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ABSTRACT

Increasing numbers of companies have implemented lean manufacturing because of its proven
ability to reduce manufacturing costs and decrease lead times which increase a company’s
competitiveness. A great deal of time has been spent on development lean tools, which will make
systems become leaner. However, significantly less time has been spent developing measurements,
which will allow a company to determine how lean a system is. The main focus of this research was to
develop a system which would allow companies to determine the lead time of a system, create a value
stream map of the system and then predict the leanness of a production system. The development of
the system is described in two papers.

The first paper, The Development of an On-Line RFID-Based Lead-time Monitoring System for
Value Stream Mapping, proposes a system which allows companies to track their lead times in real-time
and then create a value stream map for the system. After successful development of the system it is
tested in a laboratory setting to ensure its functionality. Laboratory testing was successful so
development of the system continued.

The second paper, The Development of a Leanness Monitoring System via RFID: An Industrial
Case Study, proposes a leanness monitoring system (LMS) which allows companies to track their
systems leanness in real time. The LMS was run for an extended period of time so that multiple leanness
scores can be used to ensure an accurate representation of the production system. Next, kaizen events
are held so that the production system can be improved in order to reduce the lead-time. The LMS is
then used to determine the leanness score of the production system after the changes were
implemented to determine their affect on the system. The resulting leanness scores allowed companies
to see how much the changes affected their systems performance while also seeing how much room for

improvement there still was.



Chapter 1. General Introduction

1. Introduction

Since its creation in the 1936, the Toyota Production System has altered the way that products
are produced and the manner in which they flow through a facility. The main reason for this is because
lean manufacturing has established a record of being able to reduce lead-time while also lowering
production costs and increasing product quality. Lean manufacturing focuses on using less of everything
when compared to mass production and job shop settings. This is accomplished by continuously
removing waste from a system. One of the most common tools for doing this is value stream mapping.
Value stream mapping is a lean technique used to analyze the flow of materials and information
currently required to bring a product or service to a consumer [20].

One of the attributes of a value stream map is the overall lead time. The most popular method
for determine lead times is to divide the facilities daily demand for the product by the inventory level at
each station. Lead time is defined as the time it takes one piece to move all the way through the
process, from start to finish [20]. Therefore, the overall lead time of a system can be used as an indicator
of a system’s performance and the amount of waste present in a system. Companies can then compare
their systems lead times before and after implementing changes to determine what impact the changes
had. However, in most push systems there is a high degree of variation in inventory levels at each
station, which is caused by the pushing of materials from one station to the next [16].This is an area for
concern because most value stream mapping exercises are a one-time event [1]. In addition, the
calculations of takt time and quantitative metrics for waste can become out of date quickly if the value
stream supports a product line with constant change [1]. Therefore, companies are not able to tell if the

reduced lead-time is due to changes they made or normal fluctuations in inventory levels.
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Figure 1. Example Value Stream Map [11]

Ideally, multiple lead times would be calculated over a period of time because more data allows
for a better understanding of the system. However, when creating a value stream map a lead time is
only calculated one time [1]. This is primarily due to the added labor costs of calculating multiple lead
times because the team has to count inventory levels multiple times. This means that there is a high
probability that the lead time will be affected by normal fluctuations in inventory.

Even if one is to solve the problem with normal fluctuations in inventory levels; one problem still
remains, the fact that moving time is not part of the systems lead time. In some facilities parts are
produced in large batch sizes in order to minimize downtime due to changeovers. The large batch sizes
are then placed into containers that require a fork truck in order to be moved. When this is the case,
moving and storage costs of inventory can be significant and are non-value added [3]. In addition,

workers typically have to stop production once a container is full of parts. Assuming the work area has a



dedicated material handler; the worker must then find the material handler and ask them to move the
full container. Most often, the material handler has a queue of work to do so they will not move the
container right away. Finally, once they remove the full container they have to bring an empty container
back so the worker can resume production. Therefore, something that initially seems like simple move
can easily cost the company half an hour of valuable production time.

The problems with lead times and the lack of moving time show that the current lead time
methods need to be improved upon. Therefore, the researchers propose a system which will perform
the following:

1. Calculate multiple lead times over an extended period of time so the company can have a better
understanding of their system.

2. Monitor the company’s lead times allowing managers to see when changes in lead times
happen. Therefore they can track the sustainability of improvements because they can easily
detect changes in lead times.

3. Require little to no human interaction in order to minimize the cost of determining a system’s
lead time and creating a value stream map for a production system.

4. Determine the amount of time spent moving a product in the current system and incorporate
that time into the systems overall lead time. This allows companies to see the true amount of

waste present in their production system.

Keeping these four tasks in mind, the researchers had identified what the successful system
should be able to perform. Therefore, the next step was to identify potential technologies which would
allow these actions to be performed. Radio Frequency Identification (RFID) was identified as a possible

solution because it has been implemented in warehouses to keep track of when an item enters or leaves



the warehouse. A more detailed explanation of the RFID system used in this experiment is presented

later in this chapter.

2. Thesis Organization

The organization of this thesis is as follows. In the first chapter, the introduction, already discussed,
is followed by a literature review and setup of the system. The second chapter, entitled The
Development of an On-Line RFID-Based Lead-time Monitoring System for Value Stream Mapping,
proposes a system which allows companies to track their lead times in real-time. After successful
development of the system it was tested in a laboratory setting to ensure its functionality. Laboratory
testing was successful so development of the system continued. The third chapter, entitled the
Development of a Leanness Monitoring System via RFID: An Industrial Case Study, proposes a leanness
monitoring system (LMS) which allows companies to track their systems leanness in real time. After
development of the LMS it was tested in an industrial setting. The LMS was run for an extended period
of time so that multiple leanness scores can be used to ensure an accurate representation of the
production system. Next, kaizen events were held so that the production system could be improved in
order to reduce the lead-time. The LMS was then used to determine the leanness score of the
production system after the changes had been implemented to determine the affect they had on the
system. Conclusions gained from the research as well as recommendations for future research are then

presented in chapter 4.

3. Literature Review
The literature review will be divided into sections for each of the topics that are relevant to the
research effort.

1. Current RFID technology in order to select the correct components



2. Development of the lean assessment equation

3. Integrating the hardware to create the On-Line RFID-Based Lead-time Monitoring System

Current RFID Technology in Order to Select the Correct Components

RFID implementation in manufacturing settings is still in its infancy. At this point in time the two
main purposes for implement RFID systems are to keep track of tooling, locate inventory and restrict
access to certain areas [4],[17], [26]. However, increasing numbers of retailers are requiring their
suppliers to attach RFID tags to their shipments [13]. Two-thirds of manufacturers surveyed said they
are either implementing or plan soon to implement RFID [2]. RFID systems use wireless radio
communication technology to uniquely identify tagged objects. At the most basic level a RFID system is
comprised of three main components; a RFID tag, a RFID reader set, and a computer with the

appropriate software [13].

Development of the lean assessment equation

The term leanness has been interpreted in many different ways. Naylor et al [18] define
leanness as the process of realizing lean principles while introducing the concept of ’leagility’. Comm et
al [7] define leanness as a relative measure for whether a company is lean or not. They also stated that
leanness is a philosophy intended to significantly reduce cost and cycle time throughout the entire value
chain while continuing to improve product performance. In this paper, leanness will refer to the
difference between the current manufacturing systems performance compared to the performance of
the ideal state of the manufacturing system.

Several researchers have performed studies to find the best way to determine the leanness of a

manufacturing system which is summarized below in Table 1. There are a wide variety of lean



assessment methodologies ranging from self assessment questioners to lean assessment equations with

complex mathematical formulas.

Table 1. Past Lean Assessment Research

Year Author(s) Title
1996 | Karlsson, C., & Ahlstrom, P. Assessing changes towards lean production
1997 | Hines, P. & Rich, N., The seven value stream mapping tools
2000 | Comm, C., & Mathaisel, D. A paradigm for benchmarking lean initiatives for quality
improvement
2000 | Feld, W. Lean Manufacturing: Tools, Techniques, and How To Use Them
2001 | Conner, G. Lean Manufacturing for the Small Shop
2001 | Jordan,J,, Jordan, J., Jr,J)., & The Lean Company: Making the Right Choices
Michel, F.
2001 | Sanchez, A., & Perez, M. Lean indicators and manufacturing strategies
2001 | Tone, K. A slacks-based measure of efficiency in data envelopment
analysis.
2002 | Soriano-Meier, H., & A model for evaluating the degree of leanness of
Forrester, P. manufacturing firms
2003 | Nightingale, D., & Mize, J. Development of a lean transformation maturity model
2006 | Srinivasaraghavan, J., & Application of mahalanobis distance as a lean assessment
Allada, V. metric
2008 | Bayou, M., & De Korvin, A. Measuring the leanness of manufacturing systems—A case
study of Ford Motor Company and General Motors
2008 | Wan, H.-D., & Chen, F. A leanness measure of manufacturing systems for quantifying

impacts of lean initiatives

Several lean assessment surveys have been developed, such as Connor [8], Feld [10], and Jordan

[14], to guide users through lean implementation. Typically, users self-assess the leanness of their

facility by either filling out questioners or benchmarking their company against a company that they feel

is lean. The differences between the lean company and the assessors company show how much room

for improvement exists. Karlsson and Ahlstrom [15] developed a model to assess the changes of a

system towards lean production using nine groups of measureable determinants. Soriano-Meier and

Forrester [22] expanded upon this model to assess the degree of leanness in a manufacturing system




based upon the company’s degree of adoption of nine variables according to the companies self
assessment. The nine variables are as follows:

Elimination of waste
Continuous improvement
Zero defects

Just in time deliveries

Pull of raw materials
Multifunctional teams
Decentralization

Integration of functions
Vertical information systems

LN WNE

Sanchez and Perez [21] proposed using a checklist of 36 key lean indicators (shown in Table 2.) to
assess the company’s changes towards becoming lean. Nightingale and Mize [19] propose a
methodology, which uses the Lean Enterprise Self Assessment Tool (LESAT). Surveys are used to
compare the company’s desired state of lean implementation with the company’s currents state of lean
implementation. The resulting leanness score measures how successful the company has been in
reaching their goal. The main problems with these methodologies are:

1. They require sophisticated mathematical computations therefore workers on the plant floor

cannot use them.

2. All variables are ideal and actual costs. Although some things, such as labor and overhead, are
easily converted to cost other variables, such as lead time, are difficult to convert to a cost. In
addition, there is no standard method for converting lead time to a cost.

3. Some companies are unwilling to share cost information with employees for various reasons.
Therefore, the results obtained using their proposed methods may not actually represent the

true costs.



Table 2. 36 Key Lean Indicators Proposed by Sanchez and Perez [21]

Indicator | Definition

EF1 Percentage of common parts in companies products

EF2 Value of work in process related to sales

EF3 Inventory rotation

EF4 Number of times and distance parts are transported

EF5 Amount of time needed for die changes

EF6 Percentage of preventative maintenance over total maintenance

MC1 Number of suggestions per employee and year

MC2 Percentage of implemented suggestions

MC3 Savings/benefits from suggestions

MC4 Percentage of inspection carried out by autonomous defect control

MC5 Percentage of defective parts adjusted by production line workers

MC6 Percentage of time machines are standing due to malfunction

MC7 Value of scrap and rework in relation to seals

MC8 Number of people dedicated primarily to quality control

EQ1 Percentage of employees working in teams

EQ2 Number and percentage of tasks performed by teams

EQ3 Percentage of employees rotating tasks within company

EQ4 Average frequency of task rotation

EQ5 Percentage of team leaders what have been elected by their own team co-workers

P1 Lead time of customers orders

P2 Percentage of parts delivered just in time by suppliers

P3 Level of integration between suppliers delivery and the company’s production information
system

P4 Percentage of parts delivered just in time between sections in the production line

P5 Production and delivery lot sizes

11 Percentage of parts co-designed with suppliers

12 Number of suggestions made to suppliers

13 the frequency with which suppliers technicians visit the company

14 The frequency with which the company’s suppliers are visited by technicians

I5 Percentage of documents interchanged with suppliers through EDI or intranets

16 Average length of contract with the most important suppliers

17 Average number of suppliers in the most important parts

S1 The frequency with which information is given to employees

S2 Number of informative top management meetings with employees

S3 Percentage of procedures which are written and recorded in the company

S4 Percentage of production equipment that is computer integrated

S5 Number of decisions employees may accomplish without supervisory control

Several tools have been proposed which will allow the leanness of a system to be determined.

Srinivasaraghavan and Allada [23] propose using the mahalanobis distance between the current state of




the system and a baseline created by benchmarking other companies. Bayou and De Korvin [5] propose
using benchmarking along with fuzzy logic to determine how lean a company is. Although these models
deliver a quantitative leanness score, they are highly affected by the benchmark results. Additionally,
benchmarking is undesirable since no two manufacturing systems are the same due to differences in
equipment, people, etc. As with questionnaires, benchmarking is also subjective because the end user
selects a company that they feel is lean. Additionally, benchmarking does not tell a company if they are
actually a lean company, it only shows whether or not they are leaner than the selected company.

A leanness prediction equation is needed in order to convert the lead times obtained with the
ORLMS to a leanness score. The researchers began this process by identifying what others had done in
the past and determining the positives and shortcomings of using each methodology. Charnes Cooper
and Rhodes [6] proposed the concept of Data Envelopment Analysis (DEA) for performance
measurement using a mathematical model, which is shown in Equation 1. The Charnes-Cooper-Rhodes
(CCR) model is a fractional program that compares the input/output variables of a set of decision making
units (DMU) to identify the best practices among them. These DMU’s are then used to determine the

benchmark for the efficiency score.

25:1 UrYro

Max h, =
? Zﬁl ViXio

€y

Zgzluryrj

<1, j=1,2,..,
Yt ViXip / "

Where u, v, x and y are all non-negative variables

Notation:
H, Efficiency score of DMU,
Xi Input Variable i of DMU;
Yrj Output variable r of DMUj
n Number of DMU’s
Vi Weight for input variable i
u, Weight for output variable r

m Number of input variables
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t Number of output variables

Tone [24] proposed using a slacks based measure (SBM) of efficiency as shown in Equation 2.
The SBM is a DEA model that deals with the slacks in the input and output variables. Weights are
assigned to A based upon input excesses and output shortfalls. An efficiency score p is then computed
that is an invariant valued between zero and one. The resulting p represents the system’s leanness

score.

1= (Ym) TRy 57 /i

= where0 <p<1 2
1+ (Ys) Zooy st /yro
Subject to:

Xo = XA+ s™
Yo = XA — st

Where A, s ands >0

Notation:
p Efficiency score
Xo Inputs of DMU,
Yo Outputs of DMU,
v Weights for DMU’s
stand s’ Slacks associated with inputs/outputs
m and s Numbers of input/output variables

Realizing that a system can never be 100% lean Wan and Chen [25] altered the model proposed
by Tone [24] so that Actual Decision Making Units (ADMU) and Ideal Decision Making Units (IDMU) are
used. Their proposed equation is shown in Equation 3. Cost and time are the input values used by the
equation while values of the DMU’s are the output variables. A software solver program was developed
to calculate the leanness.

Mint, . =t— G} (S—T-i- E—E) (3)

Subject to:
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i=1
Where A, 57,57 andSF =0, t =0
Notation:

Tiean Leanness score

Xio Input time of DMU,

Xeo Input cost of DMU,

Yvo Output value of DMU,

n Number of DMU,

A SBM weights for DMU’s

57,57 and 5 Slacks associated with input/output

t Multiplier

Lean is not something done in an office; it is something that is done on the floor with workers. With
such a math intensive solution the Wan and Chen [25] model is not practical for workers on the plant
floor to use. In addition, it is easier for workers to relate to changes in time rather than cost. However,
the methodology proposed by Wan and Chen [25] uses costs to calculate leanness. Currently, there isn’t
a generally accepted method to transfer lead times to costs because it’s not as simple as multiplying a
labor rate by a time. Furthermore, some companies are hesitant to share cost information with
employees for various reasons [9]. Therefore leanness would ideally be measured without requiring cost
information.

After identifying currently available methodologies the researchers evaluated them. The positives

were then evaluated to see if they could be incorporated into the leanness prediction equation. Next,
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the shortcomings were evaluated in order to determine if solutions could be made and then
incorporated into the leanness prediction equation. This paper presents a simplified version of the
methodology used by Wan and Chen [25] because the researchers thought the current formula was too
complicated to be used in smaller manufacturing facilities. In addition, the researchers wanted to use
variables that were easier to obtain sin order to increase the probability that companies would use the
equation. The top of the proposed equation, shown in Equation 4, is set up in a similar way to the
formula proposed by Wan and Chen [25]. The main difference is that the variables were changed to
ones that were easily obtainable in a real world setting. The other difference between the equations is
that the proposed equation was expanded further so that undesirable conditions were taken into
account in the denominator. Therefore, undesirable conditions in the system decrease the systems
leanness score, the more prevalent the condition the more it decreases the leanness score. The
proposed leanness equation focuses on the wastes present in the current system. Under ideal
conditions, a one piece flow system, the lead time of an operation would equal the systems processing
time. Once again, using a one piece flow system as a point of reference, the ideal inventory level is one
piece in each work station. Therefore y and w are calculated as the percentage of lead time and
inventory that are considered wasteful. The bottom portion of the equation focuses on undesirable

outputs of the current system, which in this case are defects. Therefore, p is the defect rate which is

ideally zero.
1-1 (y + )
_ 2
Leanness = (4)
1+p
Notation:
B ¥ Lead Time — ¥, Processing Time
¥= % Lead Time

¥ Inventory Levels — # of Stations
=

¥ Inventory Levels
p = Defect Rate
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Using the proposed equation the ideal leanness score of any system is 1. However, since that can
only be attained when a company uses a one piece flow system with no defects, it is highly unlikely that
a system will receive a leanness score one. When testing the equation the leanness score decreased
very rapidly when the lead time and inventory levels in y and w increased to the point where they had
ratios of four to one. When the lead time and inventory levels used in y and w increased so that ratios
greater than four to one the leanness score started to decrease at a much lower rate. Since these ratios
are low compared to what is typically seen in manufacturing facilities it is likely that companies will

receive a leanness score of 0.100 or less.

Integrating the RFID hardware
RFID systems can consist of many readers spread across a work area or an entire facility [6]. The

RFID system used in this case study uses four readers to monitor four different storage areas. Careful
consideration was taken when selecting the components to ensure that they would be able to work in a
wide range of manufacturing settings including metal rich and water rich environments. The following
components were selected for the RFID system.

e Texas Instruments 251B Low Frequency RFID Reader

e large Series 2000 Gate Antenna

e Elenco DC Power Supply

e 85mm RFID Disk Tags

As shown in Table 1, low frequency RFID readers perform the best in metal and water rich
environments when compared to the out of the currently available reader frequencies. Therefore a low
frequency was selected because it would function well in a wide range of conditions. However, they

typically have a read range of two feet or less so a large gate antenna and large RFID tags were chosen
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to maximize the systems read range. In addition, monster cable was used because the manufacturer
stated that it would allow the system to achieve its maximum read range. Once the components were

selected they were connected as shown in Figure 2.

Flgure 2. Ha‘rdware Itegration Diagram
Summary

In this literature review current RFID technology was reviewed, a literature review for the
leanness equation was performed and the RFID hardware was integrated into the proposed on-line RFID
based leanness monitoring system (ORLMS). An ORLMS was proposed which allows companies to
determine a products lead time and then generates a value stream map based upon the lead time. Then
a leanness prediction system was proposed which allows companies to determine how lean their facility
is and how much their system can be improved. After completing the literature review the desired
components had been identified for a successful RFID system. The experimental setup, conclusion, and
results will be discussed in greater detail in the following chapters.
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Abstract

Value stream mapping is a lean technique used to analyze the flow of materials and information currently required
to bring a product or service to a consumer. This paper presents the development of an online RFID-based lead-
time monitoring system (ORLMS) which is used to generate lead times for a value stream map. More importantly,
the ORLMS allows for online data collection and lead-time generation in real time. Having multiple lead-time
measurements ensures that the results are not affected by abnormal inventory levels at the time the map is
drawn. The ORLMS is then tested in a simulated facility that produces two products simultaneously. The facility
layout is also changed from a job shop layout to a cellular layout to ensure that reader collision is not a problem.
Once testing is completed, a value stream map is created for each product in both of the environments.

Introduction

Since its creation in 1936, the Toyota production system has altered the way that products are produced
and the manner in which they flow through a facility. The main reason for this is because lean
manufacturing has established a record of being able to reduce lead-time while also lowering
production costs and increasing product quality. Lean manufacturing focuses on using less of everything
when compared to mass production and job shop settings. This is accomplished by continuously
removing waste from a system. One of the most commonly used lean tools is value stream mapping
[201].

Value stream mapping is a lean technique used to analyze the flow of materials and information
currently required to bring a product or service to a consumer [19]. There are two types of value stream
maps: the current map and the future map. The current map represents the current condition of the
system, while the future map shows the ideal condition of the system. The process begins with defining
the product that will be value stream mapped. Next, a team of engineers, workers, managers, and
suppliers is formed. This ensures that the team has the knowledge to solve most problems that become
apparent throughout the process. The team begins by touring the facility, starting in the raw material
storage area and ending in the shipping area. This allows the team to become familiar with the current
process.

Although value stream mapping is a very useful lean tool, there are several problems with current
methods. In most push systems there is a high degree of variation in inventory levels at each station,
which is caused by the pushing of materials from one station to the next [7]. This high degree of
inventory variation causes a variation in lead times because current methods calculate lead time based
upon inventory levels at each station [19]. In addition, value stream maps are typically only drawn one
time because creating a value stream map requires a great deal of time and effort [future solutions].
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With the high degree of variation in lead times, it would be very easy to draw a value stream map that
does not truly represent the system because inventory levels are abnormally low or high [1].

Value stream maps can be used to show the effects that lean activities have had on a system by
comparing the current lead time with previous lead times. However, with the high degree of inventory
variation in the system, it is hard to tell if the reduced lead time is due to the lean activities, abnormally
high inventory levels at the time the map was drawn, or abnormally low inventory levels at the time the
map was redrawn. Because of this, if the system was improved the new value stream map could show
that the system is now worse than it was before. Therefore, multiple value streams need to be made to
ensure that the lead-time changes are caused by the lean actions and not variation in inventory levels.

In addition to the high degree of variation in inventory levels, value stream maps are unable to account
for moving time and delays. Moving and storage costs of inventory can be significant and are non-value
added [2]. Moving time is not only the amount of time that is required to move the product, but also the
time that a product spends in an inventory area while waiting to be moved. With delay time included, a
move that takes a couple minutes can easily end up taking several hours. Therefore, moving time can be
a significant waste that is not identified when creating a value stream map.

Inventory level variation and moving time need to be accounted for in a value stream map. An
automatic system needs to be developed that allows companies to collect this valuable information
while also requiring minimal employee interaction. Since there is a high degree of variation in lead
times, the ideal system would also allow for online lead-time data collection and storage.

The rest of this paper will be organized as follows: A literature review is performed in section 2. The
experimental setup for testing will be presented in section 3. Section 4 will describe how the system was
tested in two different environments and the results of each test. Conclusions will then be summarized
in section 5.

Literature Review

When tracking objects throughout a facility, companies have many options to choose from. The most
commonly used methods are bar codes and RFID tags. Although bar codes have been used for the past
several decades, they are quickly losing ground to RFID systems [12]. The main disadvantage of using a
bar-code system is that a reader must scan each individual item. In addition, if the bar code is dirty the
bar-code scanner will not be able to read the bar code [10].

In contrast, an RFID system can detect several RFID tags at a time. Therefore, if there were 20 boxes of
parts on a pallet, all 20 tags could be scanned at one time, which reduces the amount of labor involved
in tracking the parts. The main advantage of using RFID is that it does not require direct contact or line-
of-sight scanning [4]. This means that, unlike the bar-code system where a bar-code reader must scan
boxes, the RFID tags can be several feet away from the antenna and be read by the RFID reader.
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Although RFID systems have several advantages over bar-code scanning, there are two main drawbacks:
read range and misreads [17]. Read range is the maximum distance a tag can be away from the antenna
and still communicate with the antenna. Companies typically add additional RFID readers and antennas
in order to increase the areas where tags can be read. A misread occurs when the RFID system falsely
says a tag is present or absent.

Many companies currently use RFID systems to track parts through their facilities because they have
found them to be more efficient than manually searching for parts [11]. Additionally some companies,
such as Wal-Mart, have started requiring their suppliers to attach RFID tags to all their shipments. This
has in turn has driven the costs of RFID systems lower and lower, which has caused more companies to
install RFID systems in their facilities.

Although increasing numbers of companies have implemented RFID systems, they have yet to be used
to create value stream maps. This paper will show how an RFID system can be used to assist with the
creation of a company’s value stream map in an efficient manner with little human interaction required.
By using the proposed RFID value stream mapping method, companies would be able to see how the
lead time of the system is changing in real time. Real-time data acquisition also allows the company to
account for more variation in the production process.

How to Create a Current Value Stream Map

Value stream mapping is a lean tool that has been used for several years because it allows people to
“see” some of the wastes that are present in any system. The most popular value stream mapping was
proposed by Rother and Shook in their book, Learning to See [19]. In this method, the lead time for each
operation is based upon the facility’s daily demand. The main drawbacks to using this method are that it
does not account for material handing time and inventory levels vary.

The proposed methodology will allow the user to get the actual lead time for each operation. However,
it will not generate an entire value stream map. Therefore, the value stream map “template” will need
to be created by the user. To assist with that, the following example will walk through the steps required
to make a value stream map using the Rother and Shook [19] methodology. Each of the numbers before
each step corresponds to a numbered circle on the example value stream map shown in Figure 1.
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Figure 1. Example of a value stream map [5].

1. Define the customers takt time (TT) and daily demand (DD), which is calculated as follows:

Minutes Shifts

_ Available Time 450 Shift x 20 Year 1 O7Minutes
" Yearly Demand 8.400 Pieces 7" Piece
Month
Pieces
DD — Monthly Demand 8, 400 th Pieces
"~ Working Days per Month 20 Days Day
Month

2. Draw the customer symbol in the upper right-hand corner of the paper. Next, add in information
about the customer such as the takt time, yearly demand, and batch size.

3. Draw supplier information in the upper left-hand corner of the paper. Make sure to note the
frequency of deliveries and minimum order quantity.

4. Draw process boxes for each of the operations along the bottom third of the piece of paper.
Make sure to leave enough room so that a timeline can be drawn below them.

5. Add the number of workers, cycle time, changeover time, and uptime to each operation box.

Then draw inventory symbols between each operation and record the amount of inventory
present at each station.
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6. Note whether the products are being “pushed” or “pulled” to the next process. Push means that
a process is producing parts regardless of whether or not they are needed. In contrast, pull
means that parts are being produced as they are needed.

7. Draw in information flow for the system using the icons shown below. This includes production
scheduling, customer orders, and supplier orders.

\]\ Electronic information flow

‘ Movement of production matenial

8. Add the time line to the bottom of the page. The top portion of the time line shows the lead
time of each operation. If the inventory level of the station is 500 pieces and the daily demand is
60 pieces, the daily demand is calculated as follows:

_ Inventory Level ~ 500 Pieces

LT = _ :
Daily Demand 60 Pieces
Day

= 8.33 Days

After the lead times have been calculated and added to the map, it is time to add the “value
added” time to the map. The amount of value added time for each operation equals the
operations processing time because it is the amount of time that a worker spends making the
part. After adding the value added time to the time line, the final step is to sum the lead time
and the processing time. This information is then added to the right of the time line. When
finished, the value stream map will resemble the example shown in Figure 1.

RFID Technologies Currently Available

An RFID system, as shown in Figure 2, is comprised of a tag, a reader set, and a computer with the
appropriate software [6]. The RFID tag and interrogator (reader) communicate with each other through
radio waves. When a tagged item comes within the read range of the reader, the reader tells the tag to
transmit whatever information it has stored on it. Once the reader has received the information, it is
sent to the computer. This can be accomplished by using cables or using a wireless transmitter. The
computer then uses its onboard software to process the information and perform desired operations.
The computer then displays the information in a manner that can be easily read by the user.
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Figure 2. RFID system diagram [18]

RFID systems can consist of many readers spread across a work area or an entire facility. All of the
readers in a system can be connected through a network so that only one computer is required.
Depending on the reader being used, it can communicate with up to 1,000 RFID tags per second with an
accuracy of more than 98% [15].

Current Uses for RFID Systems

Although the idea for an RFID system was thought of early on, it did not start to become a reality until
the 1970s. At that point in time, development was focused on using RFID systems to track animals, track
automobiles, and automate factories. In the late 1980s, RFID systems were mainly used in the United
States to collect tolls. With continued technology advancement in the 1990s, RFID systems began to be
used for more and more applications. RFID implementation began to skyrocket when the U.S. Army
required their suppliers to place passive RFID tags on all items sold to them. Walmart asked their top
100 suppliers to attach RFID tags to all of their products by the end of 2005 [8]. Today RFID systems are
used to do a wide variety of tasks, some of which are shown in Table 1.
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Table 1. Current uses for RFID systems. [9]

User What RFID Is Used For

Retailers Track pallets coming in and going out of a facility
Speed-pass systems for quicker check-out times
Theft preventative systems

Police Keep track of testing samples in crime labs
Hospitals Keep track of patient records
Farmers Track cattle and manage vet records

Meat Packers | Track meat back to the cow it came from, including hamburger

States Pre-pay tolls to ease congestion

RFID Tags Currently Available

The basic function of the RFID tag is to store and transmit data to the reader. RFID tags are a
combination of a small radio frequency chip attached to a microprocessor, and they range in size from
as small as a pinhead to as large as a human palm. RFID tags can typically be grouped into one of three
main types: active, passive and semi-passive. The attributes of each tag are shown below in Table 2.

Table 2. Attributes of different types of RFID tags. [9]

Advantages Disadvantages

Passive | e Longer life time e Read range of 4-5 meters
e Wider range of form factors e Strictly controlled by local regulations
e Tags are more mechanically

flexible
e Lowest Cost
Semi- e Greater communication e Expensive due to battery and tag
Passive distance packaging
Active e Can be used to manage other | e Reliability: Impossible to determine
devices like sensors (temp, whether a battery is good or bad
pressure, etc.) e Widespread proliferation of active
e Do not fall under the same transponders presents an environmental
strict power regulations as hazard from potentially toxic chemicals
passive devices in batteries

Information stored on the tag typically includes a tag identification number and other desired
information such as the size, weight, and quantity of items inside the tagged package. The information
stored on the tag is only sent to the reader when the reader receives a command to retrieve the data
[16]. Tags are typically placed on the outside of a package or pallet of merchandise so that large
numbers of products can be tracked at once.
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For any of the RFID tags, the end user must choose which type of memory the tag utilizes. This choice
not only affects what can be done with the tags, but it also affects the cost of the RFID tags. Each RFID
tag contains portable memory, which is either read-only or read/write. Both types of tags have the
ability to be read by the RFID reader. The main difference between the two tags is that read/write tags
have the ability to have information written to them on the fly by the RFID reader [21]. This causes
read/write tags to have larger amounts of memory, which makes them the more expensive option.

RFID Tags That Will Be Used in the Experiment

As mentioned earlier, the RFID system will be used to track items as they travel through a system so that
the lead time can be determined. The tag’s location will be continuously sent to a computer where it will
be recorded. Therefore, it will be unnecessary to write information on the tags while they are traveling
through the system. Finally, disk tags were chosen because they will allow for a longer read range.

RFID Readers That Are Currently Available

The RFID reader needs a constant supply of DC power in order to function correctly. Once the system
has power, the reader set is used to transmit information to the tags and receive data from the tag. The
reader communicates with the tag through the antenna, which is also used to supply passive RFID tags
with enough power to communicate with the reader. In addition, the RFID reader system also performs
the following functions:

e Receives commands from the user through a computer and sends back the desired information
e Converts radio waves into digital information so that computers can understand the information
coming from the tag

Currently there are four different frequencies of RFID readers, which are shown below in Table 3. As the
table shows, the frequency not only has an effect on the read range of the system, but also the reader’s
ability to read in metal/water-rich environments as well as the size of tags used by the system.

The Reader System That Will Be Used in the Experiment

When the system was created, the researchers envisioned a system that could be used in a variety of
local metal manufacturing facilities. As mentioned earlier, a low-frequency system would perform best
in this type of environment. After comparing several different readers, the Texas Instruments S251B
low-frequency reader was chosen. Since low-frequency readers have a small read range, a large series
2000 gate antenna was chosen to increase the read range of the system.

Table 3. Comparison of RFID Bands Currently Used [8]

Band Low High Ultra High Microwave
Frequency 125-134 KHz 13.56 MHZ 860-930 MHZ 2.5 GHz and above
Typical Read Range <0.5m ~1m 4-5m ~1m
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Experimental Setup for Testing the Online RFID-Based Lead-
Time Monitoring System

The Online RFID-Based Lead-Time Monitoring System (ORLMS) is an RFID system that is used to monitor
the lead time of items as they flow through a facility. An operational diagram for the ORLMS is shown in
Figure 3. When a tag enters the read range of the antenna, the developed program records the date,
time, and tag identification number into an Excel spreadsheet. The program keeps collecting data until
the tag leaves the read range of the antenna. This is done to ensure that the results are accurate
because on occasion the reader will get a false negative reading (beta error) or a false positive reading
(alpha error). A false negative reading occurs when the reader tells the computer a tag is not present
when the tag is actually present. In contrast, a false positive reading occurs when the reader tells the
computer a tag is present when it is no longer in the area. After testing is completed, a person
determines the lead time for each of the tags by manually calculating the number of working days,
hours and minutes that passed while the parts were in a specific inventory area. Sometimes a product
was moved from one inventory area to another before being worked on. In this case, the lead times for
both inventory areas were combined to create a single lead time. This process was repeated until the
lead time for all the inventory areas had been calculated.

The ORLMS was tested using the Lean 101 training kit developed by NIST to teach manufacturing
employees the basics of lean manufacturing [13]. During Lean 101 training, the participants work for
Buzz Electronics, a simulated company that manufactures security devices. The company manufactures
two models, the Blue Avenger and the Red Devil, at the same time in their facility. To ensure that orders
are completed in a timely manner, orders are made on a first-in-first-out basis.
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Figure 3. Diagram of the ORLMS.

Blue Avenger Manufacturing Information

The process of manufacturing a Blue Avenger involves six operations, which are summarized in Table 4.
Manufacturing begins when five springs are inserted into the board. Next, the parts are taken to the
resistor area where one red resistor is installed on the board. The parts are then taken to the diode area
so that two diodes can be installed on the board. After the diode assembler is finished, the parts are
placed in an outgoing area and then transported to the LED area. One LED is then installed on the board,
and the board is now completed. The completed board is then taken to the inspector to ensure that the
board functions properly. Testing the board ensures that the LED and diodes are oriented in the correct
manner. Boards that fail inspection are reworked and tested again until they pass. Once all the parts are
deemed good, they are taken to the shipping area and sent to customers.

Table 4. Process at a glance for the Blue Avenger.

Process Spring (1) Resistor (2) Diode (3) LED (4) Inspect (5) Ship (6)
Picture > / ("\
-—.—-—- ..... i Q

Cycle 17 sec 14 sec 19 sec 10 sec 10 sec 5 sec
Time

Inspection Template Template Template Electric None None
Tools tester

Fixture None None None None None None




Red Devil Manufacturing Information

Red Devils are manufactured in almost the same manner as the Blue Avengers with one main difference:
there are no diodes on the product (see Table 5). The Red Devil requires three resistors instead of using

one resistor and two diodes.

Table 5. Process at a glance for the Red Devil.
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Process Spring (1) Resistor (2) Inspect (4) Ship (5)
Picture j il ‘ s ,. é‘;‘
= —
"’?_‘_V——
Cycle Time 17 sec 25 sec 10 sec 10 sec 5 sec
Inspection Template Template Template Electric test None
Tools
Fixture None None None None None

Testing the ORLMS

After creating the RFID system, the researchers needed to be sure that the system would function as
desired. Therefore, the system was tested in a laboratory setting in order to allow a controlled
environment. The laboratory setting also allowed the researchers to change the facility layout from a job
shop to a cellular design in a matter of hours rather than weeks or months. Changing the layout enabled
the researchers to test the equipment in two very different environments in a short period of time.

In most job shop settings, machines are grouped together by the tasks that they perform [3]. This leads
to the formation of distinct departments throughout a facility, such as the press department or the
forming department, which, in turn, means parts travel across the facility so that they can have all of the
needed operations performed on them. Parts are typically moved in large batches so that the moving
time can be spread across several parts rather than a single part. In contrast, a cellular layout has all the
machines required to make a product arranged together. Since the machines are relatively close to each
other, workers are able to carry parts to the next operation, which minimizes the need for a material
handler.

During the simulation, 12 participants performed tasks ranging from assembly operations to material
handling. If the system were implemented in a real-world manufacturing facility, the employees would
have an intricate knowledge of the process. However, many of the participants had not preformed their
assigned tasks before. This required the researchers to do two things to ensure that the data was not
affected by the participants’ lack of knowledge. First, the participants were given full-size templates,
which showed exactly where their components went on the boards. The participants were then given 20
minutes to practice their jobs before testing began.
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Many facilities have inventory or work in process (WIP) present. However, in the simulation there was a
very small amount of inventory when the simulation began. Therefore, if one was to collect during the
beginning of the simulation, all of the process lead times would be either zero seconds or near zero. To
ensure this didn’t affect the results, the simulation was run for 10 minutes before collecting data to
ensure a steady-state condition. This amount of time was chosen because researchers noticed that
inventory levels began to plateau after about five minutes. Five containers of red boards with RFID tags
and five containers of blue boards with RFID tags were run through the system.

As mentioned earlier, the ORLMS outputs the lead time of each operation in real time as items move
through the system. If run for an extended period of time, a large amount of data becomes available.
Over a long enough period of time, the data becomes normally distributed, which allows companies to
do various kinds of statistical analyses. Companies can then set up confidence intervals for the data so
that they can quickly determine when abnormally long lead times or moving times are occurring so that
the situation can be addressed. In addition, companies can determine the standard deviation of moving
time and lead time to determine how stable their current process is. Although these are both
possibilities, they were not done in this paper because five data samples were taken and they were not
normally distributed and had a high variation.

In order to get the lead times to a value stream map, the user must create a value stream “template” for
each product. Using the steps previously described a value stream map template was made for the Blue
Avenger (Figure 4) and the Red Devil (Figure 5). Each of the letters surrounded by a circle represents a
lead time that will need to be filled in with the results from the ORLMS.
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Figure 4. Blue Avenger value stream map template.
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Figure 5. Red Devil value stream map template.

Since the ORLMS outputs lead times in real time, the end user has several options of what to do with the
numbers. All of the numbers that are output by the ORLMS represent what is actually happening at that
point in time; therefore, a value stream map can be made with the most recent results. However, since
there is a large amount of variation in lead times, the researchers decided to use the average of the five
lead times obtained for each operation when creating the final value stream map.

Testing and Results of the ORLMS in a Job Shop

As mentioned previously, the ORLMS was tested in a job shop to ensure that it would function as
desired. The layout for the job shop simulation is shown in Figure 6. The circles represent Red Devil
operations, while the squares represent Blue Avenger operations. The numbers inside each of the
shapes represent each operations number in the overall sequence of operations. Since the stations are
spread apart, a material handler was required to move parts from one operation to the next.

Results for the ORLMS in a Job Shop Environment

After setting up the job shop environment, as shown in Figure 6, testing began. The first tagged box was
not run through the system until 10 minutes had passed to ensure that each operation had inventory. A
tagged batch of Blue Avengers was the first box that was run through the system. Once the batch of
Blue Avengers reached the shipping area, a tag was placed on the next order of Red Devils. Tags were
placed on alternating batches of products in the same manner until five batches of each product were
run through the system. After the simulation was completed, the researchers interpreted the results
and put them in two different tables, one for the Blue Avenger (Table 6) and one for the Red Devil
(Table 7). To make the tables easier to read, each operation’s lead time and moving time were
combined together.
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Figure 6. Job shop layout with order of operations for Blue Avenger and Red Devil.

While watching the workers perform their tasks, several observations were made. Workers started out
working very quickly, and low amounts of inventory were present before each operation. However, as
time went on and some workers slowed down, inventory levels between stations began to increase.
Some of the workers panicked and began to work faster when inventory levels before their station
began to increase. This then caused inventory levels to become higher at the station after their process.

After creating Tables 6 and 7, the next step was to make a value stream map for each of the products
using the data. Since there was a wide range in operation lead times, the average lead time for each
operation was used. The resulting value stream map for the Blue Avenger is shown in Figure 7, while the

value stream map for the Red Devil is shown in Figure 8.
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Table 6. ORLMS lead-time results for Blue Avenger in the job shop setting.

Lead Time (seconds)
Process Total Lead
Board A B C D E Time (sec)
1 369 | 329 19| 206 | 13 936
2 310 | 418 13| 187 | 17 945
3 258 | 126 15 82| 16 497
4 526 | 174 20 15| 12 747
5 450 | 343 12 24 | 13 842
Average | 383 | 278 16| 103 | 14 793

*A, B, C, D, and E can be found in Figure 7.

Table 7. ORLMS lead-time results for Red Devil in the job shop setting.

Lead Time (seconds)

Process Total Lead
Board A B C D Time
1 21| 192 15| 14 242
2 323 15| 344 | 39 721
3 439 | 351 | 327 | 11 1128
4 298 19| 360 | 12 698
5 176 | 115 | 322 | 17 630
Average | 251 | 138 | 274 | 19 682

* A, B, C, and D can be found in Figure 8.

The simulation showed that the ORLMS would function in a job shop environment. Multiple lead times
were obtained for each product and the products moving time was able to be incorporated into the
overall lead time. In addition, the results of the simulation showed that there was a high degree of lead-
time variation in each of the operations. After concluding that the simulation would work in a job shop,

the next step was to test the system in a cellular layout.
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Figure 7. ORLMS value stream map for Blue Avenger in job shop setting.

TEM 440
= Product 20/60/30 day Mfg Co.
Farecarn
6-week Favecast Control
— As needed
Weekiyfax Daily acdex
u
LY Skift
Based on
Schedule
1 XDaiy [\
Kit Spring Install Irstall
Assembly Resistors LED's

=7 = [ [N
C/T=15 sec C/T=13 sec C/T=26 sec C/T=10 sec CiT=11 sec To Shipping  >|
Cl0=0 Cio=n C0=0 Ci0=D Cio=0
Uptime=100 Uptime=100 Uptime=100 Uptime=100 Uptime=100
% @ % % %
1 shift 1 shift 1 shift 1 shift 1 shift

251 sec 128 sec 274 sec 19 sec
18 sec , 18 sec 26 5en ‘ ‘ 10 sec ‘ ‘ 11 sec PT=83 sec
LT=682 sec

Figure 8. ORLMS value stream map for Red Devil in job shop setting.

Testing and Results of the ORLMS in a Cellular Layout

Although job shop settings are still the most prevalent manufacturing environment, more and more
companies have begun to implement lean manufacturing principles in their facilities [14]. Therefore, the
second simulation was performed in a simulated cellular layout (shown in Figure 9), which could be seen
in a facility that has implemented lean manufacturing principles. The main challenge in implementing an
RFID system in a cellular environment is that the operations are relatively close to one another. When
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RFID antennas are placed close together, they tend to interfere with one another. This can result in a tag
being read when it is not present or a tag not being read when it is present.

The processes and order of operations for the cellular layout are the same as they were in the job shop
environment. However, a few changes were made to the way that the parts are produced. A material
handler is not required to move parts from one station to another because the operations are close
enough to each other that the operators can pass the parts to the next operation. In addition, the batch
size for the cellular design is half of what it was in the job shop. Therefore, Red Devils are made two at a
time while Blue Avengers are made three at a time.

As in the job shop setting, the simulation began after the layout was changed so that it now looked like
Figure 9. The first tagged box was not run through the system until the workers had been producing
parts for 10 minutes to ensure that each operation had inventory. The first box of tagged parts that was
run through the system was a batch of Blue Avengers. After the batch of parts reached shipping, a
tagged batch of Red Devils was run through the system. Alternating batches of tagged parts were run
through the system until five tagged batches of parts were run through the system. After the simulation
was completed, one of the researchers interpreted the results and determined the lead time for each
batch. The results were then compiled into two tables—one for the Blue Avenger (Table 8) and one for
the Red Devil (Table 9).

After the tables were created, the next step was to use the lead times from the ORLMS to draw a value
stream map for each of the products. The value stream map templates created in section 2 were used
for this task. The resulting value stream map for the Blue Avenger is shown in Figure 10, while the value
stream map for the Red Devil is shown in Figure 11.

Table 8. ORLMS lead-time results for Blue Avenger in a cellular layout.

Lead Times (seconds)
Process Total Lead

Board A B C D E Time
1 84 16 69 28 | 18 215

2 58 70 47 | 64 |11 250

3 104 91 66 15 | 12 288

4 172 | 179 | 167 | 23 |19 560

5 187 | 250 | 346 10 | 17 810
Average | 121 | 121 | 139 | 28 | 15 425

*A, B, C, D, and E can be found in Figure 7.
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Table 9. ORLMS lead-time results for Red Devil in a cellular layout.

Lead Times (seconds)
Process Total Lead
Board A B C D | Time (sec)
1 64 90 98 |19 271
2 102 74 50 |17 243
3 133 | 132 16 |14 295
4 237 | 191 12 |21 461
5 121 102 15 11 249
Average | 131 118 38 16 304

* A, B, C, and D can be found in Figure 8.
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Figure 9. Cellular design layout with order of operations for Blue Avenger and Red Devil.

Several observations were made during testing in the cellular layout. In addition to the smaller lead
times, workers seemed to be less stressed than they were in the job shop setting. This was due to each
station having smaller inventory levels. Therefore, workers no longer panicked when inventory
increased. One key improvement was that there were no longer delays associated with workers having
to wait for a material handler to arrive and carry their parts to the next station, which affected the lead
times of several operations.
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Lead time C for the Blue Avenger jumped from 16 seconds in the job shop to 139 seconds in the cellular
design. The primary cause for this was that after removing the material handler from the system
operations, A and B no longer had long delays associated with waiting for the material handler to pick
up parts. This caused their lead times to be reduced by about 50% and shifted the bottleneck to
operation C, which had the longest processing time.

The simulation showed that the ORLMS could be implemented in a cellular layout without having
problems with reader collision. Testing also showed that if readers are placed closer than five feet from
each other, collision becomes a problem that needs to be addressed. In addition, the results in Tables 8
and 9 show there is still variation in lead times for the cellular layout. This suggests that even with a
cellular layout there is still need for an online value stream mapping method to ensure that accurate
lead-time numbers are generated.
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Figure 10. Cellular design VSM for Blue Avenger.
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Conclusions

The testing showed that an RFID system can be used to determine lead times for each operation in real
time. Having multiple lead times results in a more representative value stream map lead time than when
using traditional value stream methods. Multiple lead times also ensures that the lead time will not be
dramatically affected by the variation in inventory levels that can occur during short-term analysis.

In addition to generating more accurate lead-time numbers, RFID-based value stream mapping is able to
capture the time required to move parts between operations. As testing showed, moving time can have
a significant impact on an operation’s lead time. The difference in moving time between the job shop
and cellular layouts caused the bottleneck to shift. Testing in the cellular layout also showed that RFID
antennas could be placed within 5 feet of each other before reader collision was a problem.

Lead times can be compiled into a large data file so that the company can track its lead times over
extended periods of time. This data can then be used to calculate the standard deviation for each
operation’s lead time as well as the operation’s moving time. With enough data, a normal distribution
will appear and managers can be alerted when a current lead time or moving time is outside the normal
range.
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CHAPTER 3: DEVELOPMENT OF A LEANNESS MONITORING SYSTEM
VIA RFID: AN INDUSTRIAL CASE STUDY
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Brett Shadyand Joseph Chén
Abstract

This paper proposeslaanness Monitoring SystgiiiMS) that determines the leanness of a
manufacturing facility in real-time. This LMS ismposed of two main components,@n-line
RFID-based Lead-time Monitoring Systé@RLMS) and d.eanness Prediction Syst€hPS). The
ORLMS determines how long a product spends inystem’s inventory areas while the LPS uses
this data to predict the company’s leanness sédter successful laboratory testing the LMS was
implemented at a local manufacturing facility, wdhérwas used to predict the current manufacturing
system’s leanness score. The company receivedssloet leanness score that managers confidently
concluded that their system needed to be improviid. prompted a series of Kaizen events to
minimize the largest wastes in this system. Afteplementing the proposed changes, the LMS was
employed again to show the managers the impacthbamprovements had on the system’s leanness
score.

1. Introduction
Lean manufacturing has been implemented in companies around the world, because of it

ability to increase the competitiveness of companies through the removadtef Warious tools
have been developed that allow tasks to be separated into value added, non-value added, and
necessary but non-value added. Additionally, there are a variety of technieaiesl ¢o

minimize the amount of activities that are not value added so that the leannesscaedsed.

A great deal of time has been spent on developing lean tools that help companies make their
systems leaner. However, significantly less time has been spent degetgasurements that

will allow a company to determine how lean a system is.

The termleannesdas been interpreted in many different ways. Naylor et al [9] define
leanness as the process of realizing lean principles while introducingiiteptof feagility”.
Comm et al [3] define leanness as a relative measure of whether or not agasripan. They
also stated that leanness is a philosophy intended to significantly reducarmbsicle times

throughout the entire value chain while continuing to improve product performance. In this
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paper, leanness will refer to the difference between the current manuigsystem’s
performance compared to the performance of the ideal state of the marmudesyatem.

Knowing the leanness score of a system is important for several reasohg.d&irst
system’s change in leanness scores can be used to show managers thbamnipgatovements
have had on the manufacturing system as a whole. In addition, leanness scoresogvabed,
before and after improvements were made, to justify making the improveménessystem.
Finally, leanness scores can be used to show managers that although thbaysteem
improved, there is still room for further improvement. Therefore, leanness sco@dato
justify the need for pursuing continuous improvement.

Several lean assessment surveys have been conceived to guide users through lean
implementation [4], [5], [9]. Typically, users self-assess the leannghlsiofacility by either
filling out questionnaires or benchmarking their company against another cothpathey
consider to be truly lean. The gaps between the user's company and the “lean” cdmopany s
the user how much leaner their company can be. Karlsson and Ahlstrom [8] createsl tomod
assess the changes of a system towards lean production using nine groups oabieasure
determinants. Soriano-Meier and Forrester [13] expanded upon this model to asdegscthef
leanness in a manufacturing system based upon the company’s degree of adoption afethese ni
variables. Sanchez and Perez [12] proposed using a checklist of 36 key lean indicas®assto a
the company'’s progress towards becoming lean. Nughtingale and Mize [10] proposed a
methodology that uses thean Enterprise Self Assessment Te&ISAT). Surveys are used to
compare the company'’s desired state of lean implementation with the comparrgnt state of
lean implementation. The resulting leanness score provides a measure of hessfalitiee

company has been in reaching their goal.
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Several tools have been proposed that will allow the leanness of a system to be
determined. Srinivasaraghavan and Allada [14] propose usimgahalanobis distanceetween
the current state of the system and a baseline created by benchmarkingrotbearies. Bayou
and De Korvin [1] propose using benchmarking along with fuzzy logic to determineshava |
company is. Although these models deliver a quantitative leanness scoreethighby affected
by the benchmark results. Additionally, benchmarking is undesirable since no hwéastaring
systems are truly equivalent due to differences in equipment, people, etc. As wiibnmages,
benchmarking is also subjective because the end user selects a comptey thatceive to be
lean. Additionally, benchmarking does not reveal if a company is actually adegpany; it
only shows whether or not they are leaner than the selected company.

After talking to several manufacturing companies, it became apparethemawas a
desire to know how lean a system is in an objective manner so that the results could not be
altered. In addition to being objective companies wanted the end result to be dulargdithat
changes in leanness could be easily seen. To assist companies with their neszhtishers
then created heanness Monitoring SystdioMS) which gives a quantifiable and objective
measure of a system’s leanness in real-time. The LMS ug@s-ane RFID based Lead-time
Monitoring SystenfORLMS) to determine how long each product spends in each of the system’s
inventory areas. This data is used dyeanness Prediction Syst€hPS) to predict the
company’s leanness score. After development, the LMS was tested aed rafa laboratory
setting. After successful laboratory testing, the LMS was implememi@dbical manufacturing
facility, beginning with using the LMS to predict the leanness score of thentstate of the
manufacturing system. The manufacturing system received such a lowrstdhetmanagers

were convinced that their system was inefficient and needed to be improvediatelye A lean
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team was then formed to evaluate the manufacturing system so that nsgs ecauld be
minimized or removed. After implementing the team’s proposed changes, thevbBslused
again to predict the leanness of the improved manufacturing system. The chaagesess
scores showed the company’s managers the impact that the team’s d¢teahgeghe
manufacturing system as a whole.

The rest of this paper is organized as follows. Section 2 provides information about the
development of the leanness monitoring system that was used to predict the cofepangss
score. Results from testing the LMS in the current manufacturing sgstéithhe company’s
kaizen events are presented in Section 3. Results from testing the LMS in the drgysieen
and the team’s cost justification for the kaizen events are presented onS3ecthe conclusions
are then presented in Section 5.

2. The Proposed L eanness Monitoring System (LM YS)
The proposed LMS consists of @m-line RFID-based Lead-time Monitoring System

(ORLMS) and d_eanness Predicting SystéhPS). The ORLMS is Radio-Frequency
Identification(RFID) system that was created to monitor inventory levels in manufagturin
settings in order to determine the lead time of products as they flow throughtdra.siise LPS
then uses the lead time data from the ORLMS along with defect rates, numbetatibapeand
processing times, which are input by the user, to predict the leanness stonaraifacturing
facility.
2.1 Developing the On-Line RFID-Based Lead-time Monitoring System (ORLMYS)

The ORLMS was developed specifically to determine the lead time of produtisya
flow through a manufacturing system. As with all RFID systems, this ORIsM8mprised of
three main components: an RFID tag, a reader set, and a computer with défwire RFID

tag and reader communicate with each other via radio signals. When a taggeshiggmaithin
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the reader’'sead range the maximum distance that the reader is able to communicate with the
RFID tag, the reader tells the tag to transmit whatever information gt on it. Once the
reader receives the information from the tag, it is sent to the computer. iitie eacomplished
by using cables or wireless transmitters. A computer then uses onboardestdtpaocess the
information and perform its programmed tasks. The computer also uses theestdtdisplay
information in a manner that can be easily read by the users.

Figure 1 illustrates how the ORLMS system interacts with the tag and computer so that
lead time can be determined. Input from the sensor is the tag status sethiefiemmenna to the
RFID reader. A computer with onboard software records the date, time and whethea taghot
is present every minute. An example of the resulting output of this process is sHagur a2.

The ORLMS then processes the input from the RFID and determines the lead tiwie of ea
inventory area. This information is used to determine the overall lead timeif@mapgoduct.
The LPS then uses the overall lead time generated by the ORLMS atbrigwentory levels,

number of stations, processing time, and defect rate to calculate the systaméss score.

Input from Leanness
Sensor .

Figure 1. Diagram of the Leanness Monitoring System
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RFID systems can consist of many readers spread across a work ameantire facility

[6]. The ORLMS system used in this case study uses four readers to monitor faentiffe

storage areas. Careful consideration was taken when selecting the compmeastre that they

would be able to work in a wide range of manufacturing settings including noftand water-

rich environm

ents.

Table 1. Comparison of RFID Bands Currently Used [8]

Band Low High Ultra High Microwave
Frequency 125-134 KHz, 13.56 MHZ 860-930 MHZ 2.5 GHz and ak
Typical Read Range <0.5m ~1m 4-5m ~1lm
Reading around Metals Better < > Worse
and Liquids
Multi-Tag Read Rate Slowes > Fastel
Passive Tag Size Largere > Smal

ove

er
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As shown inTable 1, low frequency RFID readers perform the best in metal- and water-
rich environments when compared to the other currently available reader fiegu&herefore,
a low frequency reader was selected because it would function well in aangkeof
conditions. However, low-frequency readers typically have a read range tddt or less, so a
large gate antenna and large RFID tags were chosen to maximize thesyséel range. After
selecting the RFID equipment for the ORLMS, a leanness equation needed velbpeateto

create the LPS.

2.2 Developing the Leanness Equation Used By the LPS to Predict Leanness
A leanness prediction equation is required to convert the lead times obtained with the

ORLMS to a leanness score. The researchers began this process by mdentifyi others had

done in the past and determining the advantages and shortcomings of using each methodology.

The advantages were then evaluated to see if they could be incorporated into the leanness

prediction equation. Next, the shortcomings were evaluated in order to deternoinéohs

could be made and also incorporated into the development of the leanness prediction equation.
Charnes et al. [2] proposed the concefdata Envelopment Analys{BEA) for

performance measurement using a mathematical model, which is shBeuaation 1. The

Charnes-Cooper-Rhodes (CCR) model is a fractional program that compargsutfeuiput

variables of a set afecision making unittODMU’s) to identify the best practices among them.

These DMU’s are then used to determine the benchmark for the efficizorey s

t
1 u

Max h, = M €Y)
i=1 Vi%Xio

Zf’:luryrj

<1, j=1,2,..,
2t ViXig J "
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Where u, v, x and y are all non-negative variables

Notation:
ho Efficiency score of DMY
Xij Input Variable i of DMy

Vi Output variable r of DMUj
n Number of DMU'’s

Vi Weight for input variable i

Uy Weight for output variable r
m Number of input variables
t Number of output variables

Tone [15] proposed usingSacks-Based Measu(E8BM) of efficiency as shown in
Equation 2. The SBM is a DEA model that deals with the slacks in the input and output
variables. Weights are assigned toased upon excessive inputs and output shortfalls. An
efficiency score is then computed as an invariant valued between zero and one. The rgsulting

represents the system’s leanness score.

1= (Ym) 2Ry s /%

= where0 <p<1 (2)
1+ (Ys) 251t /9o
Subject to:
Xo = XA+ s~
Yo = XA — st

Where), s"and § >0

Notation:
p Efficiency score
Xo Inputs of DM
Yo Outputs of DM
y Weights for DMU’s
s" ands Slacks associated with inputs/outputs
m ands Numbers of input/output variables
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Realizing that a system can never be 100 percent lean Wan and Chen [16] altered the
CCR model so thakctual Decision Making UnittADMU) andldeal Decision Making Units
(IDMU) are used. Their proposed equation is showgnation 3. Cost and time are the input
values used by the equation while values of the DMU'’s are the output variables. &rsoftw

solver program was developed to calculate the leanness score.

Min Tieqn =t —(3) (X% + X%) ©)

Subject to:
+

S
1=t+—
yUO

n

tho = ZXTi /\i + S'I_v
i=1
n

thO = ZXCi /\i + SE
i=1
n

tXyo = ZXVL‘ Ni— Sy
i=1

n

tzZ/\i

=1
Where A, S7,S¢ and Sif = 0, t >0
Notation:
Tiean Leanness score
Xto  Input time of DMU
Xco  Input cost of DMUY
Yvo  Output value of DMY
n Number of DMU
/ SBM weights for DMU'’s
S-,Sc and S;f Slacks associated with input/output
t Multiplier

Lean is not something done in an office; it is something that is done on the production
floor with workers. With such a math-intensive solution, the Wan and Chen [16] model is not

practical for workers on the plant floor to use. In addition, it is easier for vgottxeelate to
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changes in time rather than cost. Unfortunately, the methodology proposed byi\@hem
[16] uses costs to calculate leanness. Currently, there isn’t a genecalpted method to
transfer lead times to costs because it's not as simple as multiplahgraéte by a time.
Furthermore, some companies are hesitant to share cost information with produgtioyees
for various reasons. Therefore, a practical method of measuring leannessdealljdbe done
without requiring cost information.

This paper presents a simplified version of the methodology used by Wan and Chen [15]
because the researchers felt that the current formula was too coeptwaie used in smaller
manufacturing facilities. In addition, the researchers wanted to uselearthat were easier to
obtain in order to increase the probability that companies would use the equation. The top of the
proposed equation, shownHguation 4, is set up in a similar way to the formula proposed by
Wan and Chen. The main difference is that the variables are changed to onescsityare
obtainable in a real-world setting. The other difference between the equatioaistise
proposed equation is expanded further so that undesirable conditions are taken into account in
the denominator. Therefore, undesirable conditions in the system decrease this $gateness
score, and the more prevalent the condition the more it decreases the leamee3hesc
proposed leanness equation focuses on the wastes as the undesirable conditions émthe curr
system. Under ideal conditions, a one-piece flow system, the lead time of amopecatid
equal the system’s processing time. Once again, using a one piece flenr agst point of
reference, the ideal inventory level is one piece in each work station. Tleerafalw are
calculated as the percentage of lead time and inventory that are consideeddl widse bottom
portion of the equation focuses on undesirable outputs of the current system, which in this case

are defects. Thereforg,is the defect rate that is ideally zero.
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150+ )

115 (4)

Leanness =

Notation:
_ SR LT - S PT,
~ I, — # of Stations
p = Defect Rate of the System
n

LT, = z LT, + LTy+...LT,
i;l

PT, = ZPT1 + PTy+...PT,

i=1
n
Il == le+12+...1n
i=1

Where:
LT, = Lead time of station n
PT, = Processing time of station n
In = Inventory of station n

Using the proposed equation, the ideal leanness score of any system is one. However,
since that can only be attained when a company uses a one-piece flow sybtamdeifects, it
is highly unlikely that a system will receive a leanness score of one. ¥&4terg the equation,
the leanness score decreased very rapidly when the lead time and inventeriyn jeaetow
increased up to the point where they had ratios of four-to-one. When the lead time and inventory
levels used ir andw increased so that ratios greater than four-to—one, the leanness score started
to decrease at a much lower rate. Since these ratios are low compahed i®typically seen in
manufacturing facilities it is likely that companies will receieanness score of 0.100 or less.

After creating the ORLMS and the LPS the next step was to integratetitera single
system referred to as theanness Monitoring SystgiloiMS) so that the system'’s overall lead

time could be recorded and tracked over time. This was accomplished usingesditweloped
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by the researchers in Visual Basic. Once integration was complete, tretapewas to test the
system in a laboratory setting to ensure that the two systems would funotictivefy as a
single unit. Testing in the laboratory showed that the integrated system wés falpletion as
intended. Local companies were then contacted so that the system coulddataseal-world
setting with variables that may not have been previously accounted for.

3. Testing the LM Sin a Manufacturing Facility
Company Xs a manufacturer of woodworking equipment with facilities located in the

Midwestern part of the United States. The company was started with one mairt,pradusver
the years the company has expanded their product line to include 100 distinct prodtieg. As
product line has expanded, their customer makeup has also changed. Today, their slientele i
composed of big-box retailers and a network of global distributors. As the businesdezkpa
Company X chose to conduct most of the manufacturing operations in-house rathertban rel
outside suppliers to make parts for them. This allowed the company to decreasel tivae on

the supply of components while also increasing the company’s control over thg gltdese

components.

3.1 Using the LM S to Evaluate the Current Manufacturing System
Company X decided to evaluate their “KB” production line where drilling mastane

manufactured, because the lead time for this product was high. The “KB” drilréntiyr

available in two models, electric and pneumatic, in order to meet a wider ranggahers’

needs. The facility is currently laid out so that each product has its own assesaldyadfed

with sufficient numbers of employees to meet customer demand. Current deméuedKBr t

drill is low, around 15 units per week, so only one worker assembles these products. Hatvever

times of peak demand of 45 units per week, two employees work in the assembly area.



51

A team composed of the authors and Company X employees was formed to evaluate the
current system. The team began this evaluation process by taking a tour oflithedecting in
the raw material storage area and ending in the shipping area. This abh@wtedr to
understand the production processes from the company’s perspective. The teapetited the
tour in reverse order to understand the how the product flows through the system from the
customer’s point of view. After the tour, the team drew a “process at aflf@nthe KB drill
which is shown irFigure 3. Creating a process at a glance is not only useful because it provides
the team an overall picture of the production process, but it also forces the teanrsitembe
agree on a representative process.

After drawing the process at a glance, the team then created a culuerdtk@am map
for the manufacturing system. Value stream maps show the door-to-door flow ofatitor and
materials through the facility. It is important to note that a value streap) as proposed by
Rother and Shook [11], does not represent the system at all times. Rather, it showisat Bnaps
time and represents the system at the time when the team created the map.

Lead times for each operation were obtained using the ORLMS system proposed in
Section 3. To do this, an RFID tag was placed on a container of parts once theytwerée
saw.RFID antennas were placed in inventory areas as shokigunes 4 and 5 throughout the
facility so that the time the container spent in each inventory area could beideterThe
containers in the current system held large numbers of parts (more than 30), scowwasm
for a box of parts to be taken out of an inventory area and be returned several timealloefore
the parts were used. When this happened, the lead time was calculated asémeeliffetween
the time when the parts last left the inventory area and the time when therpaatsified in the

storage area.
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Process # 1 2 3 4
Process / / (
Sketch -
.
Description | Saw and De-burr CNC Inspection Assemble Bake
Cycletime | min/ piece 90min/8 units 2min/unit 16 min/unit
Jig or fixture None None None None
I nspection None None Caliper None
tool .
1:8 is inspected
Process # 5 6 7 8
Process
Sketch
Description | Assemble Motor Final Assemblyj Package Ship
Cycletime 36 min/unit 15 min/unit 11 min/unit 1 min/15 units
Jig or fixture None None None None
I nspection None None None None
tool

Figure 3. Process at a Glance



Figures4 and 5. Pictures of the ORLMS System Implemented in Industry

The ORLMS system does not automatically generate a value streant ordp;tracks
the parts as they travel through the system. Therefore, it is important foartihétenderstand
the steps needed to create a value stream map. The first step is to draw theopribolwct
information for the product line being studied along the top of the map. Next, draw operation
boxes for each operation in the process boxes near the bottom of the map. It is ingpontee
sure there is enough space below the operation boxes for a timeline. Next, driawelme
below the operation boxes, indicating processing times for each operation, as tvellesad
times obtained with the ORLMS system. Finally, sum the lead times and ginacéses and
note them in the bottom right corner of the value stream map. Following this prboegssm

created a current value stream map for the sy@tegare 6).
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Figure 6. ORLMS-Based Value Stream Map Before Implementing Changes

3.2 Obtaining the Current Leanness Score Using the LM S
In order to determine the company’s current leanness score, the ORLIA® syes

placed on the side of a box of parts. The “tagged” box of parts was then run throughethie curr
manufacturing system. After the box had gone through the entire system, ttiegdsad times
were determined, as shownTiable 2. These lead times represent the number of working days,
hours, and minutes that passed between the time the box of parts arrived in the stasagedar
when it left. When studyingable 2, one might wonder why there is such a large difference
between the lead time in the CNC area and the assembly area. This wadypdiean the way
production was scheduled at the time. Workers produced according to work orders, which did
not reflect actual customer demand. In addition, it was common for workers to run unneeded

parts on the CNC machine when there was downtime.
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Table 2. Current Lead Times
L ocation In Out Lead Time

CNC 3/27 8:34am | 6/9 1:45pm 53 Days 4 Hours 21 Minutes

Assembly [6/9 2:02 pm | 12/19 8:44 aTw 144 Days 1 Hour 58 Minutes

In addition to the lead times, the defect rate also needed to be determinesl $ardii
Workers currently record the number of defective parts that are found duringtwagdso this
was a relatively simple process. After looking through the records of sl@fiedtthe number of
parts that were produced in this area it was determined that the defecis&égercent. After
entering this information into the program, the company’s leanness scoralatdated to be
0.00067. The manual calculation of this value is shovxquation 5. The resulting leanness
score was very low, which indicates that the current system has a lot of roonpfovement.
1— % [(197D 6H 19M — .175D ) N (402 + 1008 — 2)]

197D 6H 19M 402 + 1008
1+ .02

Leanness = = .00076 (5)

3.3 Developing a Future Value Stream Map
After identifying what the current system looked like, the team then needecdtonohet

what the ideal state of the system is. In addition, the future value strgawiffers direction for
Kaizen events that are intended to improve the current production system. Thedddheus

eight questions proposed by Rother and Shook [11] to determine what the future value stream
map would look like. Light bursts are used to highlight the largest wastes in the sydhich

were keeping the current system from being more like the ideal fuitee $he team'’s resulting

future value stream map is showrHigure 7.



56

Production %0/60/30day | __ | customer
© t | Forecasts
2l Daily order 1200
IMichigan ELECTRIC
Steel Co.

800
PHEUMATIC

Implement

Kanban

Reduce

v

Assembly fpucking

Cycle Time — o ~ =
6T

Shipping

1 Warker !

32 </t B9min

p/t: 39min

1 shift LT=22.9 days
12.5 days 4.2 days 4.2 days 2 days FT= ;'39’;":.; s)
1min 4 min 39 min g v

Figure 7. Future Value Stream Map with Light Bursting

Holding Kaizen Events to Remove the Largest Wastes from the System
In order for the future state to be implemented, improvements need to be made to the

current system so that the indicated wastes can be removed. To do this, the tparestme
current and future value stream maps in order to determine what changes nemdde be the
current system to bring it closer to the ideal state as indicated in thedtdteenap. The team’s
first priority is to address situations in which operation cycle times aetagrthan the
company’s takt time. Team members then need to determine the costs edseitaeach of the

wastes and then select the most costly wastes for improvement priority.

Kaizen Event 1: Unnecessary motion in the assembly area
Unnecessary motion is a problem that relates only to the assembly areaurr¢ine

system. As there are two models being manufactured in the same asseafllyeae are some

parts that are utilized in only one of the models and some parts that are used in both models



57

After identifying the problem, the team used the “5 Why’s” to determine wasitcausing this

problem. These findings are showrHigure 8.

Figt

on {
plac
emj
are

and

ino

The worker spends nearly 50 percent of the working time moving
Why?

The pieces needed for assembly are not organized.
Why?

The assembly area is used to assemble two models of a product and both models share
some components. In addition, the components are stored on two shelves on the north and
south sides of the assembly area.

Why?

There is not enough space to store all the components on either shelf.
Why?

The shelves are cluttered with unneeded materials.
Why

Nobody instructed employees to remove the unneeded materials.

Root Cause: There are unneeded items on the storage shelves because nobody has
instructed workers to remove unnecessary items from the storage shelves.

ce red tags

tiadd ma

ber

ented

T g T

provided so that at the beginning of the work shift, the worker can go to the storagedhelf

gather parts to replenish part supplies in the assembly area. As such,kieweould only have

to travel for parts one time during the work day.

In order to get the most out of the POUS, the layout of the assembly areaeditorize

redesigned. All assembly operations are currently done on two tables, which are ongopposin

walls. The team suggests changing to a u-shaped cellular layout to éneffé@sncy. The

amount of workers in the assembly cell fluctuates with the company’s demangdecsingle
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worker can only assemble eight pieces per shift. However, during peak demaadyass6
pieces need to be completed in a single shift. In order to ensure that maxinoign@ffis
achieved in the new systemrabbit chasing systenshown inFigure 9, is proposed. During the
startup of the rabbit chasing system, worker “A” starts working in the tosgensly area. Once
worker “A” is finished, the completed piece is carried to the next station. Ontanbe
assembly area becomes open worker “B” starts working in the tower assee#lylze two
workers continue traveling through the system one after another. When workemisihés

packaging their part, they walk to the tower assembly area to start naalatiger unit.

Ly
- 4w
T Cycle Time:
=l Tower Assembly: 7 min.
= 1_! Ll ; Base Plate Assembly: 5 min
Motor .
Assembly Motor Assembly: 17 min.
2 ' Case Assembly: 13 min.
& Base Plate Case Packaging: 3 min.
Assembly Assembly Overall C.T.: 45 min
]
2 4
éL Packaging I
a Tower m PR
<~ Assembly

Figure 9. New Rabbit Chasing Cellular Layout

Kaizen Event 2: High inventory levels between operations
After looking at the current value stream map the team noticed that therdaxges a

amount of inventory (144 working days) between the CNC and assembly operationsoréheref
the team decided that this needed to be addressed so that inventory levels calulddobtoea

reasonable level. The “5 Why’s” for this problem are showligure 10.
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There are 301 parts waiting to be assembled.
Why?

The CNC worker machined them.
Why?

The work order instructed the worker to machine them.
Why?

The production manager created it and gave it to the worker.

A hv?

Figure 10. 5 Why's for Inventory

Solution: The root cause for inventory problems is that the company’s production
scheduling methods allowed the production scheduler to create work orders for unneaded part
After talking to other managers, the team found out that if the production managestedea
need for 30 units, he would create a work order for as many as 60 units. To ensurg tiwat thi
longer happens, the team recommended that a kanban system be implemented in artegdo m
inventory levels. As shown in the future value stream map, the parts will be madehiesbat
16 and 32 parts. This ensures that the parts can be run on the CNC machine evenly, but also
ensures that a pallet can be filled with a single batch.

All of the parts travelling through the production system are currently storeddboard
boxes that the company receives when they order fasteners, becausenbeddisional cost to
the company. However, this results in containers that hold varying amounts of gaetsjidg
upon the size of the parts and box. In addition, the boxes are readily available and so msing the
to control inventory would be impossible. Therefore, the team suggests storing péatstic

containers of selected sizes to ensure only 16 parts will fit inside each cartisingrplastic
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containers makes it easier for the company to control how many containersreeystem. As
shown inFigure 11, kanban cards will be placed on the outside of each container so that workers

know which part is in the container and where each container should go.

Part Name: Endplate
Part #: 2001
Quantity: 20 C

Figure 11. Kanban Card Design

In order to ensure that workers will be able to clearly tell whether or not oryquerts
are needed, the team proposed that the storage areas |daiglike 12. When a worker needs
parts, they carry their empty container and place it on the empty contairieoskahban post,
which is next to the inventory shelf. A full container of parts is then taken from theanye
shelf and moved to the production area. Once an empty container is placed on the kanban post, it

signals workers to produce parts to ensure that the desired amount of inventomms pres
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Figure 12. Proposed Kanban Storage Area

4. Using the LM Sto Evaluate the mproved M anufacturing System
After determining which changes need to be made to the current system aridingdenti

solutions to the current problems, the next step is to implement the proposed changes. Afte
implementing these improvements, it is desirable to see the impact thatnigeshatually had
on the system. Therefore, the LMS can be used to determine the change in theytsompa

leanness score.

4.1 ORLMS-Based Value Stream Map with Changed System
To determine the lead times of the improved system, a box of “tagged” parts were ra

through the improved system with the ORLMS in place. The lead time was detkimthe
exact same procedure described in Section 3, the results of which are sfi@wtei®. Unlike
in the unimproved system, where the lead times for the CNC area were signifitifiatent,

they are now only a small number of days apart. This is because the kanbancsysted the
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inventory levels at both stations to be the same. Therefore, the lead times foebetivere
relatively close to each other. The remaining difference in lead times asdikely due to a
change in customer demand during testing. When testing began customer demand was
approximately 40 units per week, but with the present economic conditions, customer demand
shrunk to around 10 units per week.

Table 3. Improved System Lead Time Data

L ocation In Out Lead Time
CNC 1/5 9:04 am| 1/27 9:25am 12 Days 0 Hours 21
Minutes

Assembly |1/27 10:12am 2/20 2:24 pm 18 Days 3 Hours 12
Minutes

The team followed the same process described in Section 4 to create a neWweae s
map after the changes had been implemented. This new value stream map, with gazelinew |

time of each operation is shownHigure 13.
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4.2 New Lean Assessment
In addition to the new lead times, the new defect rate must also be calculated to order

determine the company’s leanness score. As in Section 3, the company’'satefeets about 2
percent. The required information was then entered into the computer program and the
company’s resulting leanness score was 0.01679. When comparing the complang’ ar

after leanness scores, it becomes apparent that significant changesader® the system

because the leanness score increased dramatically from 0.00076 to 0.01679, or 2200 percent.
However, the improved system’s leanness score is still relatively lovhwhmwys managers

there is still room to improve.

4.3 Cost Justification
After determining the change in the company’s leanness score the team wanted t

determine the financial impact of making the changes. Therefore, a do&tgtisn was
performed that included implementing the LMS system. The company’s savidgs

implementation costs are presented in the following sections.

4.3.1 Savings
The cost justification began with determining the savings that were obtained by

implementing changes to the system, showhahle 4. In the cases of motion and rework, costs
were reduced by using less labor. To calculate these costs, the team usetpireyts loaded
wage rate of $25 per hour for each worker. The annual costs were calculatedifplyingithe
sum of the processing times for each part by the company’s yearly dentaticeaompany’s
labor rate. The amount saved indicated @ble 4 is the yearly savings, which is simply the

difference in costs between the original system and the improved system.
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When calculating the inventory savings, one cannot simply take the cost of the raw
materials for the new and old inventory levels because the inventory will evghtalsed and
thus is not being wasted. Instead, the waste is the amount of interest that couldd# gaine
had invested the money in either your company or another company. The resulting cost of
inventory for this study is calculated as showkquations6 and 7.

(Cost of 0ld Inventory — Cost of New Inventory) x Internal Rate of Return (6)

[(402 x 10.50 + 1008 x 15.00) — (32 x 10.50 + 32 x 15.00)] x 20% = $3,900  (7)

Table 4. Yearly Savings With Implementation
Waste Old New Savings

Motion $65,000.00 $37,500.0p $27,500.00

Inventory $3,900.00 $0.00 $3,900.00

Yearly Savingg $31,400.0

4.3.2 Implementation Costs
The implementation costs can be divided into two main parts — the cost implementing

changes to the system and the cost of the LMS. Calculating the cost of makigg<wvas a
straightforward process because it was simply the cost of labor requiredreonge the layout

and remove unnecessary items from the production area. To ensure that cost tgéms coas
minimized the system was improved during the weekend so that production was not ederrupt
The existing shelving was reused so the costs for the kanban system were thenedstg the
kanban cards as well as the cost of the new containers. The final cost in table Bgsntheriag
cost, or the cost of the time the team spent working on the project. To calculate the tesh
members determined how many hours they spent working on the project and multipied it

their wage rate making sure to include the cost of all benefits. The totalf tbetLMS system
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is the sum of the costs of the individual components that comprised the system. Eaclosibthe ¢
as well as the total implementation costs are summariZedoie 5.

Table5. Implementation Costs
ltem Cost

Change Layout $1,875.00

Implement Kanban System $185.00

RFID Antenna (4) $1,583.00
RFID Readers (4) $4,055/00
Power Supplies (4) $400.00
Misc Supplies $100.00

Engineering $12,460.00

Total| $20,658.00

4.3.3 Overall Savings to the Company
By comparinglables 4 and 5 you can see that in the first year of implementation, the

improvements save the company $10,742, which is the difference between the yéagky sa
and the implementation costs. However, in the subsequent years, the company BBl1s406
annually due to these improvements, because they no longer have to account for the
implementation costs. Company X uses payback period analysis to justifytalhedjor
expenditures and requires that all such projects have a payback period of trsee kess. The
payback period of this project is about eight months, which is significantly belownigaay’s
threshold. In addition, the ORLMS system has several added benefits, such asauject, tr
that the company will be able to utilize at no additional cost.

5. Conclusion
Through this case study, the researchers have shown that the proposed LMS cdn be use

in an industrial setting to determine a system’s leanness score. It iealeastrated how the



66

leanness score of a system can increase dramatically when improveraengslarto a system

using lean principles. Although the manufacturing system'’s leanness sceisett

dramatically after the improvements were implemented, it is stilbéively low leanness score,
which showed managers that the system still needed to be improved. The inmgaet ligen
actions had on the overall system are as follows:

1. After implementing the lean team’s proposed changes, the sydeanness score improved
from 0.00076 to 0.01678 which is a 2200 percent increase.

2. The company increased their control over the amount of inventory irsytsiem by
implementing a kanban system. This allowed the company to nmaihsired inventory
levels throughout the system without relying on a production scheduler.

3. One of the kaizen events revealed that workers spent almost halirtteewalking around
the work area looking for parts. After addressing this problemgcdnepany was able to
reduce the assembly cell's processing time by 58 percenttingre@creased worker
productivity.

4. After performing a cost justification it was determined ttie¢ payback period for the
changes was 0.66 years, well below the company’s threshold of three years.

In its current state, the LMS is an off-line system that requires mariocalaten of lead
times. In addition, leanness scores are calculated manually rathengiSlftware to
automatically calculate a leanness score. Therefore, in order for time @ystem to be as
envisioned the following changes need to be made:

1. Continue developing the ORLMS software so that lead times can craatidally generated

by the system rather than requiring manual calculation.
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2. Develop software that automatically calculates leanness susiag the leanness equation
proposed in Section 2.2, so manual calculations no longer need to be performed.

3. Continue software development so that the system has the abiliack multiple tags at the
same time. This would not only allow companies to track multigdymts at the same time,
but also to track multiple containers of the same product at the same time.

4. Develop the software further so that it can automatically gémer value stream map based
upon the information obtained by the ORLMS

5. Continue software development so that serial to wireless adapgor be used. This will
allow a single computer to receive signals from all the Rielidler sets rather than requiring
a computer for each reader set.
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CHAPTER 4. CONCLUSIONS AND RECOMMENDATIONS

The purpose of this study was to develop a leanness monitoring system that would be able to create
value stream maps and monitor a company’s leanness score in real time. An online RFID based lead-time
monitoring system (ORLMS) was proposed which allows companies to track products as they flow
through a manufacturing system in order to determine the product’s lead time and moving time. A
leanness prediction system (LPS) was then proposed which uses the data collected by the ORLMS along
with data input from the user, processing time, defect rate, inventory and number of stations, to predict
the company’s leanness score. These two systems were then combined into a single system, the

leanness monitoring system (LMS), which monitors the company’s leanness score in real time.

Findings and Conclusions

An online RFID based lead-time monitoring system (ORLMS) was proposed which allows
companies to track their lead times in real-time. After completing the literature review, the components
for the RFID system were selected. A low frequency RFID system was chosen because it functioned well
in metal and water rich environments which are commonplace in manufacturing settings. However, low
frequency RFID systems typically have a read range of two feet or less so a large gate antenna and large
RFID tags were chosen to maximize the systems read range. After selecting the components, the system
was assembled and tested in a laboratory setting to ensure it would function as desired. After successful
testing, development was continued so the system could be enhanced further.

A leanness prediction equation was proposed which allows companies to determine the
leanness of their manufacturing facility. This equation was incorporated into the proposed leanness
prediction system (LPS) which allows companies to compute their system’s leanness. After development
of the LPS it was tested in an industrial setting. The LPS was run for an extended period of time so that

multiple leanness scores could be used to ensure an accurate representation of the production system.
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Kaizen events were then held to improve the production system by reducing the lead-time. The LPS was
then used to determine the leanness score of the production system after the changes were

implemented to determine their affect on the system.

Recommendations for Further Research

In its current state the LMS is an off-line system that requires manual calculation of lead times.
Leanness scores are calculated manually rather than entering them into the LPS software which would
automatically calculate a leanness score. Therefore, in order for the system to be as envisioned the
following changes need to be made:

1. Continue developing the RFID software so that lead times can be automatically generated by the
system rather than requiring manual calculation.

2. Continue developing the software so that it can automatically generate a value stream map given
the number of processes and the lead time mentioned above.

3. Continue developing the existing software so that it can automatically calculate leanness scores so
manual calculations are no longer needed. Not only does this reduce the amount of effort required
by the end user, it also reduces the chance of miscalculation.

4. Continue software development so that the system has the ability to track multiple tags at the same
time. This would not only allow companies to track multiple products at the same time, but also to
track multiple containers of the same product at the same time.

5. Currently, each RFID reader set requires its own computer because the data is transmitted via a RS-
232 cable. If serial to wireless adaptors were used, multiple readers could send signals to a single

computer which would greatly reduce the amount of computers required by the system.
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