Showing Poisson Distribution
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The values obtained are shown in Table 43.

Demand at| Demand at Primary | Demand at
Customer Supplier Secondary Supplier
2 3 4

3 4 5

2 3 4

2 2 3

1 2 3

16 14 19

Table 43. Order Quantity vs. Replenishment Lead Time

8.10 Performance]

etrics

The assumptions about backorder cost and inventory holding costs match with the

mathematical models. It is assumed that each backorder costs $100 and unit inventory

holding cost 1s $20. The order cost is assumed to be $25 per order. In Base Stock model,
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the order quantity is one therefore, total numbers of orders are same as order quantity.

Following spreadsheet is used to collect the data:

PERFORMANGE CRITERIA. phase '?“gg;;;:’:;;‘”%; o~ il |
T otal number of orders 33

06,00 j%%@; Tl
: : :
$100.00 1

00.00

$10
$410.00

Table 44. Performance Metric Spreadsheet

8.11 Summary

Excess inventory and number of backorders is documented at the end of each
phase. The inventory holding cost and backorder cost are calculated in each phase. Ten
backorders were observed during phase-I because of inadequate inventory at Warehouse.
Therefore, total backorder cost is $1000 in phase-I. During phase-IIl, excess inventory

exists and cost associated with this inventory is $410.

Phase-II, includes the optimum level of inventory as predicted by mathematical
models. In this case, backorder cost is zero and excess inventory cost is higher than
phase-1 but lower compared with phase-IIl. Total cost of inventory is the lowest in
Phase-I1 as predicted by the mathematical models. Figure 24 shows the blocks used
during simulation for engine blocks, cylinders and assembled engines. Figures 25 and 26

show the forms used during physical simulation.
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Parts used in Physical Simulation:

Cylinder

Assembled Engine

Physical Simulation of Two-Tier Supply Chain

Figure 24. Parts Used in Simulation

8.12 Forms Used

Forms used in the simulation during phase-I are shown below. Similar forms
were used for phase-II and phase-III but not shown here. The forms are color coded.
Rectangles on top indicate the origin workstation and destination workstation. The
simulation is run for 15 minutes. Each year is equivalent to 5 minutes of simulation. The
demand quantities follow a Poisson distribution and were calculated with Stat-Fit. Total

customer demand for the vear 1, 2 and 3 are same at 10,
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CUSTOMER ORDER SCHEDULE { CUSTOMER ORDER SCHEDULE et
CUSTOMER WARAHGUSE CUSTOMER WAREBOUSE
7 =
L i
YEAR -1 YEAR -3
- COrder Time Order Thue i
# TY
Q iy # QrY o)
1 2 160 1 2 13:00
2 3 2:00 2 3 12:00
3 2 3:00 3 2 13:00
4 2 EREH 4 2 14:00
5 1 5:00 5 1 15:00
3 tinx Supyty Chain siamiation 2 tior Supply Ghain cimulefins
Phased
WAREHOUSE ORDER SCHEDULE PRIMARY SUPPLIER ORDER SCHEDULE
PRIMARY SUPPLIER PRIMARY SUPPLIFR [ SECONDARY SUPPLIER
o i [
YEAR -1 YEAR-2
# QrY Order Delivery Time # QTY Order Delivery Time
(min) i)
1 2 5:00 3 2 11:09
2 3 7:00 2 3 12:60
3 2 8:00 3 2 13:00
4 2 $:00 4 2 14:00
5 1 10:00 ] 1 13:00
A 32t Soppiy Chin siaristion 2 tiee Baoply Chesm slelation
Figure 25. Forms Used in Simulation
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WAREHOUSE ORDER SCHEDULE

Fragsd

WAREHOUSE QRDER SCHEDULE

WAREEIOUSE £ ey PRIMARY SUPPLIER WAREHOUBE 2 e PREGARY SUPPLIER
- o / i
YEAR -2 YEAR-3
# QTY Order Qdivgry Time # oty Order Delivery Thow
{erde) femin}

i 2 12:46 1 2 1600

z 3 12:00 2 3 17.60

3 2 13:00 3 2 18:00

4 2 14:00 4 2 15:00

3 1 15:00 5 1 20000

A tiex Supply. Clsin cimulation 2 viez Suppiy Chain sinwlstion
{a% m_i PRIMARY SUPPLIER Fassel SECONDARY SUPPLIER Phased
INSTRUCTIONS

1. Receive the Warchouse Order Schedule from the

Warehouse.

Send the Primary Supplier Order Schedule to

Secondary Supplier at the specified delivery time

in {able below.

3. Send parts to Warehouse af the time mentioned in
the Warchouse Order Schedule (7 part at o tine).

4. If there are not encugh parts to satisfy Warehouse
demand, check the box below to count the mumber
of Back Orders.

&

R O O R R
Back Orders [ [ (] ] [
(T R I O A A
4 Vear # Delijfery time
{min.)
1 Year —2 6:00
2 Year-3 1100

2 tivr Bupply Chiin siveristion

INSTRUCTIONS

1. Receive the Primary Supplier Order Schedule
from the Primary Supplier.

2. Send parts to Primary Supplier at the time
mentioned m the Primary Supplier Order
Schedule (7 part af a time).

3. Ifthere are not enough parts to satisfy Primary
supphier demand, check the box below to count the
number of Back Orders.

Back Orders 7 [ T3 [ T3

COooO

I N I N

1

L]

3 tes upply Unein Siawiition

Figure 26. Forms Used in Simulation
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Chapter - 9

F SUPPLY CHAIN W
PRINCIPLES

9.1 Goals of Physical Simulation

A physical simulation model is presented here for addressing issues within a
supply chain. These issues are addressed by applying Lean tools and measuring the
impact of these tools on organizational productivity. This simulation was specifically
developed for ship building industry but can be implemented for supply chains in other
industries with some modifications. This simulation was developed specifically for the

low volume and high variety environment of shipbuilding and repair companies.

Primary goal of this simulation is to demonstrate the benefits of supply chain
integration and its impact on key performance metrics for a Lean enterprise. The
simulation activity will utilize Lean tools to teach and demonstrate the effectiveness of

Lean principles.

9.2 Introduction

Smooth operation of supply chain is very important for the success of any
enterprise. A failure or delay in supply of a component can cause reduced productivity
and increased waste. Unlike mass production industries, the shipbuilding and repair
industry does not have a constant demand, so it becomes very important to have good
communication between suppliers and the shipyards. Apart from the communication
problem, there are other issues, which shipyards face, which are listed in Table 1 below.
The simulation is conducted in three phases, first being the traditional method. During
the subsequent phases, lean tools will be implemented to show the participants benefits
of Lean in improving the performance of supply chain and subsequently the entire

enterprise.
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9.3

the shipbuilding and repair industry. The table below is a general list and is not ranked.

ortant Issues

o

The following table lists the issues related to supply chain that currently plague

Table 45 lists the Lean tools that could be used to reduce or eliminate the problem.

ISSUES
Scheduling Problem

LEAN TOOL

Pull, Integrate Plarming & Sourcing with

suppliers, information sharing

2 | Adversarial Relationship with Supplier | Team - Sharing information, long-term
commmpitment, commuaication

3 | No Involvement of Supplier in Design. | Co-location

4 | LongLead-Time Pull, Group technology

£ | High Costs Batch size reduction.

& | High Inventory POUS, Pull, 58, Batch reduction, TPM

7 | Challenge in Synchronizing Flow with | Pull, Kanban, Takt time.

Suppliers.

8 | Vendors Furnishing Information Late Map information flow, (reduce paperwork,
improve scheduling)

9 | Irregular Performance Built in quality, mistake proofing.

10 | Higher Price to US Shipyards Co-designing, sharing information, long-
term commitment

11 | Shrinking Choice of Vendors Vendor development

12 | Many Engineering Changes Concurrent Engineering, Co- location.

Table 45. Issues in Supply Chain and Lean Toels
9.4 Simulation Activity

Comt . roon, o
Propelier/ Propelier / |
$hall {agsombled) /| | -

A

o

Jueh

L e

i _!
Supplier — 2

Desalination Plant,

| Propslier ShaR, Baltery Terwinais,

Befiery, Crew
Compasiment

Desalination rods.

Tradittonsl - Push

Figure 27. Room Layout for Phase -1
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The simulation activity will be carried out in 3 phases, first being the traditional
way 2 typical supply chain operates. Figure 27 above shows the room layout for the first
phase. In the first phase, the participants will encounter the problems faced in a
traditional supply chain like, frequent engineering changes, vendor furnishing
information late, high inventory, material not being received on time, quality problems,
communication problems, long lead times, etc. Problems like machine breakdown and
weather conditions are difficult to show in a simulation, a variability wheel, as shown in

Figure 28, is used at Supplier 1 and Supplier 4 to bring the simulation closer to reality.

Supply Chain | Supplier - 1 Phase-1

n-Time

on-Availability
of Resources

ZWeather
Condition

B NMiachine
Breakdown

Figure 28. Variability Wheel

In the second phase, Lean is implemented only at the primary suppliers. Due to
implementation of Lean, guality at source is built into the production system. This will
reduce the quality checks on parts sent from primary suppliers to the shipyard. However,
since the secondary suppliers are still not lean, gquality check on incoming parts have to
be done at primary suppliers. Additional Lean tools implemented during phase-1I include

Total Productive Maintenance and Co-location as shown in Figure 29.
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Figure 29. Room Layout for Phase —I1

Primary suppliers, and design and planning departments are co-located at the
shipyard, which aids in better communication between the shipyard and its suppliers.

This is illustrated in the Figure 30 below.

COEBOUATIN - IMPROVEDCONMEIRICATION
i Pluase 2% Phase ;‘%”2 Pl

Secondary

%

“Suppliers

|
5
!
E

Figure 30. Communication through Three Phases
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It is not unusual for Navy to require 100% inspection on some of the parts.
Interview with NGNN personnel revealed that 20% of parts may require 100%
inspection. To take this into account, we have introduced a 20/80 wheel at the central
warehouse. 80% of the parts do not require quality checks while the remaining 20%
require quality checks as shown below in Figure 31. The participant sitting at the central
warehouse spins the wheel for each part, received from suppliers, and follows the

instruction on the wheel (Figure 32).

Supply Chain Central Warehouse Phage - 11

Da not pem;rm
quality check |

Figure 31. Quality Check Wheel

W1 Swll sy dabing, Cantionens B ovetne. Vot Gnition, fsityiin loas st agiont imuphy ehion, |
WM&M@SW% Seppiers, Aot nunber of Washone

3‘/
Ail gpiers s
Desion & Purehean &
| e

i i
Supgiler - 1 ? § ,
Engineg Geberalny, ; § } s
Contio! o, i . -
Bropelisr. Propaliss . g §mm:g%
Shatt (assewmbledy, P Lt
Palleys and Ball, : ? o
i ]
i it i o
5 anry § Amnots R Bub
Iventory. 1 Sssapidy. H A 7
[ s [asomme | P s | sssembly
Supplier—2 3 .
Baliery, Desalination e~ e
R Y - Buppller—4
piﬁﬁﬁ, Crow wvesiory | Asserbly PP
Compartment ;_____{__ Propelier shafl,
Desalinalion plani rods, Ballery termingls

Figure 32. Room Layout for Phase {1}
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During the third phase, tools like just in time (JIT), and part families will be
implemented, which will reduce the problems associated with high inventory and late
deliveries. Number of suppliers is reduced by forming part families and Lean is applied

throughout the supply chain.

9.5

odel for Simulation

The simulation uses the production and assembly of a submarine and iis
associated supply chain to demonstrate the impact of Lean principles. Figures 33-35
illustrate the submarine model and its various components. The model has been designed
to replicate the details of construction of an actual submarine. The assembly sequence

and construction activity closely mimic the actual process.

Figure 34. Submarine Aft Component
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Figure 35. Assembled Submarine Model

The model consists of 3 hulls, a nose, an aft and a conning tower forming the
exterior of the submarine. The hull components can be seen in Figure 33 and the final
assembly is shown in Figure 35. There are two sub-assembly stations where different
components like engine, generator, control room, battery, crew compartment,
desalination plant and torpedo compartment are assembled in the Hull. The participants

will be provided with pictorial instructions to aid in assembly.

9.6 Implementation of Simulation Activity

The simulation activity requires approximately 18 participants with each person
having a role to play in the supply chain simulation. The 3 phases are not time bound and
the activity will continue until the first Submarine model is built. The time required
during the first phase is higher compared to successive phases. At the end of each phase,
participants are encouraged to discuss the problems encountered during simulation and
these issues are noted down. During the following phase a set of Lean tools are
implemented. The simulation demonstrates to parficipants, how application of simple

Lean tools can benefit the enterprise. Participants observe that Lean when applied
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throughout the supply chain provides maximum benefit. Figure 35 is the performance

metric spreadsheet obtained from pilot simulations run at ODU.

9.7 Performance Metrics

Performance metrics used in this simulation include total lead time, number of
guality checks and cost of quality checks. It can be observed that the lead-time to
assemble one submarine reduces as we iumplement Lean tools. The results from
simulation are shown in the performance metric spreadsheet in Figure 36. The lead-time
decreases by almost 46% during the first set of Lean implementation and by another 25%
during phase-IIl. In addition, cost associated with quality checks go down too. One of the
major reasons for long lead-time during phase-I is the amount of paper work between

planning/buyer and suppliers.
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...... e .. g P P v,

18
% 13

11
o]

CYCLE THEE (min.)
Planning , 38 4.5 35
Primary Bupplier -1 8.2 &0 28
Primary Sugpligy- 2 6.0 4.2 4.0
(entral Warshouse 50 2.4 20
Sub-Assembly -1 5.0 25 25
Sub-Agsambiy -2 50 3n 25
Aagarmbly 5.8 3.8 2.8

Figure 36. Performance Metrics Spreadsheet from Pilot Session

9.8 Summary

Physical simulations are powerful tools for demonstrating effectiveness

g Chacks
s @Phase-1 || Tokal cost of Quality
3 @ Phase -1l 2 1500 3
® &
O Phase -l ] 35 1000 4 1 Total Cost of Gually
5 3 00 Checks
k] £
g &
& 0

of Lean

principles and tools on the productivity of an organization. The results discussed in the

previous section show a consistent decrease in the total lead time, cycle time at stations

and cost of guality control. The simulation also demonstrated the effectiveness of Lean

tools in streamlining the supply chain. This can be critical for a large organization with

iong supply chains involving multiple tiers. While the physical stmulation in chapter was

specifically designed to demonstrate the Base Stock model, this simulation shows the

supply chain for submarine construction.
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Results shown in Figure 36 show that lead-time reduces as we go from phase-I to
phase-1{1. This happens due to implementation of different lean tools. The drastic
reduction in cycle time for buyer/planner is due to better communication in the second
phase, which is brought about by co-locating the suppliers with the shipyard. Number of
quality checks decrease and correspondingly the cost of guality checks also goes down,

due to implementation of quality at source at the primary and secondary suppliers.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter— 10

SE

Computer based simulation is the “imitation of a dynamic Sy,sz‘em using a
computer model in order to evaluate and improve system performance” [64]. In practice,
simulation 1s usually performed using commercial simulation sofitware like ProModel that
have modeling constructs specifically designed for capturing the dynamic behavior of
system. Performance statistics are gathered during the simmulation and automatically
summarized for analysis. Modern simulation software provides a realistic, graphical
animation of the system being modeled. During the simulation, the user can inferactively
adjust the speed and model parameter values to do a “what if” analysis. Some simulation
software provide optimization technology also. Trial and error approaches are expensive,
time consuming and disruptive. The power of simulation lies in the fact that it provides a
method of analysis that is not only formal and predictive, but is capable of accurately

predicting the performance of even the most complex systems.

The terms continuous and discrete applied to a system refer to the change of state
of the system with respect to time. A system whose changes in state occur in finite quanta
or jumps are known as discrete systems [65]. Supply chains are discrete systems since a

customer order triggers the change of state in these systems.

A discrete event simulation model is created using ProModel software to assess
the performance of a two tier supply chain. Base stock Model and (Q, r) Model were

applied to this supply chain in the previous sections.

10.1 Goals of Computer Based Simulation

Primary goal of this computer based stmulation is to demonstrate that Base Stock
Model can effectively predict the level of inventory at reorder point. Another goal is to
compare the results obtained here with those of mathematical model and physical

simulation model.
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10.2 Software Used

Pro-Model is a computer simulation program that allows its user to evaluate the
sffectiveness of a given process. Pro-Mode! utilizes the Windows graphical interface to
make programming more user-friendly [62, 63]. Components of this process can be
rearranged to optimize productivity. This allows for many changes in the simulation
before anything is installed or moved physically. To create this simulation several
parameters need to be specified. Locations, entities, processes, resources, and arrivals
must be specified for the program. Entities are the items being processed. Locations are
defined as the various areas where work is being done to the entities or the entities are
being stored. Processing is the route in which the entities travel and the logic behind that
travel path. Resources are the personnel and equipment used for the process, and arrivals
are the number and frequencies of additional entities to the process. The finished model

can then be simulated using animation.

After the initial conditions are specified, more detail is needed to make the
simulation realistic. This software has the capability of simulating work done in shifts,
which also encompasses breaks for the employees and down times for the equipment. A
few additional capabilities of ProModel include programmable times, distributions and

cost analysis.
10.3 Simulation Layout

Discrete event simulation is a pedagogical tool that uses computer models to
study a production system with the goal of optimizing its performance. ProModel
simulation software is used for analyzing and assessing the flow of parts through a two
tier supply chain system. A computer model of a two tier supply chain was build using
ProModel software. The model uses four locations to indicate the key players in the
supply chain namely Customer, Ware House, primary Supplier and Secondary Supplier.

The lavout of the model is shown in Figure 37.
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Figure 37. Layout of the Supply Chain in ProModel

The model uses real time counters and global variables to define and display the
number of parts as they go through the supply chain. The conveyors are designed long
enough to display all parts as they are waiting to be processed. A specified number of
cylinders arrive at the secondary supplier with a Poisson distribution. Engine blocks
arrive at the primary supplier with another Poisson distribution. One cylinder is
assembled with the engine block at the assembly station. Engine block icon is initially
grey in color. After assembly of cylinder, the color of the engine block changes to blue
indicating an assembled engine. The assembled engine proceeds to the warehouse via
engine conveyor and then on to customer. The replenishment lead time is simulated by
the travel delay between these stations. For example, if the replenishment lead time is 2

months, transportation between these stations takes 2 months.

The goal behind building the computer based simulation model is to see if the
resulis produced by the mathematical models can be replicated. This can be done easily

by first running the simulation without any inventory in the supply chain. This will
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produce stockouts and backorders. If we then run the model with the inventory positions
predicted by the base stock model and can show that customer demands are met without
any backorders that will be an indication that the results from mathematical models are
validated. The simulation model was run first with no inventory posifions in the supply
chain. The screen display for this case is produced in Figure 38. The counter located at
the customer box {green} indicates the total number of engines delivered to the customer.
In this case, seven engines were delivered to customer with three backorders. The mean

demand is assumed to be the same as in previous runs of mathematical models, i.e. 10.

Figure 38. Screen Display for Case with Zero Inventory Positions

Next we run the simulation with the values of r predicted by the base stock
model. For exaraple, the base stock model predicted that to obtain a fill rate of 90%,
following inventory levels must be maintained; warehouse-3, primary supplier-5 and
secondary supplier-8 for a customer demand of 10 units/yr and replenishment lead time
of 2 months. Screen display for this case is shown in Figure 39. The part counter in this
case indicates that 10 engines were delivered to the customer without any backorder.

These resulis are summarized in Table 45,
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Figure 39. Screen Display for Case with Inventory Positions per Base Stock Model

Tase | Taveniory &t | Inveniory ol | Tead Gme | Enginesio | Namberof

A Ps o oWH | Customer | Backorders
1 0 0 60 days 7 3
2 5 3 60 days 10 0

Table 46. Results from ProModel

Table 46 shows the inveniory levels and number of engines produced during the
two cases for lead time of 60 days. Customer demands are met with no backorders when

predicted values of inventory position are used.

ProModel software can generate a number of tables and charts to analyze a
simulation model. A few of these tables and charts are discussed here. Table 47 shows all
the locations defined within the model and their state. It also indicates average content,
maximum content and % utilization at those locations. Table 58 shows the percentage
utilization of multi capacity locations. This is used to determine % empty, % occupied

and % full state of these locations.
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Table 47. Locations and their State

~693400.00
 £38400.00
69840000
 638400.00
 532400.00
- 698400.00

ainl
“ Fﬁemma%;’; v

Table 48. Multipie Capacity Locations and their State

§9120.00
37800.00
16900.00
18514,29
38400.00

Losshors - Locetion States Mull | Loostion Stales Siegle/Tark | Resowses | Basowss Stotes *

Yanables in bazestoehmoreld

R B B R R R R R B R R S B R e B e e

Table 49. Variables Defined within the Model

Mode Erities | F. ¢
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Table 49 shows the data for all variables used within the model. This iable is used
to obtain the minimum, maximum, average and current value of a variable. Figure 40 and
41 show the time plot of these variables throughout the entire simulation time period.

These charts help us debug the simulation by charting the simulation progress.

.
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Figure 40. Time Line for Various Variables
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Figure 41. Time Line for Various Variables
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Figure 43. Percent Utilization Chart

Figure 42 shows the state chart for all locations defined within the simulation.
This chart indicates % full, % empty and % occupied status of all locations. Figure 43
shows the % utilization of a few specific locations. Figure 44 is similar to Figure 42

except it is for entities.
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Figure 44. Entity States of Engine and Engine Block

10.5 Summary

Computer based simulation model is created using ProModel software to assess
the values of inventory levels predicted by base stock model. Creation of a simulation
model requires a detailed understanding of the process. Common elements of a
simulation model are locations, entities, processing, arrival, variables and attributes etc.
Once a model is built using these elements, its validity is checked by running a few trial
cases. Results from the computer simulation model validate the results predicted by base
stock model. This was done by first running the simulation with no inventory positions
either at the primary supplier or the warehouse. This resulted in backorders. Then the
primary supplier and warehouse were populated with inventory positions predicted by the
base stock model. The simulation mode! showed that all 10 engines were delivered to the

customer without any backorders.
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Published work in the area of supply chain covers a plethora of topics which are
outlined in chapter 5. Specific issues related to supply chains of shipbuilding and repair
industry are discussed in section 3.1 of chapter 3. Mathematical models clearly show that
the total cost of inventory can be brought down by reducing replenishment times and
increasing the frequency of replenishments. The cost associated with ordering is more
than compensated by benefits due to added flexibility from a reduction in replenishment

lead times.

Physical simulations models discussed in chapter 10 clearly indicates the benefits
of implementing lean through reduction of the lead time and increased flow through the
supply chain. This simulation is brought closer to the stochastic and dynamic nature of a
supply chain by introducing variability due to weather, machine breakdown, non-
availability of resources etc. During phase I, Lean is implemented only at the first tier of
the supply chain. This is extended to second tier in phase IIl. Principles of concurrent
engineering are incorporated in phase II by requiring the suppliers to meet with
buyer/planner of the company during phase II and III. The results of these
implementation lead io a consistent reduction in cycle time for all seven workstations.
Total lead time goes down from 35 to 19 to 15 minutes. Total cost of quality checks goes

down from $1250 to $550 to $100.

The physical simulation model for Base Stock discussed in chapter 9 was used to
validate the inventory levels for reorder point as predicted by the mathematical model.
The optimum level of mventory when used with the simulation did not result in any
backorder. When these levels were reduced, backorders were observed confirming the
results of the mathematical model. The results of the mathematical models are discussed

below.
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The Base Stock and (3, 1) inventory control models are compared for different
replenishment lead times. If we compare the resulis from table 23 (Base Stock Model)
and table 39 ((Q, r) model), there is a significant decrease in the frequency of order in (Q,
r) model as compared to Base Stock model. The two tables are reproduced here for
convenience. The frequency of order plays an important role here, as there is cost
associated with placing the order. Replenishment at higher frequency however, may be
beneficial from the point of customer satisfaction and Lean implementation. Higher
frequency of replenishments also helps the organization become more agile in meeting

customer demand.

1 . Freqy | Average
Palusiry | Locotien | ovder (F2DV0) | Demand
10 14.00 Warchouse 10.00 10
12 14 19.00 100 PS 14.00 14
19 25.00 $S 19.00 19
6.67 10.00 Warehouse 6.67 6.67
8 10 14.00 1.60 PS 10.00 10
14 19.00 Ss 14.00 14
10 8.00 Warehouse 10.00 5
6 16 11.00 1.60 PS 16.00 8
2 15.00 S8 22.00 11
10 6.00 Warchouse 16.00 3.33
4 18 9.00 1.00 PS 18.00 6
27 13.00 sS 27.00
1.67 3.00 Warchouse 1.67 1.67
2 3 5.00 100 PS 1.00
5 8.00 sS 5.00

Table 23. Summary of Results Application Runs of Base Stock Model

The Base Stock model emphasizes on replenishment quantity of 1 and therefore
has higher frequency of order. On the other hand, the (Q, r) model provides a lower total
cost, since the frequency of order is less. The service factor obtained for {(Q, r) model is in
the range of 0.94 - 0.98, which falls within an acceptable range for most organizations.

The service factor for Base Stock model was assumed 1o be 90%.
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5.6 50.00 560.60

327 46.43 1054.10

338 57.14 1216.00

61 WH 26 52.50 688.50
PS 18.7 58.33 977.00
88 217 71.43 1218.10

27 wWH 13 62.50 575.60
PS 15.6 75.00 840.60

S8 13 93.75 1161.80

8 WH 23.2 56.60 797.76
PS 252 56.25 081.50
S8 25.7 64.29 1215.00

41 WH 16.8 50.00 692.30
PS 14.4 75.00 914.40
SS 28.8 75.00 1153.80

Table 39. Summary of Application Runs for (Q, r) Meodel
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Chapter— 12

NCLUSIONS

An efficient supply chain is one which can deliver the right amount of product at
the required place at the right time in spite of the variability and supply chain dynamics.
Deterministic models fail to take into account system variability and thus are inadequate
for modeling complex supply chain systems. Deterministic models however, are certainly

useful in cases where demand is relatively well known and fizxed.

The Base Stock model has been widely studied in the operations management
literature and it is simple to analyze. This model assumes that demand occurs one at a
time in quantity of one. It also assumes that lead times are known and fixed and there are
no setup costs associated with orders. This model provides us with a value of inventory
level r for a certain customer satisfaction level or fill rate. In general, the higher the mean
demand during the replenishment lead time the higher the value of r to achieve a
particular fill rate. In addition, the variability of the demand also affects the value of r.
The higher the standard deviation of demand , the larger the value of r. In this model,
reorder point controls the probability of stockouts by establishing a safety stock.

In (Q, ) model, the replenishment quantity Q affects the tradeoff between order
frequency and inventory. Large values of Q will result in fewer replenishments per year
but will produce higher level of average inventory. Smaller values will produce low
average inventory but higher frequency of replenishments. The reorder point r, affects the
probability of a stockout. A high value of r will produce higher average inventory but
lower probability of stockouts. A lower value of r will produce higher probability of
stockouts. Thus, these two variables generate two different kinds of inventory. ( affects
the cycle stock: inventory held to avoid excessive replenishment costs. The reorder point

r affects the safety steck: inventory held to avoid stockouts.

In summary, the two mathematical models discussed here adequately capture the

variability in the supply chain. However, they have limitations due to the assumptions
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modeling.

Physical simulations also capture systemn variability for a complex system and
often provide a simple method for demonstrating complex ideas. Two physical
simulations were designed and developed. One to specifically simulate the Base Stock
model and validate results obtained. The second one to simulate a two tier supply chain
system for submarine construction. The second model also demonstirated the impact of

Lean tools on supply chain integration.

The computer based simulation model using ProModel sofiware validated the
results from the base stock model by indicating that if quantities of base stock level are
selected correctly, it can enhance the flow through a supply chain and maximize customer
satisfaction. This can be a formidable tool in the hands of inventory managers who
constantly struggle to find the right compromise between minimizing inventory and

maximizing customer satisfaction.

In summary this dissertation aims at demonstrating the validity of two
mathematical models, namely Base stock and (Q, r) through the applications of physical
simulation and computer based simulation models. It also generates a number of practical

recommendations for the inventory control managers. These recommendations are:

1. Use computer simulations to explore the dynamics of a supply chain. This
recommendation is particularly relevant when the supply chain is very
complex and the user desires to explore many ‘“what — if’ scenarios.

Use physical simulations to explore the impact of implementing lean. This

b

approach requires some initial investment in capital and time but the
benefits derived in convincing the management and long term benefits
from implementation will far outweigh the initial investment.

3. Given the validity as provided by both physical and computer simulations,

the simple Base stock and (Q, r) models should be used as a first-hand
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approach to determine the order guantity (Q) and reorder point (r) and the

safety stock.
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Chapter - 13

Scope of Research

e A survey of existing deterministic and stochastic models for inventory control
was conducted.

e Two stochastic mathematical models were implemented for a two tiered
supply chain.

e Design and development of physical simulation model to simulate Base Stock
model. A

e Design and development of a physical simulation to demonstrate the effect of
Lean principles on supply chain integration.

e Design and development of a discrete event simulation model for two tiered
supply chain using ProModel software.

e Comparative analysis of results from the above three types of models.

e Demonstrate the effect of lean tools using physical simulation on the
effectiveness of supply chain in shipbuilding and repair companies.

e Use of all three types of tools to study the supply chain integration problem.

Future Work

e Application of these models to multi-product supply chains.

e Design and development of physical simulation model to simulate (Q, 1)
model.

e Design and development of a discrete event simulation model using ProModel
software to study (Q, r) model.

¢ Comparative analysis of results from the above two models for a three tiered

supply chain.
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e {QQ, r} model makes the assumption that replenishment lead times are fixed
and known, demands occur one at a time and that each replenishment order
has a fixed cost. In reality these assumptions are not true and a model should

capture these sources of variability.
e A sofiware tool can be developed for inventory managers which will provide

the optimum values for reorder point and order quantity for a given lead time

and customer satisfaction level.
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Glossary of Lean Terms

58 System: A system designed to organize and standardize a workplace and consisting of

five component parts: Sort, Set in Order, Shine, Standardize, and Sustain.

7 Wastes: Wastes addressed by lean manufacturing that include : overproduction,
transportation, excess inventory, waiting, defects, excess motion, underutilized people.

Bottleneck: A resource whose capacity is less than the demand put on it.

Cycle Time: How frequently an item or product is actually completed by a process, as
timed by direct observation. Also the time it takes an operator to go through all of his or

her work elements before repeating them.

Flow: A main objective of the entire Lean production effort, and one of the key concepts
that passed directly from Henry Ford to Taiichi Ohno. Ford recognized that, ideally,
production should flow continuously all the way from raw material to the customer and
envisioned realizing that ideal through a production system that acted as one long

conveyer.

Kaizen: Continuously improving in incremental steps.

Kanban: A signaling device that gives instruction for production and conveyance of

items in a pull system.
Lead Time: The time required for one piece to move all the way through a process or

value stream, from start to finish. Envision timing a marked item as it moves from

beginning to end.
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Non- Value Added: Any activity that does not add market form or function or is not
necessary. 1hese activities should be eliminated, simplified, reduced or integrated.
Point of Use Storage (POUS): Raw material stored at the workstation where it is used.
Pull System: A method of controlling the flow of resources by replacing only what has

been consumed.

Queue Time: The tome a product spends waiting in line for the next processing step.

Six Sigma: It is a business-driven, multi-faceted approach to process improvement,
reduced costs, and increased profits. With a fundamental principle to improve customer
satisfaction by reducing defects, its ultimate performance target is virtually defect-free

processes and products (3.4 or fewer defective parts per million (ppm)).

Takt time: The rate of customer demand: How often the customer requires one finished
item. Takt Time is used to design assembly and pacemaker processes, to develop material
handling containerization and routes to determine problem-response requirements and so
on. Takt is heartbeat of a lean system. Takt time is calculated by dividing production time

by the quantity the customer requires in that time.

Total Productive Maintenance (TPM): A systematic approach to the elimination of

equipment downtime as a waste factor.

Value Stream: All activities, both value added and non-value added, required to bring a
product from raw material into the hands of the customer, a customer requirement from
order to delivery, and a design from concept to launch. Value stream improvement
usually begins at the door-to-door level within a facility, and then expands outward to

eventually encompass the full value stream.
Work Standardization: Operations safely carried out with all tasks organized in best-

known sequence and using the most effective combination of resources (people, material,

methods and machines).
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KA kR ERTEREERAIE AT A LA FTALTET AR AN IA A AT T A A A ST A A TR A A AT AT A b d ek b dedhhhd

*

3*

* Formatted Listing of Model:

&

¥ D:\PhDRescarch\BaseStockModel2 . MCD

%

*

%

K R T AR R AT TR R I A A IR T AR R AL AT AR AT AR XA AT A AN T I A AT AR A A AN d A A dd b rhdhhddhidih

Time Units: day
Distance Units: Feet

KA IR AKX A R R E T AR AT F A I I AT R AL I AT T AT AL AETTRAAAATA LI ETAAAL AT AR XA A TR AT T RS

* Locations
*

ERE R EEEE R SR AR A SRR E A EEE SR RS EEEEEESEEEEE SRR SIS SRR SIS R I S

Name Cap Units Stats Rules Cost
PS 20 1 Time Series Oldest, FIFO,

WH 20 1 Time Series Oldest, FIFO,
Customer 18 1 Time Series Oldest, FIFO,
EngineConveyor 18 1 Time Series Oldest, FIFO,
EngineQue 18 1 Time Series Oldest, FIFO,
Assembly 2 1 Time Series Oldest, ,
FinishedGoods INFINITE 1 Time Series Oldest, FIFO,

ss 12 1 Time Serieg Oldest, FIFO,

KA A E R R R E AT R A A A R AR A AR N A A A AR A IR A RN A AR IR AT AT ETA A AA AR AAFT A AT I A A FAFTAARNR AN LR %S,
* Entities
*

H AT A I F I EAFAAARINL T ARNAAIRAA A S AN T AT A A AT A A Fahh bk hhddhhhddmhdhdhdhiik

Name Speed {(fpm) Stats Cost
Cylider 150 Time Series
Engine 150 Time Series
EngineBlock 158 Time Series

AR A TR A A FE AT R A A R A A R T R T A R A X T AR A AT T A AT A XA AT XA XA AAFT A AT A A A AT XA AT R AT T A AR
# Processing
*

AR AT R R T T E LTI R A TR T AR AT A A AT I A AR AT T AR I A FAFTRA I ETATATAA AT I AAA XA AN TR AR hh &k

Process
Routing

Entity Location Operation Blk Output Destination Rule Move Logic
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1 Cylider Assembly FIRST 1 DEC SSNo, 1

MOVE FOR 60
DAY

Cylider Assembly JCOIN 1 EngineBlock
1 Engine PS FIRST 1
EngineBlock EngineQue Wait 0
1 EngineBlock Assembly JOIN 1 DEC QuelNo,1
Engine EngineConveyor Wait 0 1 Engine WH FIRST 1 MOVE FOR 60 DAY
DEC ECNo, 1

INC WHNo, 1

Engine WH
1 Engine Customer FIRST 1 DEC WHNo, 1

Engine Customer INC No_of_Engines, 1
IF No_of_Fngines=12 THEN
STOP
1 Engine FinishedGoods FIRST 1
Engine PS Walt 0

1 Engine EngineConveyor FIRST 1 INC PSNo, 1

INC ECNo, 1

Engine FinishedGoods 1 Engine EXIT FIRST 1 MOVE FOR 1000 DAY

FHE I AT AT E AT A AT A A AN AT A AR AR T A AET A AT LAAXAR A A A A EL A AT R AT A AT AT A d Ao b odd v xw

* Arrivals
*

EE R R REEEE SRR SR SRR SRR RS RERE R R R R I R e R I B I I P I e

Entity Location Qty Each First Time Occurrences Freguency
Logic
Cylider 58 1 P30}

INC SSXNo, 1
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ineBlock BrngineQue 1 P{3G}

Engine PS 1 )
Engine WH B 3

TR R KR T I ARFT AT RTINS AL A ARA LR AR XA LR A TS A AT A AR AT AT oAb b A rde R ddh A hddkiw
* Variables {(global}
*

S SRS R SR SRR R AR EERELAEMESESEAEEEEREREEEEEEER LR EAEEEREERETEEEEEEEEEEEEEEEE

D Type Initial value Stats

No_of_Engines Integer 0 Time Series
PSNo Integer 0 Time Series
WHNo Integer 0 Time Series
SSNo Integer 0 Time Series
QueNo Integer 8] Time Series
ECNo Integer 0 Time Series

IR RS EE A RN EAEEEEEEAEEEEEEEEEEFESEEEEREEEEEREREEEEEEEETEEEEREEE R EEEEE LR S]

* Arrival Cycles
o

R RS SRR R AR RS R SR SRR R SRR E LR LSRR TR EEEER SRR SRS R

ID oty / % Cumulative Time (Hours) Value

CylinderaArrival Quantity No

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Author’s Publications

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

177



[y
o}
G0

LEAN IMPLEMERNTATION MODELS AND THEIR IMPACT ON PRODUCTIVITY
INLOW VOLUME - HIGH VARIETY ENVIRONMENT
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i INTRODUCTION

Lean DMmwfactudng i quickly beooang a
philosophy sdepted by manufactures’s dwough out the world
o ot wasts sad improve productivity, Lean isa people-
ceniric philosophy, which focuses on shanging the work-
cultore within au orgadzation and across the supply chain,
Lean has been apphied successfully to g variety of indusries
inchuding sevospace, sutomotive, shipbuilding end consumer
goods. A wariely of implementation models have ovolved
during the lest decade. The impact of lesn philosophy in high
production  volume  savircement  Jike  wutomolive  snd
sonsumer geods s well established md dovumented [172,18],
B dmpact on low production wolume and high wanisly
epvironment however, is not 8 cleerly dooumented.  Ths
paper prosents 8 swvey of recent offorls v this wres sxd
presenis o genemilized model for Lean implementation.

3 WHAT IS LEANY

The erm lean was first cotned shout 13 vews ago ¢
Massechoselts Tnstitete of Techavlogy and leter pblished in s
bovk colled Mechine That Chopged the Workd witten by
Yanes Womack and Bls collzsgues (18] The gowelly
sevamed definition of Jean in the Mdusirie! somundly de thet
Him
“A gystenietic approach W identifving ol olimingting wasle
(omevalosedded activities) theough contimoous Baprovemant
by flowing the produst at the pull of the costomer In parssit of
pevfection.”

The lean pinciples hovy evoleed from the works of
Hemy Foed spd  subsequent  development of Toyeis
Production Svsten. by Japen, Lean mamfacnuving pinciples
frapaiee prodhaciivity by elismdnating, waste from (he produd’s

Yihume 71z

Harsh Fivhannawer

T3y Dinpwlsices Uhviversity

valwe stresm and by mabing the produst How Grough the
vabue strears withowt besereptions (14,17 & 181 This sysiem
in easence shifts the foros from fndividus] machines and their
wtilization 1o the fow of the product Seough processes

In their book Lean Thinkmg, Jomes Wommek and Dan Jones
{17} onaline five staps for implamenting lean:

Spesify the vahue desired by the customer.

Ydentily the value siream for each product and challenge
&) waste,

3, Miske the produd flow through the value creating sieps,
4. Introduce pull hotween sl steps where cominuous Tlow

P

plssible.
5 dmwge woward perfention by contteuously improving the
PADCESS.

When lean priosiples s wpplied oot Just o
wsnnictiring i 0 business operations not only within the
ciganization butalso across all supply chabe, o lenn enverprise
is cremded. The training poogram condains 8 module oo leal
enferprise which dizcvses the Issues hwvolved i the tansition
of o voapangy 1o Tean évtorprise.

3 HBCHYOLAUME - LOW YARIETY VA LOW
VOLAME ~ YEGH VARIETYY

Lean was odghwlly sseded v s meswiachuiog
witonsend  costaining  lwge vohume ond dow  veriely
s, The benedit derivod From pplomenting Lean in this
environmend s well documenizd with large musber of cese
sudins. Implementing Lomn o shipboildig ead sorospace
ity crented doubls n tw mid of Gy for these
production spviromments wars. substeinlly dffwent. In fect,
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mamfaciuring eovironmenis in tess indusivies coptain low
vohame ahd high varisty producss

Draring ia8t decedle, we bave sesn yabitantial sucoess
in e implerneniation of Leany in these indudtries, Job dhop
environment, which is characterized by low vodure and high
varigty, is inhséntly differsnt then consmngt  goods
producton envirenment. High product variety introduces
unpredictability. This sopredicibility requites # different
imglementation  strafegy. Tt reduires more gy and
fexibility in order to mest the higher demands of the system.

4  LEANTMPLEMENTATION MODELS

4.1 Toyota Production System

The Toyota Production System (TPS) [10jwas the
first sy stematic implementation of lean principles. This system
is depicted as a house a5 shown in Figure 1. Traditional mass
production focused primarily on cost—cost reductions through
individual efficiency gains within individnal operations. We
tearned later from quality gurus like Edward Deming that in
fact by focusing on quality —doing it right the first time—we
could simulaneousty reduce cost and improve quality. That is,
building in quality leads to significant cost reductions. Toyots
found that by focusing on eliminating the wastes that. cause
lead time to expand, quality improved as evervone got quick
feedback on quelity problems end cost was reduced as
inefficiencies were driven out of the system. The focus of TPS
is on fatal gystem cosis by taking 4 value siremn perspective,

Figuse-1, Toyote Production Svstem

The reason far the house metaphor s thet ahouse 5 8
kind of systesn, Without a strong foundatios, 28 well 23 srong
pillars, w well 28 8 good 1ol the bouse will fail The twe
main pilfarsy of TPY are JustIn-Time and Bullidn Quslity,
These are muduslly reinforcing, Cresting a IT fow leads to

179
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mereesed goelity, Wihew the nvestory buffers of mas
prodoction, JUT systens will Bil ¥ theve are frogueat guslity
problems that intéirtpt the How. The TPR house must sl 00 s
foundation of sxireme sizblily. Fur exminple, machine
dovrntine it one operaiion will guickly propagate tirsugh the
whiols walus stesstn becaiise the inventory buffers are so amall,
Products that ere nol well desipned to-be memalaotired will
hang up the systert 3t poublesome operations and prevent a2
well-vrchestrated flow.

42 Lean Aerospace Initiative
Léan 3 a2 people cenmiric systemy and thus any

implementation wust involve all emplovees. The took used
doring Lean implerentation must be viewed a9 2 38t of wols

for accelersting transformation. The change of cufiure and

transforming how everyone perceives their werk is the reaf
challenge of Lean.

A number of Lean Implementation models have been
presented over the last decade. One of the early models was
developed by the factory operations focus group of the Lean
Aerospace Initigtive 7] This model was presented in the
annual report of the group.

This model was later revised to include 3 more
comprehensive model incorporating two feedback loops fo
emphasize the never-ending aspect of lean implementation.
This model is presented in Figure 2

1:A1 Fean Znplemeintion Made!

4

Figure-2, LAI - Lean Implementation Model

The box on the 1eft represents the initial commnitment o Lesn
paradigm and entry into the Lean implementation cycle. The
beer on the right includes two cycles, the long-tems ovile,
which focuses on the development of Lesn siuchwe and
behavior and continuous assessment of progress made. In thig
foop, issuss 2% 2 maore. level are addressed. The shoel-term:
cyele foruses on the grogress as a resull of Lean indtiatives and
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180

Led

Progductivity o Low Voo - Fgh Varlsty Bovironment

wongmyns  rgwovernay elioft and tos, locks o dw
bnplemernation s ¢ sgho bvel The woadmey presied i
this rocsdel speeifios the Sow of stope nesded to Batiwe waxd
hmvamonaiize the ool doive toward exsellerss tha
sxmapiifies o Loon Buierprie.

&3 Lwon Yobrrpries Project of PENE and Stfiatic

The st of lonn methods were implameried i
mmimnine tue oo et saxinize e value added sotivities.
hie Yeanviamafonmution plee formmlated by these shipeads is
shown i Figuge 3.

Faane 1 JEEES TR R

P . L oot

Faapid Reginiog,

Figure-3, Tranaformation Model gt PANS and Mlantic Mavine

The lean ooncepis sih s 58, visals, Puoil,
Standardizetion of Provess, Wik flow, Valos Svesss Mapping
mee wsed in the abovementioned deparimants,

L Rl s
: Gl

T Ty

g
G
S
Rk
Agviodm
i

Figure, Loan Deplovment Appmoaches

Aosd e vesules show  moresse i thwoughpa,
reduton § bevel omt waste. Dmporont lomose Jenng

fwogh the experbrmnds are o~ yopey lesn oovwepds Bre
3 5

sowter-ntdive o sonvedions! wisdbm Commmens gl
mvokssmest of sewor maongement delesmine S paos md
st of swsoesy of Yenn provess. Paploves partivips
importent favior i change prooess. Retopodion of benefits
mwoassary Tor sustatoment of besm procsss. Thees deplevmend
angraeches to boplemensing Leawy we shown i Figiee 4

1 3

oY

4.4 Boelng Inplementation Model

Bosing  Bms  developedt 8 plue-step  ftan
mplemensation plen ax shown in figwe 5 1201 Pt step in n
vabug strenm mepping 1o ey nor sedy dhe Bow of metiried
axd inbormstion g wleo value added and nomovelne added
procewes. Spaghettt deagrams are wsed ke vehe sirewn
mspping. Sesond step B line beluwing e dbtilamng de
work evenly. In order 0 balwwes the lmes TAKT tmes e
cahonloted. Thind step scvording o the pln & wiek
sandardizntion. Wok standardinion b de fswst way o
verform the task at the lowess ecst with highest auality wvery
sine tuek ts perfermed. Then Govrth step is patting visusls in
place. Fifth step i+ polnt of we steging Le. ptting together off
fuaterials needed wo somprete the Job. Mext siep is ostablishing
the faeder Bues. Seventh step & breaking through the prooess
b swmall provesses so e meximam wark i done in oshop
ared less work dome in fnal sxemwbly, gl step i
copverting the e to pulse line. Aaxd lust step 5 coseriing
fire to a rewing e

i

i i 7
e

4.5 Wade! In Alrerali Bsintenunce
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At HL AL, Lesn mwintenance is » bustness sirslegy In
increase the profils that reguives tactics, careful planning, sod
commitment by executive menagement. It réquires hng-term
commitment and employes paticipstion. The primay lean
mamtenance tools used by Bl Al ohyded- Value Siveain
Mapping, Acceleraled Improvement Workshops, 38.etc (6],
Lean maintepance model adopted by EL Al Alrtine s shown
in Fimwe 6.

Vhonalop g Voo Moo
Vedirawss Migans e Baws - 40

Do mret b bl
i Brelrgizominti: Mook vl the Shlp:

o Vintobiiasive: ot seark
: 0 TR S R e

Figure-6, Lean Implementation Model at El Al

4.6 Lean Repair ai Todd Padfic Suipysrd

Todd is primarily 8 ship repair yard but 8 limited munbers of
new ships are also built. Leas implementation in Todd [19]is
simed ot veducing waste sustaining gains, continuous
improvement, #and incressing profiis  while  decreasing
investnent. With help of NSRP they developed and
implemented lean implemeniation plen for ship repair.
Lessons learnt during this project inchide:

« - ThePeople are the key.

- Wust fearn from all we do,

- Standardized Systers & Provess Focus,

- Peformance Meanuwrement.

- Crestegredter opporiunitios for and through people.
- Wingforsil

Tedd discovered that i€s not kanben, cell, or 58 but
it's people who are key In the boplementation of lean. They
alvs digcowered that feaming en the job was a Key component
of Lean implermentation, pamely use of Deming’s plan, do,
chesk, act (PDOA) AL Todd, the Lesn management
philosophy is based upon u fivesstep process o the operatione
side along with an emtelprize mansgement sivalegy, on the
corpordte side ss illosgreted in Figare 7 1 sterts with
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workplace organizstion wnd ends with lean swpplicrs end
CURIOINETS.

S

i
1

e R

i
5
A
&

Figure-7, Lean Management Philosophy at Todd

3 IMPACT OF LEAN IMPLEMENTATIONS

At Beeing, lean implementation remited in 50%
increase in volume of flight deck panel. 99.5% times product
was delivered on thne and also quality acceptance was 99.0%.
WIP airplanes per month were reduced from 20 defore
implementation of lean) to 14. For 757 program lead time was
reduced by more than 40% Moving flow line was
mplemented. in the production of 737/ 757 stowage beans.
Benefits from this are — 23% reduction in Twsipart, 209
reduction in 2ssembly stations, 1500 sq. feet reduction in floor
space, and S6% rveduction i work in process. Also
predictability of output was increased and all Ene stoppages
were logged and if possible fixed.

Lean improvemnents i fabrication division are —
distance traveled by people reduced from 12,200 ft o 2,500
fi, distance traveled by product rednced from 5300 £ o
10000, product moves end flow days reduced fom 21 and 75
-4 and 1B respectively, Lean improvements in propulsion
divigion are — &4 % reduction in lnveniory snd 66% reduction
i unit time flow.

Resulis of lean repaly Initiatives 8t Atlantic Marine
aver over 30% increase it Theoughput per Worker Rate in the
Poricon Fabrication Model Line, 33% of space available tn
snable 7 more continpeis flow and additionsl area for value-
added work sdded work, reduced travel tost, subseqnent tme
studies have “indicated” that travel cost iz veduced by 25-31%
due to the werkplace organization sfforts.

Lean schievementy in terms of dollass 2t Bl Al are - &
55000 werth reduttion I owork hours, 385600 worth
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Productiviey in Loy Volpme - Bigh Variety Envlronmet

Eventory redustion
wther savings, B

£ wporih werk ares baprovemsnts,

& 5 GENBERALIZED MODEL POR LESN
WP MY ATION

The proposed mode! &y dhip repeir wnd maindsnsnee
ncorpovetes tomies relsted fo Hnletpries: Resovrce Plaming
and Lean and Sh Sigron ieplerentation, 18 bulds wpoo the
model for nese ship constrivtion by Liker and Lamb (I000)
and swircistey boat practices Tound in the Japanese shi
sepreir Ewhasity.

The foundetion for wodd-cless flest repalr and
mmntenanes starty with process swhilization, which eludes
Lamn tools like 58, stoandardiontion, TPM s Six Sigion toole
for provess zonlrol.

The seeond foundation element of the model relies
upon viue steam foeus, Sioooth Hlow of material amd paris
threigh the repaiy value steancn and integration of the suppliars
sngrres thnely delivery of product 1o tha vasiowier.

The third foundation clement 12 the philosophy of
sontiteous Jmprovement. Any worker onn make 2 sugeestion
tn any masage ot any tme sod ks fSollowed through
Continuous  improvement  alse nvelves  revaluation  of
prosesses and procodures et regiiar inbervels. Contiouous
sopeovernest  keeps  an ongamization  compelitive The
proposad model is Hustrated in Figore §.

B e B

T CONCLUSIONE

s
&

Y Lean implomendstion model presipted here
aagimilates best peactices found o industry today. f"% rozsdol
builds upon 2 fourdetion of steble processes, o
focus sod & philossghy of contivpous Lrgrovimey
gupported by jugt-in-thee rnd bilt-in-quality principhes.
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A Comparison of Stechastle luveniory Models {Base Stock and (£, v} In Twe-Ther

Supply Chain

s

Adek K. Vermne & Smel 5. Senje
£ Downiseion Lndversily
Nofolk, Vieginia

Abshert We lovestigan two-gtegs sorisl supoly ohain with stochastic domand and fed erlenibmont lead-time. Toventory
Aolding couts are chinged © enchistage, und 2ech Sage voay o 4 consemer beokorder pennlly cowt charged by prishery stpplier to
supondary sopplics. This paper desls with application of de stochastic ventory models to The two-tier suprdy ohaln. First we ars
splementing Bese Sioek Inventory Model et privary supplier and svcondary supphier. The mustomer-domend follows Polsson
distribution. Then we mnpletrent (3, ©) model for loventory control o both suppliers, Different cases aré win by changing the
replenishment Joad-dlme snd caloulating the reorder poind, sufety stock o prinwry supplion, secondary supphier snd warshause for
each cane. We calindsie the foventory holding cost for both Base Srook Model and {0, ¥ Model and disows the results,

Kaywords: Bulliwhip offect, Stochnstic inventory models, Base Stock Model, {0, 1) Model, Two-tier supply chain, Fill rate

1 INTRODUCTION

For a mameber of veusons, many firms parchase parts
from mors then one supplier. The sompletion of order up 1o
the customar depends upon on-time delivery of paris from the
supplier, Tnveniory mensgement teosghout the supply chain
i criticsl when the demand 8 not determinisiic. Demend
veriphility incregses as ane moves up the sapply chain away
from seconthary sappliers and smell changes I oustomer
Jdemend can reselt in Jape varistion in arders upstrosn. This
vhenwmenan s krown es Bullwhip offect Thus 1t &
necesiary 1o shudy veniory models for wicertain demand,

We bave gpomsidered Dews YVendor model, Base
Stork model and 743, 1 Model News Vendor model mekes an
sesummiion that thers B no selwp o8l sssociates] with
producing en ordor. In reslity theve i always some oost
associsted with production of e order Therefore, we are
comsidaring Bese Stodk end 43, v} model only for oo supply
chusin in this peper. Comparisen of tventory medels for two-
ther” sapply cheln where e demand Koliows w Polsson
cistribution is the primary sublect of this paper,

We have considersd the wirtual company where there
is & twoetior supply chein, In first svoreric we applivd Base
Stoek Inwventory Model atprimery supplior, secondary sepplier
sl wb warchouse. We coloulated the 1 mie, probebiliy thet
the owder hes mrived before demend G sech cuse wrd
calodiated veordsr poin 8 Primary Supplier, Seeondary
Supplier and Warehowse for Bve replonbhment lend thne
{12 8.6.4 and 2 monthsY Tableno )

Yolmre 7 lssoe

e

Similarty, we ran dfferent cases for (0, v) medel and
valowdated the order quentity ({3 and reorder point ) @t
primary supplier, sseondary supplier snd warshouss (Teble 5e
and 3b) We have calovlsied custymer service level and order
of frequency for enchicase.

3 IATERATURE REVIEW

Wilsem (19341, 2] bas done wmajer work on
statigtion] moddeling of production and fventory control
Wilson breaks the swentory control problem inks two distingt
parte: 1. Desermining e order suantity, which ja e smomnt
of wentory that will be produced with sach replenisheaend. 2,
{rewrmining the reorder point or the dnvertory level gt which
replenivhwent will bo ipgoved. YooShong Theng (99233
studied the propmiies of sovhsstie nventory svsbems. He
wompared detevministic B mode! et the sodheste {3, 0
el and pestiemad sensifivity cuslvis, die rosudly of whinh
irdkinete that the Goshestic ol visldy mom acowrete toeuity

Viebheng Zheng wad A Feadergioen (1% 3
worked o fading dw slporithn Ty 6,9 e (0 Y polivy G
dortinons Prdsson demands. We are avpeeing that dewand
foliones Polusor distribution in this zapor,

We have Buoussed aomthier mndel Lo, 0, £ modsl
swhere inmenmny I imonitored contimtously wd demansls ooty
ranslomdy. Subrata bditrn, AR, Chattsriee [4] bave applied 10,
£ model Ty w multistene breantory systers and application of
sorsinune veview (R, () model Awy Hing Ling Lou axd
Fon-Shigng Lan [7] prewestod oy offective procadure Ry
detenpinig e opthesd b sive and reonder ooird B the

it b0

&AW TIAN
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popalar Hadley-Withn Cinbinoose- Heview bsdel  The
grocedine m Mo scoeiie S s wids renge of pavmuster
veltes sl Tend-tow Semand distrilwsions.

sareh hes Ten dows @ e s of
applivaticn of (0 % modd in twodder supply chaln for
sochestie dosnd, RMuskend, T A [10) esd Ches ¥,
V.3Zheng {120 Onwven 5 {11} evaluand 2 twoeschelon
investory systoln in whith sil losationx Sollow comintcus
mviow (s 3 policles and smplomssd on the continuns
sonizol of Iwertiory avcordimg tothe stochatiic demand.

At oof g

WeiShi Lim, Jhosg OU (hungPhw Tes [3i
emphasized on seducing the iwemory wplenishment cogt i
mupdti-stage supply chain Vinpdong LU, Jing-Sheng Song,
Tavid D6 shedlod the bese afoek polides 1o contol
soayporent inventoriss. They onloulated the order falfiliment
performmnee mepsares for the sysim baving Poltsen dessad
P Zighin 18] emphasized on backorder polivies in mulisge
supply chain where base stock Inventory model s weed P
Zivkin and Syoroncs [91 proserted o simple algorithn for
estimating the petformance of malti-evel nventory systerm.

in this pepsr we e —ying B spply Yok base sock policies
wed (0}, 1) pobcies W twosfier supply chain

3. THE BASE STOCK MODEL

The modeling asstaniiions:

1. Demands oooy one sl & Hme
Ay demagid oot filed from stock is backordered.
Replonishment Jeed tames are fxed and known,
Replenishments ave ordered vrig ot 8 tims,
Produots oo be amlyred ndividually.

o s b

We ke e of the following notations:

1= Replenisbment lead time {in years)
w = Deomond dwing rephmishment load time (o vabs) L 2
andom variable
3 () = P ¥, cumulative distiibution function of demund
Juring mplenishmen lod-ime, we will sllow G o
comtimuons or diserets,
§ = B {9 = menn demend (in vnisd duaring Jead time |
e oot to curny ong und of nventory for e yesr
b com b wasry ove unitod backeeder for one yewr
7 = peopdor point which reprcsents the toventory bevel tha
wiggers s replenidmmant order
Ryt 1 bape soouh lovel
Koot - B, sadsty stouk kovel

The faction of demonds flnd Tow stock (a5 cppossd to

bankovdersd), which wo ot the service lovel op 1l rate,

As the onder it peeed overy time « domand ooows, the
vekationship

Fantnsmapboytene i i, "
invelory v gvdpry =

s
{22

The probadiliy G de order srvves before 1o demund (L
s nod resill i baskerdory as gven by P {=R)

T feavtion of devpands thet are Gilad Trom sock i vl 1o
the probabiliy thist an cvdey wrives before the demand &
mpgred.

POy G R demorad i oongipues

) of degpand i discrete

Fiowe G(R, <3 {23 ropgesents the Baction of demands that will
be fifled from ook e, (b rate}

Base sioek model i sonivelent 1o the Japunese Fuban
Systemm.

The primary innghie Bom the modal

1. Reordo noints sontrel the profabiliy of stockous by
astablishing safetr stock

2 To schiove a given DIl rme, the required bass gk
toved {ard honoe safety wtocks will be an inoredsing
fmwtion of both mean and stendard deviation of the
demand during replenishmont lesd time.

3. Bast stock levels in rmolistege production systems
ave very similar $o kanban.

We hwve sssimed Poisson distribution for dewand and found
wut renrder point, arder quantity and the safisty stock in supply
chain

3.4 Applivation runs of Bese Staek Model to
Twe Tier Supply chaiy
Roploshment lead time « 12 months

Seronduy Prisay % €

Sugpling E;Z;l Sappdier E::'? il d e Demmds
P25 i i

At Warchowse

Diognandd during 12 moeths i 10 units fear
Forerage Demardd ~ 10 wnits por yasr

PRy = Probebility (Durend durlng oed e, 1
§ b {%” il 1) %

A4

Gry = 3 plk)

o)

Lt the vusomer haw svarage Jomardd of 10 wnits (say enging)
TR YRR

For B8 vuve of P84 and referving Table §,

T L4 units pervest i be ocked st warshonse

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



186

A Comsparienn of Sterhasiic Tnvesiosy Models (Base Slook a8 (0, ¥ in Twe-Tier Bupply Chaln &5

Fimiterly we can fndon ¢ st Primasy Supphier sad Szeondery
Sopiier snd also the Replenibunen lend tow of § montby, &

ey, 4 s and Tamesths. (Table 2,

r Wy Gy
0,00 o3
500 0.0
240 640
.01 001
040 003

v I8

D0 0A7
006 033

fa

‘‘‘‘‘ 7 L) 022
8 [ 033

% 0. 0.46
1D 0.13 6.58
1 .70
12 0.73
i

047

14 005 49
15 403 693
i 002 0.97
17 0.01 0.9
ig g1 0,59

fad

Tabie 1. Fifll rate for various valueg of'r
& PHE 43, 5} BODEL

The modeling assmmpticns:
1 Denands comur ong st s e
2. Aoy demmad oot filled Fopy mods is backordersd.
3. Replenishenen lead tmes are Sxed and lusown,
4 There i foed cost wsorizied with o replonishiment
geder.

5. There 5 a constraint on the romber of replenishesent
ordars thal omn b plased por vesr,
BBty
ikt
; NS RO,
]

Thise

s, "

Fanue 1 Bwverory Ve tine tnthe (0, £ madel

S fhere lv vest esnotisted  wihb veplmidimen order
replemsbanond gugrtities gravter v ong ey make tonse,
T beie wmechundos oF e (0 £ model arp listesied in the
Figiwe 1.

VWhan the bwetwy wmeches the emde pi o8
veplerishinan order fir geetity Q I plaosd. Afler o lead-
tame of 5 dureg wiidh 2 soding mey coowr, the weder B8
veveived. Larger valses of £ will resslt in Hitle seplenishment
it vead b Blgh aversge Wiventery Bvels Smaller valuss
will pendues loaw averspe ventory but nsny roplemisiinarnds

A b veorder point will zestilt i helph dmventory Bu a low
pruhability of stockenl. The replonishment quantty 3 sifdons
yele slogh, ievemtory Jut = Wld o sveid exvesive
veplerishenent costs. The reader pob r alfeots safaty stook,
wventory held o aveld stockesds, (Refer figure 2)

Inbesic (G, £ wodel we 3ok to shoote valucs of G and r o
solve

Min {fmed setup oot -+ holding cont + backorder cost)

Fellowing notations are used:
D = Hxpected dersend per year (o units)
1 = Replenishment lead time (B years), sssumed constant.
W= Tremand (rendom) duong replenishment lead toe (n
unils)
= B IX] = Pupeoted demand doving veplenishment lead thne
G0 = P OO0 ) = Ounolebive dtvibigion function of
denand duving replenishiment lead time; we sllow G 0 be
either s cominuows o & discrite diswribatios.

4
20 'hg; {Hxy = Density Tonstion of demand during
vepherishriont lead tine 160 s 2 Continuey Sheribatbon
P e PR e uy = Probebility mass Bnstion of demand
g Replenishment Jead-sime if £ is 5 Gisorete disoibubion,
A = Seturyor purchase order cost perreplenishmend
¢ = predhistion cos of s fem
b= grpaml wnk bolding cost {in dollars perunit per e
b= gost per backordor { in dollars per stockout)
3 = Repdenishmert quaniity (n uniigh, s i o devhon
yermble.
¢ = Reorder point (i units)
5= -8 = gafery stwek impked by ¥ finunil

We renuire an algorithm Tov sulytg these sguetions,

s & i i:’}:‘ . o »
Set (J, = o A, o1 be the value of ¢ et satiafies
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Ut eom of the past = 8150
el holding comt = §
Avwrase Fmand durlng s

bt lend e & 10

Thie oot of goskom = b= §80%

Lot v el the demand wiing Folason distribaion.

0 -0 i< asd i ~ 5,1 < 1, stop mmd set % = Qy
ey, Chherwise, set 1= £ 4 Dmd go 1o step (1)

This algorithm generslly converges quackly.
Bupected
Invertory

A

Figwe 2 Brpested Invantory varsus ime o the (30, v) Moadet

4.4 Application vurs of (0, #3 Model fo Twe- T
Supply chaitn
Repleniahbment lead tme =~ 12 monghs

Hunesdiry Py Whpiliolsy Lastsimy
G Sopmbier [j:jg Fel Tserpmsd
% PEG w i

= Prowability of demend during lead tine
Hiik rabe
« the swpacted number of badkorders St will be placed

a”
?(;Ic;; 5 é}m

ooy = 3, pik)

7 ‘r}m@(}" “”*{f?““i"}{i‘“(_;{?’}}

juiy)

Bir

0.8000

ERENEY

P00

B

DS

900

e

00023

Qo

g0

G006

G.0105

780

AR

QA3

6,01

0.0378

064

504

PR

0.1301

4,11

00901

Qzan

324

DoR TS BRCR AV S SN L P Y

21126

02328

2.46

g 31251 iy 179
10 01251 0.5830 123
11 01337 0.6 0.83
12 £.0948 07016 052
13 BOTIS 05645 932
14 0,032 Q0168 .12
15 06,0347 09513 510
16 nz17 097 0.05
17 G018 0.5857 008
18 GOUTL | 0593 001

iy .

DT

0.03

20 Gonie

D4k

i)

3oy =Rl s

during & oyele
Biep O

4,

Find Uw soallest y such tha

- Probebibity of demond Guing ked thus
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Comgnge Oy

_ A Dol - f 2K+ 40030
o | [ ¥ 15
Recaboulite rous the sinallest 7 swch that

: 3.3
Giry21-T2 g 3

=551~5

oo i 8]
4315

bis

From the table =13
Again if we ealoulae Gy and 7y we will find the same values.

Q18
Ri=13

HEMNCE

(€ £y model suggests (-5 and v+ 13 at WARBHOUSE (2. the
sngine should be replorshed in 5 year with (=8 and should be
rephaced when the inventory level B st 13
Safety souk Jovel = r-0

= 13103
Similarly we can fnd ot v and Q & Pomary Supplior and
Secondary Supplier and o for Replenishinent lend time of £
months, 6 months, 4 months and 2 months. {Table Sa and 511

£ SUMMARY OF BESULTE FROM BASESTOCK
BEEL

sumancizes #il the results for base siock mode] and
Frecuigmoy of order. We are considering the order cost 213 25
per ordes. Farlier we hoee mede gsmamption that Base wock
maodel aesmmes no setup cort, Sinoe we want to compan: toth
models Bare ok and £, YL we bave ssmwved s onder
eont aesocinted with Baze ook Model The bl oo
sabouited by uaing

i A
Talsia 2

& 75 Sy

[ H .
TC=g “f 4 pee 8 L Order cost

%, &

435 Totwd vow VE Beplenishmont Lenddime

Prmary | Seconthey
Supnirer (Y, Bupplior 05

2 e 1%
3 s |
4 15
7 &

Tevde 4. Sumimary of roslts of souts Base Mook Moded

Total Cost Vs Relplerdshunent lsad fne
Eaan stock roodsh

[t itorahiuss
i B

JE—Y

Total cost {Dofars)
= a3
8858

12 8 @ 4 2
Replenishmuy joad tmelmonthe)

Figwe 3. Total vost vs. replentshenen lead- time (Base Stock
Modeh)

The ol ventory cost decreases with replenishment lead-

e Tor Base Stock Model. We can conclude from Fioure 3

thay thers is deorensing trend in costs of warshouse, primedy

supplier and seoondely supplier for the same reblenishment

Tead-time.

8.7 Beorller polpt vo. Beplenishment Load time

tenishipent Bevader point st Reorder point ot

fndtime  Reorder point : seaorddary
{monthsy  ul warehouss suppiier

12 14 25

g 14 ia

& § 35

4 4 i3

2 % 5 g

Talle 5. Beonder puint R Bage Stock Model

i veorder potd i docrensing with replenishment leade time,
The geph In Figiwe 4 shows desressig end i 7 fom
werehouse to secondsry  supplier for the sume  fewd-
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time

A éa?mi% Bobi v Replerdslunad Lo i&m
{Bane Sovk Wodel

e
i

i

e

k iy e

0

ey polid

Figure 4. Reorder point vs. replenishment load-time (Base
Steck Model)
4. SUMMARY OF RESULTS FROM (Q, v} MODEL:
Table 6o and 6h summarizes all the results oy 173, 1) model
We are calewlating fequancy of order, servics level and wial
inventory holding cost. The steps in algorithe are sunvuerized
m the table

6.1 Totel cost vs. Replenishment Lend- time

: Primary
Replenishment;  Warchouse Supplier Secondary
Tead Thne | Siormge Cost | Storage Cost Sapwlier
{morths) £y (%) 1Sterane Cosl (53

12 975 102143 1182.14
8 Fi4% 956,25 1189.29
& 6623 958 33 1196.45

S SN2 O W . SV &=
2 562 gz8 Looums

Tabte 7. Cost table for vaviows replonishment lead-tine (0Q, 1)
b Sy
hodet}

Total Cont Yo Roplaniahment Lead Time
e model)

Rl ovishnant Leal Yime

Figurs 5. Toted cost Vs replanishment fosed tinin 70, o
Bofendel

The ol ooy onst Jecreases with replenishreent leads
thme We oo sonclude from Figurs 5 dint thers &y doomasing
wand in ooun of warehouss, primery supplier and secondary
suppdier for e same replenishmant lead-tme

£

%.2 Beorder Pobd ve Replendadupans Leotd-thur

Replenidume | Hoorder powtleveder  poin
ot lead timefoocder ponln primaeyst seeondery
fmoehsy  brwnsehoosw  awedier  sgeplley
12 L .
3 TG

2
2 B 5 R

Table 8. Reorder poing for (0, ) model

Reovder posst i3 Jecreasimg with replenighment kad-thne. The
iweniory increnses with imgrease in value of morder point
Flance $he lead-time having bow reneder poind I8 recossery 1o
raduce inventory.

Bporedes Polnt vs Replerdebynerd Lol dme
Q. r} Yodel

rasedar poim

Repleniishmens Redsiae

Figurs £ Reczder point vs replenighment lead-lime
{0, 0 Modely

If we compere fgwe 3 ol fpume 5 we cbserve that
fveniory-ceryving oost b ouch dower for (Q 1) moded os
commpared o base stock for the same replersshment time. Alsn
we ave observing thel the meorder point 5 goester for Bass
stock modil a5 compared o {2, ) model. Thus Base Stock
model vesults inte more bwentoey 8 sompaeed o (G 1)
muodel

7. COMPARISON OF TOTAL COST

Comparizon of ol cost #t {0, ¢ mode! snd Bew
Suock model for secundary supplier ndiomss e w e
veplenishinen lead-time dosraves, the ttal couw for base ook
18 less than (0, 1) model 4

) rymodel s better for berge kade
e, But when o Hme s vary seell, base stock produes
botber rosulin b tevme of Ivvertory holding coul.

The total cowd ot secondary supplier are ploted &
flgore T for various lead-tme for both Blase Stock and 13, 23
ol
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e i,
Fadud Cost ¥y Belplnidunent tensl Donent Seonsluey :
Bupgher !
Do 5
Doy g ;
PR gman
% 080 4 %ﬁ“f@///}/mw///ﬁ Gty | %‘:,:f(
2 5w ‘ .
B i 3.
s £3
= w8 & 4 3 |
Repiovidarey lewk dondaonihg i
e . H 1.
Pigure 7, Comparison of wisl sost for Base
Sk ard 40, 1) Moded
8. Conclusion >
Base Siock and (G, 1) mventory control models are o
compared for dillerent toplenishment losd dme. W we i
cempaze the resubiy from table 2 (Base Stock Modet), table &2
znd fable 6k (00, oY modeD), there o sipnificors decrease inthe 10
Fraqueney of crdar in {0, v} model as comparsd 1 Base Bock .
kel The frequency of order plays an importont role bere, o5
there s cost assoclited with placing the order. Replenishaent
# higher frequency however, may be beneficiel from the polnt
of sustomer setisfaction and Lean Inplementation.
11

Base Stock wmodel emplusizes on replesishment
quantity of 1 md it increases the fequency of axder. (0, 1
model provides Tower ttal cost, dince the froguency of onder
is Toss. The Servios facter olteined for {0, © model s inthe
range of 0.54-0.98, which fils within an sceeptable range for
O ofganiEations.

Theugh we heve relased essumption of o order cont
for Busge Stook model, we ave cresting cominon platform for
somparison of both models The total cost Tor each cose
cutoulated. The winl cost inclides the inverttory holding cost
and order post. Thass, (0, £ model is superior Tun Bese Mok
Model in the two-tier supply eheln Sevussed i this papor.

Base giock wmodel proves o be betier for sinsl lead-
time, For loag kad-time [, 1) model prodises low inventory
hodding cost a5 conpared 0 Base Shook model
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Teplentshimirs iiérsmuk’ Freauency Awverage Order D Torsd
Legd Tine DemonedPoind? 1) i wf grder P demesd Cost | Clost
iz 01 3400 100 Warehousel 1000 | 30 1 75p 1 978
; ¥ 14 190 140 s j40h 14 0 2 1TE
iz 191 Ao iR o] 900 19 1 478 1450
# 657 1 100D 1K Warehogee!  4.57 SE7 A8 7141 9%
2 i A0 180 PR jrim 10 N
4 14 19.00 100 o] 14.00 14 350 1 117a
& i %.00 180 Warehonse, 10030 5 250 | TS
& 15 1300 140 b A0 & A0 eas
& 23 1500 100 58 Zan i1 S5 1 1205
4 12 &0 108 Warchouse! 1600 333 1 250 1 IR85
4 i 9.00 § .48 [as) 1800 & 50 1 978
4 27 T 1es | 1o T L o 1§75 130
2 Pt ERLY 100 Warehouse! 187 167 14175316 05
2 3 543 1.0 5 400 3 FS 459
2 5 B FO0 85 5.0 3|13 1 850
Table 2. Summary of reanits applization runs of Base Stock model
1.
Dibeamuni Q Cipteger | GOMIN | BUn @y Qieger i1
BLir=17 b 345 548 351 $.32 351 Lon
13 %16 200 088 1 028 | 6g | 495
16 %62 508 2.8 G2 £i:47 &60
BLDeg 1 385 450 085 | 43 1 331 | 3m
135 834 45 o | b | s | osan
8 459 £ pog L6323 ¢ 9% | 7on
BLDE 3 355 410 685 | Gy ;o83 | 5oy
14 4,42 460 454 ] 35 ]
3 518 206 83t 1 gl | 28 | 14w
RLD= i 385 45 45 431 4.5% s
15 447 4.6 o0 1 643 ¢ s 1 5o
24 566 5.0 g8 1 opa3 i o887 | Ty )
Rt ) 365 400 w8 1 o033 o4ty | 4m e85
i3 A R S50 213 &% @440 nas
33 [ X) B0 993 | aYy ¢ 7% | Ban 450

Table &z, Summary of aplication e of 2, 0 Mode]
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ASSESSMENT TOOLS FOR LEAN ENTERPRISE IMPLEMENTATION

Alek K. Verma
Harsh 8. Hirkannawar
Cid Domiston Uiversity
Nopfolk, Virginie 235291754

i INTRODUCTION

Lean enterprise focuses on the efficient operation of the
entire value chain, from supplier o internal processes to
customers. It is therefore very important to assess the progress
made during Lean implementation by periodic assessment of
this effort using these tools.

An ideal assessment tool mmist capture performance
within various facets of Lean implementation. It should
include assessment of Value Streamn Mapping, Supplier
management, Takt time, flow, TPM, set-up, Poka-yoke,
Kaizen, production planning, pull, mventory, wuptime
measurement, egquipment flexibility, employee iraining,
quality awareness, standard work, ete.

M growp for pssesenent

Figure 1. & generalized team used for assessment

Lean assessment should utilize 2z team Figure 1
shows the key personne! at should be involved during the
assessment efforts. During assessment, # is very impaortant to
include people who we immedistely affected by the
implementation of effort like workers. The supervisors/Team
teaders who overiook the process shonld also be included

along with management. Different assessroent yuestioners
should be made for each group.

The fundamentsl goal of the assessment effort i5 to
add vale for the corporation, and to esteblish befier
commnunication with the workforce and members of other
organizations.

2. LEAN ASSESSMENT TOOLS - WHY?

Lean assessment enables a company to establish their
progress on the “Lean” implemeniation journey. The Lean
enterprise assessment has a sef of questions that explore
progress-in key areas, There are couple of questions for each
area with nwiltiple-choice snswers. Many of the questions will
require some research. The user is required to evaluate the
relstive strategic impact of each area Imuplementing Lean
practices involve changing 2 work area or  business process
to maximize efficiency, improve guality and safety, eliminate
unnecessary moticn and inventory, and save time. Although a
company implements “Lean” principles, it is of no use if i is
not implemented completely. Here assessmment tool helps in
identifying the areas where more efforts are needed.

The basic requirements fir any assessmient tool is as follows:
1.- It should be simple, easy to use and require minimal
time to oreate instructions and mechanism for use.

2 Jtshonld focus on Lean atiributes.

3 Should be sble to sccommodate all levels and
functions of an organization,

4. It sheuid provide guidsnce regards fisure conrze of
action,

5 Tishould go hand in hand with compamy’s goals,
1t should not give ambigions results,
¥ should hawe repeatability.

N

3. CURRENTY LEAN ABSESSMENT TOOLS

Volume 7 issue 2 2004
@ 2004 LAM
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5.1 LEAN MANUPSCTURING SCRERNING
ASTEBEMENT TOOL

This ol {17 was developed ot wavarsity of Toledo

This ko ol i intended o be o opresndng ool Ky
evphitghments et want 10 sssess the lovel of Joan prestives
bt implerssmmed in thelr fBedition,

The saltware 13 desipned in Visual Basie. B aostgucs
thy implementation of e practioss The onthe esseasnent
fias been divided o 4 setiions, naeely, meterisls and
inventory, taining, preventive eaimiengnce and guality, o
enibie grester shderstanding of the varime facez of e
industeial pravdess. The oulput i inthe form of v expel shoet
ors i dile giving e perdentapsof Lesh imdlomentation,

Gyoeid practicss have also besn inchuded i the
sazesament W showease how sivironment fipodly measary
will help rot yust the cigeniration save money bt will slso
contsibte so pollution prevention.

32 VIRGINIAS PHILPOTT MANUPACTURING
EXTENSION PARTNERBHIP{VPMEP ) LEAN
ASSESSMENT TOOL

VPRAEP [2] Ims developed o Lean assessment bood
which can be used to compare business enterprise sgeinst
worldclass metricy Thi lean nsessment tood bes two
purposes. Fiest is to ensble the user % wke doventory of those
Lamn best practices that aredeployed Inthe entorprise and how
orevalent Hiose praciioss are found tronghaur the business.
Hovend is o provide the vser with un ewareness of thoss Lean
best practices that are m place or we not currently apphed and
henge, should be congddersd for implementation.

The Lean assessment tool curtains len calegory
workshests deseriding the Lean best practicos thal constitule
the following etteibutes of Lean mevulscuring,

1. Commnicetivon £ Culbas! swerenens

2 imal Systome 0350 & workplace crganization
3 Standsrd Wogk

4 Conthmes baprovement

3 Operetions] Flenibitity

6. idisigke proodingPoke- Yk

7 BMED ek Chmngeneny

% TP Towd Paodective Malunlemsnoe

9. Pult Systens

16, Balanved Flow

Hach oategory workshes! needs o be completed as
part of o review of Gw actusl situstion in the enterpeize o
enzre the scourmoy and apphobility of the weoulis. Pinal
vemuits obtsined are shown in table 1 and are plotted as pph
in Hgwe 2.

193

Harsk 8 Hickansaway 32

33 AMODEL FOREVALUATING THE DEGRER OF
LEANNMESS OF MANURACTURING FIRMS

& resesroh insimonent for swasteing the degree nf
eaneas posseased by munulhoiuning Sems s omsde 3]
Resesrch guestions wom developed and peogorsted g
strohwed  @rvsy guostioomaives for ot mesfuciuning
drpctors and menaping droces thar eoalled B guEtiwive
ssseasment 1o be med fv the verlovs sompongots of
Teaomesy. The survey was completed by ovey 30 B iy e
UE cermvios whlewsre industry sad w0 mpntenis g
comprahenaive overview of the stare of play in that semer. The
fgires devived sllowed B hypotheses sty and ¢
quantiative aoplysis Mine warisbles of loonsss wos
whentified, ramely: the elimumtion of waste (EW), contimous
irsprowvement {CT3, oo defects (700, BT deliveries (0T, pmll
of materinls  (PULLL  sltifunctionel  temms (0T
decentraliontion [DB0), idegration of funciions {F), and
vertical information systems (VIS It alse incorporstes the
mensuremert of manageriel commmiiment 1o lsan peodustion
Crieshonmgires wers designed %0 measurs varkables nelated o
amsesmment of adoption of lean produstion principles. The
gusstionneire messure o dependent and mne ndepandent
varabies, a5 {oliows. The firet dependent variable, “degree of
adoption ol lean production mincivles” (DOA)L was mated onia
seven-pointscale. The seeond dependent varisble was “degroe
of lemmess™ (DOL)L wes messwre 23 a mesn of mine
indepandent variables dofined cariier. This peper mgues that,
though developed specifically for the whlewan indusiry, the
vesoarch instrument can be adapied for nse i ather industries,

su

34 ASBESSMENT TOUL BY BATURN ELECTRONICS
& ENCGINEERING INC.

This seeonsment ool [4] was devaloped for suppliers
10 evaluate thelr progress Wwsed implementing 5 Jean business
sysiern. The fowr categoris (Owgavizational srwarenmers,
Svstems, Touls and Techwdoues, snd Motries) form e
foundation for « holistir apyroech 1o = lean business sywtom -
e approach et enpaoes the 4ntive coptinination b1 dhe drive to
ehingnate weste, The primary use for dvis awesepont s for the
orgreiation % sstess thely srogeess towerd tnplersening &
jsen. busmess systom. end to wnoover wress whioe foouesed
wotivithes seed By ooon S0 $pu Bnprovimicnh

Following are the weps leken during sssossment,

1. Selewt s represenistive sample of the crgrmzation
{oompeising &i lovels and all inctond) o BY oul the
Ansessnent., A swmple gize of 2% o 18 basd on
rganizstion sz woukd be sporopriate,

7. Cather the somploled Assessuenis and compile the

resuiis
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Homilts cans then be aoplyeed mnd reporsd o be veed
#y & part of the snemagemens review, siatagio
pharseing, 2d geol setting sotlvity, or shated with the
pegaiization o lege.

O The sompdeted amernnents biuve been goflected,
vty e whokited The Sverspe soore; S ey, aog fi
manber of rexponierts should be caloulated fir cach gestion,
aod an aversge for cuch of the fow cotegovies should be
celoulated as well

5.5 WEST OF ENGLAND AEROSPACE FORUM
{WEAF)

WEAF {5 developed this tool 1o ensdle Small mwd
hedivm-siie Brterprises (SWE) w astablish thele progress
durig “Lean” wapleneniation.

The following  eritedn  where  esidblished I
developing the tool:

@ Iovolvement i assessing and seoring from the
B own people.

»  Simple 1o we Radar Beoning {explained balow)

s Agread larget scosing

o Cpposbaily for 300 10 vse as selfassessnent ool
{dependent on Lean kuowledge)

The sssessment tool consists of simple Fixcel file,
The asseasment s done n HT, Autonomation, sl FME. By
selecting approprists boxes conrssponding to the queshons, a
radar chart & govended as shown w fgure 3. From the Radar
chart o elear vigw can be seen of the mabaay of deplovient
of Lean i that oompany,

The canter of the Radar chart is zero, or worst seore,
The ower st area of e raday i 4, or 85 close as possible to
the goal yon bave st foe yommself One might sven use
percentagee fo determine where esoh indioator 38 within o
SompETY

Feor enmmple, i visua! mansgement progren i osdy
A amplemented, you sight seors Sy tuhicawy 2 out of 4,
Soake can be inoreasedd W depdet remlls that are mope seourahe

srenn Emt will dnepy sivess zoesl, S polile oen be
cemstrncted et sluves the gap onalysis e fhae wompany
nmeed ko go. A progiam osn then be b that addp 3
w sutured menner, S work regaaized to vedress this gs
weidt give sustatmbde inprovement in Lean.

3.6 LEAN AEBOBPACEINITIATIVE - LEAM
BNTERPRISE SELY ASUESERENT POOL LAY
Y ¥

Thia s food 14 ; et atte of
Iemrses of an owapuise wd H oreslioess o dwoge B
segnpries of orpebillty fbuniy dodel Do entipties
i, lifeeveds, ad eoelding proceinis,

LEBAT wole o constderntion the entire entorprise,
which the peevices sssessment took fBiled o ke o
sooosgi. Tt aleo provided both s roessure of Lewr and Cap
sraiveis. B abio cleardy idemtifies e “next” sepn to be taken.

Wt tEL f
Bpaing Tl rursuee j

Figwre 4. LESAT Axclutecture

The LESAT architecture cowsisted of thres mam
secticns namely

1. Leun tramsformation/Londership: the process amd
feadership aftributes nurtwing the transformation to
lsan principles and practices

2. Life eyl pratesses: tw provesses yeapewmible for
the produet from corpeption frmgh post-delivery
SPPOT.

3. Enabling isfravirpetere processes: the prooss
et provide and wenage the vesources onsbling
cntrpriss Gperation

PRSI AT

e
TR M TR

Fignes 5. Lown Brtwrpriss towd iriad
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Bleps taken W g LESAT mon ool for

mensuring organzationsd leannsss;

Fitag 1r Pecilizate mesting fo introduce jood,

Btep & Bnvemvise leadms and wieff comdunt LESAT
aEpngrEesd,

Srep & Leslunalip reconvenes o jolnfy defermine presend
ety level.

Bieg 4 Leadeshily delerodney desived Tovel and mmossives
“%an.

Siep 52 Davelop active plan and priositize pacuroes.

17 THE LEAN EXTENDED ENTERPRISE
ASSESSMENT PROCESS (LEEAD)

The Lesun exionded enterprive wssessmend proocsss
{LEBAR [117 s the framewsnk for messwiog the Lomn
Hsiended Boterprizse Reference Model {LEERM) a8 shown in
figwe & LEEAP indudes detailed sssessment and scoring
process for the Lean extended enterprise acroes 7 best practice
oategorics amt 42 bost practioe ariterin

LEEAP provides o quantitative sssessment of the
crgani zations ability o executs, mstain, and vealign itself for
strategic fnprovement. TN covers Gie extended enterprize, the
erferprise, core budiness processes, and daily operalions
performance.

4, LEAN ASSESSMENT ANALYSIS AND
IMPLEMENTATION

After doing the Lesn sssessmont siovey, it s vy
important to interpret the results oomrectly and o fmplement
the recessary Woprovesmwnlts o chenges in the emderprise.
Howaver it should olse be bept in mind that the purpeose of
assessinent i to provide feedbuck to mansgemmen! team o
how well the smplementation of lean i golng and fghlight
sreas of eopowsn or ek of progress.

Progess  and  svstern GAPs  are  idewsifiable
bnpediments i beller process performencs. A process CGap i
differeses bebwesn what the process grovides and the prooess
cugtoner’s misiimen soeplible stadmed, A svdem GAP s
the dffzrense Dotwoon what e ewbiing inforaation
techpology system provides and prodess owner’s minbmus
anpepiable wantads.

Cimces the ansessrient s complele, an implonentaing
nha st be estoblished 1o sohedule defailed audors [1] The
phon should slele entivitios, e stafus of eah aotivily, the sia?
sute, sl exponted conmletion date.

EX A BEW ARBEREN

ELE R A P

Harsh & Hivkonnawar

195

183
Y

This vew sssesmnsnt ool slose o addeessing the
stosieomiigs Iy de oGviog  asesipent wols, ABw
perforiing & diteiled sindy of the ewduting msersment inoks, #
wa foeped thet except Tor LESAT, vt of the awssesment tonls
id not consider e Lo Bntrmios a3 8 whole Buven dd nee
wongider all the issues soocarved with e enferpries
wsesstent Wi produstion tevel  sssessment  nermely
nnplanetaton ol TPM, pull, oie, wrout covered,

Tabde 2. shows the sirrent dstribution of the fantors
addressnd Dy nine wastidg essessmeil douls. This it
pinpoints the missing Gtorns from the existing toods. LEEAP
covars fhe haygsst monber of fectosy wnong the wine lools,
However it Talls to gddress e senees rdated lo shop Soor ke
TP, quality, SMED, o which we hopothat awessmond
fagiors,

While conduching on  emsessos o 2 Lemn
enterprise, # shordd be boadly divided into three spotions,
opstoener  assessment,  suply  cohain assessment.  and
ougemization essessment, as shown in Sgue 7.

B ym—
o .
G

Lown Hobapwn

Bunply hem%

Swep b

Figure 7. Lean Enbuprise assesanen siruotire

Ungaisation sssessrpent oun furlbor be divided o
ghove shop ooy essessmetd end vhop flooe assessment, This
gives o couprehensive asesemsnt of the whole amterprize.
Hach of these seotions can be forthes suldlivided ighe Semom
o wiich sssessment should be done; tus s shown o the
figwre 8.

Eagh of these topios will have s of guestioss st
will help i captoring e aoted Lesn implementetion. The
seares of eadh of the individesl topisy should then be mdyred
1 give s iden sbout sitesprise wids mplemenation of Lem,
e i vary gl o reslize dhal progross wade by e
entepine 89 & whole I owre Bopodiand e puogress in
individust areex for metdanen baasfit
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isurs B Beps for applying lean and sustaining it

& LEAM ENTERPRISE ASSESSMENT
MPLAMENTATION

The miost logporant Ging fo syl ssiesisoent
toeds is that 3t should bt repeataliility dlong with acouraey.
The ool shoudd be used fo messuee the progress of e
srterprise towards Lean rether than fust Lean frplementation
in indbridusl value stroane or Tuoctional aress. Bven though 4
sompany way use the best Lean assessment tool, Soally it falls
upon the manapement 1o tske necessary aotions. For this
repgon, e ownsgement’s  peeobvemsat i Laan
wnplamentating is oritieal.

Pigre 9 shows the dleps o be taken while
smplementing Lesn, Firsy, the company should elearly define
iis gonls, An sssessment of the current state of the enterprise in
geoerally the Tist siop. This will help in challing o an
affective Leun sirelegy/plan, withawt which the compony
wion't schieve the true benetiis of Lean ivplementation. While
seciding on the stralegy, i 15 very inportant to got sppropriste
people mwaived. Thin will help it deciimp the fduse
porformancy targets. Afler o predefiped dine. sswesament
dwld b done again aud the dete ovilected should be
angivaed, The dein colocted gives mn e whether the
enterprisze le moving In the desired direction with regands 1w
Lesn implementntion. Lesn implanesistion s 2 continuous
rprovement provess, and Soelre the weesament should be
ropaated patiodically,

%l TMPLEMENTATION OF ASSESSMENT RESULTE

‘Foip final stiop i Lean sssmssment consists of saapup
wih  the company's  selor  madagomend 0 prosand
rhservations, Tindings, and recommendations. The ouipat of
theLean snierpriss nssessmat provides:

s Desiled actienm fewms foy best practice/busingss
process Bagrovemant.

195

Lrs

Drefmed Lean Mapnfoieriag pilot initaies
Drefined procoss improvemeand ek o
Indniled  edusston plams W o
irevniverent and continmous iiprowim
oo,

v deplomastation of key
mensiees B oslobd
wnpravement.

b basinoss

cparaing  pevivemanen
il s habit of ongoing

7. CONCLUSIHON

The paper proposes 2 new zesessment tool taking Bo scobunt
the drawhesks of the ewisting ssseswinent tooks, Btoonsiders afl
megrogens of mn enterprise for sssevemert snd addresses a
road range of fhotors to wssess the cument state of the
anterprise. The assesmnent tool divides the enterprize broadly
e theee sections, ey osiowar, supply chein, and the
organization dself, ewh Jurdher belng divided o wub-
sections. The paper olzo oofmiments on the steps o b taken
while frplementing less and sustaining .
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