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Preface

The report that comprises this working paper is the first effort to document the
results of our two-year study of quality and productivity practices in the global picture
tube industry. Customized confidential versions of this report were sent to each
participating manager comparing their plant's responses to summary statistics for the
entire industry on the several hundred questions answered in the surveys. In order to
protect confidentiality, the enclosed working paper version contains realistic, but
fictitious, data for a hypothetical plant, which we call "A Picture Tube Company - Plant
Number 1". Although data for this specific plant are fictitious, all industry-wide
summary data in the working paper are real.

We have just scratched the surface in analyzing the rich data base we have
assembled on this industry, and would welcome suggestions from managers or academic
colleagues on fruitful paths to explore.

Prof. Anil Khurana Prof. Brian Talbot

School of Management School of Business Administration
Boston University University of Michigan

621 Commonwealth Ave. Ann Arbor, Michigan 48109-1234

Boston, Massachusetts 02215
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Executive Summary

This study of the global color picture tube industry was undertaken to assess current
appfoaches to quality and manufacturing practices in this industry. The study was originally
conducted in three phases, the last of which was a mail survey sent to 50 of 53 color picture tube
factories in the world. This includes all factories in the world except those in Eastern Europe, the
ex-Soviet Republics, and China. Forty-eight of these 50 plants responded to the survey, the results
of which are summarized in this report. Subsequently, in 1994, color picture tube plants in China,
Eastern Europe and the former Soviet Union agreed to participate. However, these data have not
yet been received and analyzed, and are not included in this report.

The basic findings pertain to nearly a dozen factory practices and policies that are associated
with superior quality and productivity performance at the plant level. The findings are rich in their
detail, and are stated in the context of this industry. Furthermore, this report is customized for
each factory. That is, along with findings for the whole industry, we describe where your
factory stands with respect to the rest of the industry on key quality and manufacturing
practices. No one outside of your company will receive a copy of this confidential customized
report for your factory from us. Hence, to maintain confidentiality it is important that you do
not copy or distribute the copies we have sent to you. Based on this report, your factory can
identify strengths and weaknesses, and take steps to rectify your weaknesses, and reinforce your
strengths. We expect that managers at all color picture tube factories, will be able to use the findings
presented in this report to improve factory practices, and hence improve quality and productivity
performance.

In addition to our emphasis on current factory quality and manufacturing practices, we also
attempt to look into the future. What kinds of factory practices will yield the maximum benefits in
the future? Will color picture tube factories see a major shift in their product mix as a result of
radical changes in technology, e.g., the advent of flat-panel displays? Our report throws some light

on these interesting and challenging issues.
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How to Use This Report

This report has been prepared specifically for your factory. In addition to understanding
what the rest of the industry is doing, you will probably be interested in knowing where your facility
ranks relative to the other factories based on our data. To accomplish this, please turn to the section
on manufacturing performance and factory rankings (Section IV, pg. 6) to see where you stand on
the two dimensions of internal quality and overall labor factory productivity. (Please note that if
one or more of the managers at your factory did not respond fully to some of the key
questions, it was impossible for us to calculate a score for your factory. If this was the case, we
list your factory's score as "UNKNOWN".) After you have looked at these data, and confirmed
the validity of the numbers provided there, you would probably like to know what improvements
your factory can make. The section on best practices for quality and productivity (Section VI, pg.
14) outlines the various practices and policies that we'identified as being associated with superior
performance, and should help you understand where you can improve. This is probably the key
section, since it provides a basis for continuous improvement activities.

Among the other sections, Section III presents an industry overview (this description is
supplemented by the Appendix I). Section V describes which quality and manufacturing approaches
were used by color picture tube factories in the past 3 years, and how much empbhasis is likely to be
placed on these in the next few years. We hope these provide you with some ideas on practices your

factory can adopt to improve your operations. Selected references are given in Section VIIL
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INTRODUCTION

I. Introduction

This study of the global color picture tube industry assesses current approaches to quality and
manufacturing practices in this industry. Most managers in the industry agree that the industry is in a
state of flux. Some of the influencing factors include changing product standards, increasing
pressures from environmental regulation agencies, new competition in the form of recent entrants
into the industry, and new technologies such as flat-panel displays emerging as a feasible
technological alternative.

Given this, it becomes clear that manufacturing strategies for companies in this industry
should focus on achieving better quality and productivity through the use of efficient automation,
continuous improvement of product designs, a better understanding of the production processes and
technologies, and more effective use of labor. We believe that we have some suggestions that may
apply to your company. Though managers in various color picture tube companies are likely to be
aware of the strengths and weaknesses of their companies, the results from our study are presented
in such a form as to assist you and other managers to become aware of the keys to success, and

identify opportunities for improvement for your factory.
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METHODOLOGY

II. Methodology

This study was conducted in three phases. In Phase one, a detailed study of quality
improvements at one picture tube factory was carried out. Both quantitative data from factory
archives, and qualitative data (based on interviews with more than 30 managers, engineers, and
supervisors) were gathered. Engineering documentation on product and process was studied to gain
a better understanding of the manufacturing process, and key manufacturing issues. Engineers and
managers, including those who had worked in other industries, were interviewed about differences in
the nature of the manufacturing process, and their perceptions about the complexity of the process.
A study of the past few years' issues of the Electronics Industries Association (EIA) newsletter
provided further industry background. In Phase two we visited 10 color picture tube factories in N.
America, Europe, and Japan. A structured questionnaire was used to compare practices, identify
trends, and develop a framework (and survey items) that would help explain quality and
manufacturing performance differences across plants. In Phase three, a detailed study of quality and
manufacturing practices in the color picture tube industry was carried out using four detailed mail
questionnaires that were designed on the basis of prior research and the field interviews. Four key
managers - plant manager, production manager, quality manager, and engineering manager - in all of
the plants in the non-communist world were requested to complete these questionnaires. In March
1993, these four questionnaires were mailed to 50 of the 53 factories in the non-communist
countries. Forty eight of these 50 responded to the questionnaires, giving a 91% response rate, and
making it a near-census- of the industry. The data from these factories were supplemented by
performance data obtained from Consumer Reports for 1986 to 1993 (Consumer Reports 1987,
1988, 1992, 1993). Partial validation of the data, especially performance data, was done via
interviews with two industry experts.

Subsequently, in January 1994, we obtained access to a few of the plants in Eastern Europe
and China, and survey data are being collected froni those plants. During June and July 1994, the
authors visited some of these factories in Eastern Europe, China and India to interview managers and

collect data.
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INDUSTRY OVERVIEW

[I. Industry Overview

The following paragraphs give a brief overview of the color picture tube industry, as
interpreted by our research team. This description is intended to narrate to you an outsider's view of
the industry, and is based on our interviews with managers, and an industry analysis based on

publicly available data. For further details, please see Appendix I at the end of this report.

Market Demand and Production Capacity

The global color picture tube industry is in its mature phase, marked by cut-throat
competition. The main players are European (4), Japanese (7), and Korean (3). In all, there are
approximately 20 companies in the world that manufacture TV color picture tubes (excluding the old
communist bloc - China, ex-Soviet Union, and E. Europe), though at one time the U.S. alone had
more than 75 color picture tube manufacturers. China, E. Europe, and some of the ex-Soviet
republics have another 15 companies, most of these being joint ventures.

The lion's share of the worldwide demand for televisions originates in N. America and W.
Europe. Together, they consume half the world's production of TVs (but manufacture only 33%).
Over the past few years, TV production capacity first moved overseas - to Japan and Korea - and‘
then, as a result of increasing tariffs and trade disputes, is moving back into N. America and Europe.
Due to relatively inexpensive dedicated automation, and low wages, Korea still produces 15 million
TV sets (about 13% of worlldwide production). Also, much of the production capacity even in N.
America and Europe is Japanese and Korean owned. A similar situation exists for TV color tubes.
Again, Korea produces a major share of TV color picture tubes; in fact, at 24 million tubes (29
million if computer monitor tubes are also included), it has the largest TV tube. production capacity
(21% of world production). N. America produces enough tubes to supply domestic TV assembly
plants, but W. Europe imports approximately 6 million tubes for TV sets that are assembled in W.
Europe. Production capacity for both TV sets and TV color tubes in N. America is expected to
increase: to satisfy increased demand, in response to the North American Free Trade Agreement

(NAFTA), and also to prepare for the emerging HDTV markets.
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INDUSTRY OVERVIEW

Competitiveness
In today's market, conformance quality, manufacturing costs, and tube design pcrfofmance
are all important priorities. ~ Given that conformance and price are both key competitive
dimensions, it immediately becomes evident that a quality-driven approach is the preferred one. A
factory can try to follow an approach of cutting costs on materials and process refinement, and

inspect all outgoing tubes, but it is likely to end up spending much more money.

Industry Projections

Today, the total market for electronic displays is $15 billion; by 1997, it is expected to reach
$24 billion. Flat panel displays are expected to grow from about 25% ($3.75 billion ) today to 35%
by 1997 ($9 billion). Brightness, contrast, display size, pixel count and resolution are expected to
remain the primary measurements of quality, but will increasingly be redefined for flat-panel displays.

Clearly, the share of flat-panel displays will increase at the expense of CRTs. Even though
the absolute market will increase from $11 billion in 1993 to $16 billion by 1997, the CRT market
share will drop from 75% to 65% of the total display market. The cost-effectiveness of CRTs will
not be enough of an asset to enable CRTs to maintain their current hold on the market (though if
picture tube manufacturers are unable to maintain or improve cost and conformance performance,
the demise of the CRT may be hastened). The bulk and weight of CRTs is heavy baggage in many
current and potential applications, and CRTs are being gradually replaced by flat-panel displays, or
are not even being considered for new display applications.

Neither is the CRT environmentally friendly; leaded glass is used to minimize the effect of
harmful X-ray radiation. If environmental concerns pertaining to its disposal increase, and CRT
manufacturers are required to set up disposal and recycling systems, tube costs are likely to go up.
The same will be the case if pollution prevention requirements for the picture tube manufacturing
process become stricter.

On the other hand, the benefits of the mature CRT are its simplicity, broad utility, high

luminance, excellent image quality, and cost-effectiveness. Some of the large market segments -
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INDUSTRY OVERVIEW

business systems, industrial products, medical equipment, computer products, and TV receivers - are

expected to continue to use CRTs into the foreseeable future, and thus support CRT sales.

Production Process Complexity
Picture tubes have often been described as "the most complex and difficult consumer product
ever made by mankind", primarily because the production process is complex. Color picture tubes
have only about 2 dozen primary components, none of them complex by themselves, except for the
electron gun which is generally manufactured by suppliers or in a separate factory. However, these
components do have somewhat complex and multiple interactions, as also mentioned by managers
during our interviews (see the Appendix 1 for a detailed discussion).
Such complex processes require a higher knowledge at different stages of the process.
“Consequently, they benefit from multiskilling, place a premium on complex engineering knowledge,

and highlight the need to share knowledge and data.
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MANUFACTURING PERFORMANCE AND FACTORY RANKINGS

IV. Manufacturing Performance and Factory Rankings

Dimensions of Manufacturing Performance

We collected data on multiple dimensions of factory manufacturing performance, but due to
limited responses, we focus our discussion on three key dimensions. The first is internal quality at
the factory, as measured by consumption of four critical picture tube components - glass panels,
masks, electron guns, and glass funnels. The measure of internal quality we report here is a simple
average of the material consumption for these four components. During our interviews with
managers, we identified component material consumption as a much more reliable measure of
internal quality than factory-reported measures of yields. The second performance measure we
report is customer quality, or line rejects, expressed in parts per million (ppm).

We derived our third measure, productivity, using data on factory production volumes,
factory employment, product mix (e.g., tube sizes), degree of outsourcing of components, and
differences in process design. The measurement unit for our productivity measure, as used in this
report, is tubes produced per employee-hour. Overall labor productivity is the measure we use for
this report (though we have data on direct and indirect productivity also). Formulas for our
measures of productivity and quality are given in Appendix II.

We also sought data on other measures of performance, such as tube emission, and field
failures. However, we received limited responses from engineers and managers on these questions;
thus, We decided not to use these measures for the current analysis. We hope to obtain these data

through follow-up letters to factory managers.

Factory Rankings
The factory rankings in this report were done on the basis of two sets of information. First,
we used the data provided by managers on the consumption of the four key components used in
picture tube manufacturing - glass panels, masks, funnels, and electron guns - to compute a score for
internal, or factory quality. However, we did not correct for tube size while computing the different
internal quality scores. A separate analysis of internal quality and tube size did indicate that larger

tube sizes are likely to have poorer internal quality. More specifically, every inch increase in size
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MANUFACTURING PERFORMANCE AND FACTORY RANKINGS

causes an increase of approximately 2 units in material consumption. Thus, if your factory produces
tubes larger than 21 inches, subtract 2 units from your factory's current score for every inch greater
than 21 inches to make it comparable to the numbers used in this report; if your factory's typical tube
size is smaller than 21 inches, for every inch smaller than 21 inches add 2 units to your factory's
current score. Once this measure was calculated, we raﬁked all factories on this dimension and split
them into three gfoups; lowest 1/3 middle, middle 1/3, and highest 1/3, labeling them respectively,
Low, Average, and High performers. This internal quality-based ranking and grouping is what we
use for most of the subsequent analysis in this report.

Second, we computed a score for factory productivity based on data on annual production
volume, product mix (tube sizes), and factory employment. As for internal quality, we ranked all
factories on factory productivity and split them into three groups: lowest 1/3, middle 1/3 and highest

1/3; labeling them respectively, "Low," "Average," and "High" performers.

Factory Internal Quality: Material Consumption
The factory internal quality scores are based on the material consumption for each factory,
i.e., the number of tube components (glass panels, masks, funnels, and guns) that were used for every
1000 good picture tubes manufactured. However, when evaluating your own factory's performance,
please remember that if your factory typically manufactures large picture tubes (greater than 25"),
the material consumption is likely to be higher. Thus, your factory's internal quality score and rank,
when corrected for the larger size, are likely to be better than what we indicate here. In general,

compared to an average size of 21", the material consumption is 2 units higher for every inch beyond

this size.
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MANUFACTURING PERFORMANCE AND FACTORY RANKINGS

Welghted Quality Ranking
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Compared to the scores shown above, your factory's score is 1,072.05 which is a "Average
Performer" on the quality ranking above. Your facility ranked 19 out of 47 factories on this
quality score. However, please do keep in mind that the tube size typically manufactured by your
factory is different from the average tube size of 21 inches that we have used to indicate the

rankings and scores.

Customer Quality: Line Rejects

Customer line rejects for tubes is a key measure that managers at picture tube plants use to
evaluate factory effectiveness. Clearly, this measure represents customer requirements, and is the
end result of activities contributing to the design of product (the tube itself) and process, choice and
implementation of factory production technology, extent of technical knowledge of engineers at the
factory and in the picture tube business unit, and the extent to which production workers are
knowledgeable and motivated. Also, though there are some differences in customer quality
standards, our interviews and survey responses indicate that these differences across the four key
economic regions of the world - Europe, Japan, N. America, and the Newly Industrialized Countries

(NICs), are not very significant.
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MANUFACTURING PERFORMANCE AND FACTORY RANKINGS

Customer Reject Level
Measured in Parts per Million

Note: One part per million (ppm) = 0.0001%.
Le., 1% = 10,000 (ppm)

The figure above indicates the range of scores that the low, average, and high performers obtained.
Unlike the case for internal quality measures, customer rejects are not higher for larger tube sizes;
rather, larger tubes typically have lower customer rejects, possibly because tube manufacturers pay
more attention to bigger tubes. For every inch increase in tube size beyond 21", the customer reject
level goes down by 50 ppm. You can use this rule of thumb to compute your factofy's score for
comparison purposes; the absolute score for your factory is 2,450 (in ppm rejects).

Due to continuous improvements being made by the factories, as well as enhancements in
production technology, performance measurements are a moving target. Hence, it is important to
note that all plants reported 1992 data.

At the end of 1992, average customer line rejects for the high performers (top one-third
factories) were approximately 2900 ppm, for the average performers this number was 3400
. ppm, while the bottom one-third factories had an average customer reject level of 5000 ppm.
In general, we found that factories that also manufacture computer monitor tubes have a higher
customer reject level than those that do not. So, if your factory manufactures computer monitors,
your customer reject level if you manufactured TV (entertainment) color picture tubes only would be
somewhat lower (about 150 ppm lower for every 10% of capacity that is devoted to computer

monitor tubes).
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MANUFACTURING PERFORMANCE AND FACTORY RANKINGS

Factory Productivity: Overall Employee Productivity

Labor productivity is a figure that production managers typically use to evaluate factory
performance. We report the results on this measure (we use overall employee productivity, i.e., both
direct and indirect), though we would like to emphasize that direct labor costs are only about 12% of
total tube produciion costs, and indirect labor is 7% of tube production costs.. Further, automation
influences labor productivity; we do not report productivity measures after correcting for
automation, because there is no systematic way of doing so. However, factory scores on automation
are reported in Section VI.

During discussions with managers, we realized that even though the generic picture tube is
quite similar across the world, there are differences in factory activities that account for different
productivity levels. For example, some factories do not have the "black matrix" process, others do
not do yoke-matching, and a few factories also assemble electron guns, manufacture masks and steel
bands in the picture tube factory itself. For the purpose of our calculations here, we have taken only
the common set of activities while computing factory employment levels (i.e., we excluded

employees working in black matrix, yoke-matching, gun manufacture, etc.) .

Weighted Productivity Ranking

Awerage Performens

1
Tubes Manufactured Per Employee Hour

The measurement unit in the above figure is tubes/employee-hour. Thus, the high
performers, with an average productivity of 1.94, are four times as productive as the low

performers, keeping in mind, however, that these are labor productivity scores.
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MANUFACTURING PERFORMANCE AND FACTORY RANKINGS

Compared to the scores for the whole industry, your factory's productivity score is
1.55, and that places your factory as a "High Performer" on the productivity rating chart

above. Further, your factory's score was ranked 9 out of 45 possible factories.

Regional Ownership and Location, and Factory Performance
The figures on the next page give a regional breakout of factories that are high, average, and
low performers, on internal quality. The breakout is given both by ownership and by location. As
one can see from these figures, not all of the "best-performing" factories are Japanese factories; some
of the Taiwanese-owned factories are among the best performers. Also, some of the Japanese-
owned factories do not perform well. Further, contrary to popular belief, factory location does not
correlate with performance, e.g., factories in Singapore, Malaysia, and Taiwan are among the high-

performing factories.
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Factory Performance in Different World Regions: Quality

MANUFACTURING PERFORMANCE AND FACTORY RANKINGS

Regional Ownership of
High Performance Factories

Korwa )

RIC.(4)

Japan (7}

Location of
High Performance Factories

Regional Ownership of

North America 2)

Wostern Ewope (5 )

Regional Ownership of
Low Performance Factories

Location of
Low Performance Factories

Narth America (8 )
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Note: NIC = Newly Industrialized Countries

= Singapore, Thailand, Taiwan, Malaysia, etc.

Other = South America, India, Eastern Europe
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COMPANY AND FACTORY MANUFACTURING STRATEGIES

V. Company and Factory Manufacturing Strategies

One of the issues that emerged from our interviews with managers was the future of the
factory for the next generation of display technologies. In particular, color picture factories may
start manufacturing color monitors, or as some managers suggested, may even start production of
flat displays. Though we did not focus on this issue for our research, we did ask managers as to the
nature of their company's and factory's future strategies. The responses are indeed interesting. Eight
of the 48 responding plant managers expected that their factory would start manufacturing. liquid
crystal displays (LCDs) of one kind or another. Thirty-five of the 48 managers said that they
expected their factories to start producing color computer monitors or tubes. It appears that most
managers believe that the CRT will ultimately (but not very soon) be replaced by flat-panel displays,
and expect their factories to take steps to respond to the change gradually.

We also asked managers to respond to questions about the utility and effectiveness of a
variety of factory quality practices. Naturally, there was a lot of variation in what managers
perceived to be useful. However, some of the trends are interesting. The table below highlights the
trends by presenting the average measures for each category. The scale used for this table is

1=Little Benefit/Emphasis, 3=Some Benefit/Emphasis, 5=Great Benefit/Emphasis.

Factory Quality Practice Benefits in last 2 years | Emphasis in next 2 years
Using Statistical Process Control charts 3.38 4.13
Use of experimentation (e.g. Taguchi) 2.37 3.56
Use of cross-functional teams 3.67 4.26
Use of customer quality teams 3.32 4.16
Use of work teams, quality circles, etc. 3.33 4.04
Use of job rotation 2.85 3.38
Systematic preventive maintenance 3.72 4.57
Use of information systems for quality 3.63 444
Use of bar coding systems 2.13 3.72
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COMPANY AND FACTORY MANUFACTURING STRATEGIES

The preceding table indicates that managers expect to emphasize most of the tools and practices
listed there. For example, the use of Statistical Process Control (SPC) charts is expected to be even
more greatly emphasized, even though some of the benefits from using SPC charts have been
realized in the past 2 years. The list also indicates that the greatest relative emphasis is expected to
be on increasing experimentation, improving preventive maintenance, enhancing quality information

systems, and using bar code systems.
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MANAGERIAL BEST PRACTICES: QUALITY AND PRODUCTIVITY

VI. Managerial Best Practices: Quality and Productivity

Based on the study, several key management practices were identified as influencing quality
and productivity at color picture tube plants world wide. We grouped these practices into two sets.
The first is a set of activities that appears to influence both quality and productivity, while the

second set of activities influences productivity, but does not appear to be strongly associated with

quality.

Factory Practices that Influence Quality and Productivity
There are seven practices that correspond to production sites having both high quality and

high productivity ratings. These seven practices pertain to:

1. Use of automated materials handling processes
2. Use of process automation
3. Implementation of process automation

4. Strategic planning for quality
5. Quality policies
6. - Organization of engineers at factories

7. Use of quality information systems

A brief description of each of these seven practices is given in the following pages.

1. Automated Materials Handling Processes.

Factories that have higher material handling automation in the production process also
achieve higher quality and productivity. In fact, statistical analysis of the data indicated that at least
10% of the variation in performance was explained by differences in automated material handling.

As the figure below indicates, low performers had higher manual material handling than the high or
average performers. Compared to the numbers in this figure, your factory's score was 1.1.
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MANAGERIAL BEST PRACTICES: QUALITY AND PRODUCTIVITY

Manual Materials Handling

Fagh Performen

Average Performers

] 1 2 3 4 5
Level of Influence (Means) ==>

An indication of what aspects of the process may be important is provided by graphing two
of the components of material handling automation: the number of times a picture tube or its
components are manually handled before and after the frit-sealing process step. In high performing
factories, the number of times a picture tube is manually handled is nearly half the number of times it
is manually handled in the average performing factories. Compared to the numbers in these

figures, your factory's scores were 2.0 for manual handling of the mask before the frit-seal

step. and 1.5 for manual handling of the picture tube after frit-sealing.

Before Frit Sealing, How Many Times is After Frit Sealing, How Many Times Is
The Mask Moved Manualty The Picture Tube Moved Manually
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MANAGERIAL BEST PRACTICES: QUALITY AND PRODUCTIVITY

2. Use of Process Automation

The second key factor that explains quality and productivity differences across color picture
tube factories, is the degree to which the production equipment and process control are automated.
That is, what percentage of production equipment is programmable, self monitoring, and possibly
self correcting? High-performing color picture tube factories are 15-30% more automated than low

and average performing factories. The figure below indicates this difference. Your factory's score

was2.6.

Automation of Production Equipment

2 3
Level of Influence (Means) ==>

Two key indicators of the degree of production equipment automation are the extent to
which black-matrix and lacquer/aluminizing machines are automated. As the figures below indicate,

the difference between the low and high performers is particularly large for the extent of automation

of lacquer and aluminizing machines. On these dimensions, your factory's scores were 3.1 and

3.0, respectively.

Automation of Black Matrix Machines Automation of Lacquer &
Aluminization Machines
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3. Implementation of Process Automation

The third most important factor that influences quality and productivity was also associated
with factory automation: the care and attention with which process automation is designed and
implemented. The high-performers paid close attention to these tasks, while the low-performers

focused fewer resources on these key activities. You can compare your factory's performance by

knowing that vour factory's score was 3.6.

Implementation of Process Automation

420

Average Periormers

Three examples of how the high-performers implement production automation are:

a) the extent to which the production equipment is tested and operated by engineers before
installation,

b) the extent to which operating procedures for the production equipment are rewritten and
verified before and after equipment installation,

and

c) the degree to which equipment engineers work with factory engineers to specify equipment

specifications.

On these dimensions, vour factory's scores were 4.0, 5.0, and 5.0 respectively.
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Equipment is Tested and Operated Operating Procedures are Rewritten and
by Engineers Before Installation Verified After Equipment Installation

Engineers Work Closely to Modify
Equipment Specs After Installation

(©)

Other components of this key factor are:

a) the amount of training production and maintenance workers are given for the operation and
care of the new machinery,

b) the extent to which design, equipment, and factory engineers work together to ensure
compatibility of product, process, and equipment designs,

and,

c) the extent to which factories select test equipment which is similar to customer factories.

4. Strategic Planning for Quality

An important factor that influences quality and productivity is the manner in which an
organization plans for quality. This includes practices such as setting quality objectives for inclusion
in long-term planning, including quality managers in strategic planning, and incorporating quality in
formal financial reports. The overall measure for this practice indicates that the high-performers do a
somewhat better job of planning for quality than the average or low-performing color picture tube
factories (please see figure below). Comparéd to the mean score of 4.50 for the high-performing

factories, your factory's score was 3.0.
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Strategic Planning of Quality

As an example of what particular activities constitute such strategic planning, we present
graphs for two of these: the extent to which quality is mentioned in financial reports, and the extent

to which quality objectives are included in multi-year plans for the factory. For the first one,

compared to the score of 4.53 for the high-performers, and 3.88 for low-performers, vour

factory's score was 3.0. For the second practice of including quality objectives in multi-vear

plans, compared to the high-performer score of 4.73, and low-performer score of 4.44 (the

difference is not great), your factory's score was4.5.

Quality is Mentioned in Formal Quality Objectives Are inciuded in
Financlal Reports for the Factory Multi-Year Plans for the Factory
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5. Quality Policies
We use "quality policies” as a broad description for a set of practices that shape employee
incentives, use of quality programs, and the effectiveness of some emerging practices such as the use

of work teams. We group these quality policies into three categories:

a) Use of quality-based financial incentives
b) Use of teams.
C) Use of complementary quality programs.

Use of Quality-based Financial Incentives

The data reveal that the use of financial incentives for quality is associated with superior
quality performance, i.e., the higher the level of quality-related financial incentives, the better the
quality performance. Though this should not come as a surprise, it does contradict what some of the
quality gurus such as Deming have been saying, e.g. " don't set financial rewards ....". However, as
the figure below indicates, the extent to which factories use quality-based financial incentives is
limited, and there is certainly scope for improvement. The score for high-performers on the use of
quality-based financial incentives was only 2.83. In comparison to this score, your factory had

a score of 1.6.

Use of Quality Based Financial
Incentives at the Factory

Hagh Periormers

Two examples of how factories use financial incentives for quality are the extent to which

managers and workers are financially rewarded based on quality performance. On the first

measure, of how managers are rewarded on quality performance, the high performing
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factories had a score of 2.60 whereas your factory scored a 1.0. On the second measure of

worker rewards for quality performance, vour factory's score was 3.0 whereas the high-

performers scored, on average, a 3.07.

Managers Get Rewarded Based on the Workers Get Rewarded Based on the
Factory's Quality Performance Factory's Quality Improvements

Use of Teams

Quality improvement efforts have long since recognized the importance of teams. The data
that we collected for the color picture tube industry also supported this contention. Thus, factories
that actively used worker teams had higher quality than factories that did not use teams. Further, we
discovered that factories use teams in various ways. Some ‘factories use self-directed work teams,
others use quality circles, while still others use customer-focused teams of managers and Supervisors.
While studying the use of teams, we found that the degree of responsibility given to worker teams
often is a strong indicator of how well the factory performs. This is due to two reasons. The first, of
course is the fact that when teams are given greater responsibility, team members are able to solve
problems quicker, come up with better solutions, and are likely to be more motivated. Second,
factories that give greater responsibility to their worker teams, do so because they have faith in the
capabilities of their workers. As a result of both these factors, factories that give greater
responsibility to their workers are likely to have higher quality. An example is provided in the figure
below, which indicates the extent to which teams identify and implement the use of new technology
in the factory. At the high-performing factories, teams played a bigger role in selecting and adopting

production technologies. Your factory's score on this dimension was 4.0 compared to the

average score of 2.87 for the high-performing factories.
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At the Factory, Teams identify and
impl the Use of Technology

Using Complementary Quality Programs

A key observation that we had made during our interviews with managers at the 10 factories
was that maintaining a balance and consistency between different quality programs was important,
e.g., between the use of SPC and the focus on work teams. The data from the survey support this
observation, in that we found that the high-performing factories tend to implement quality programs
such that they are complementary and consistent with each other and the overall factory' strategy.
The difference, as the figure below indicates, is not great, but that may be because of the bias
managers may have while reporting the information pertaining to this issue. In other words, we
might expect the better-performers to say that they want more complementarity among quality
programs than currently exists, so that they can improve faster. In order to give your factory an idea

of how you rank on this criteria, we analyzed these data and found that your factory's score is 2.9

while the high-performer's score is 3.80.

At the Factory, Current Quality
Programs Complement Each Other

Low Periormers
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6. Organization of engineers at factories

The sixth important factor that influences quality and productivity is the manner in which
engineers are organized and work. During our field interviews, we had discovered that, due to the
complexity of the production process, engineers benefit greatly by being familiar with technical
knowledge in other production areas and functions. Furthermore, the interactions between different
process steps and performance dimensions require extensive coordination between technical
personnel in different areas. The survey data confirm this observation as the figure below indicates.
High-performers had a substantially higher score on this dimension, than the average and low
performers. What is even more important is that very few of the factories in the picture tube industry
have explored the potential of this factor, as the low scores for all the factories indicate. Thus, we

find that picture tube factories can reap rich rewards by exploring the potential of this engineering

practice. Your factory's score on this dimension was 2.3.

Training & Responsibility
of Engineering

An example of a key dimensions of this important factor is the frequency with which design
and production engineers are rotated across these functions. This is depicted in the following figure.

On this dimension, your factory's score was 1.0.

Rotation of Engineers through Design
and Production Every 3 Years
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Other important elements of this practice of creating a core of technical knowledge among
engineers, as well as production workers, are:
a) Having engineers spend a larger percentage of the time on the production floor,
b) Requiring engineers to train production personnel to solve process and quality related

problems, and,
c) Ensuring that the results of problem-solving by engineers are communicated to production

workers.

7. Use of Quality Information Systems
Frequent and factory-wide information use and dissemination influences quality and
productivity to a great extent; nearly 20% of the performance differences (quality and productivity)

across color picture tube factories in the world are due to differences in the effectiveness with which
quality information is gathered and used. On this dimension, your factory had a score of 4.5; the
high-performers scored a 3.53.

Use of Quality Information

Average Performers

0 1 2 3
Level of influsnce (Means) ==>

Some of the other individual elements of this factor are shop-floor practices such as:

a) Sharing root cause analysis of customer-returned tubes among factory engineers,
b) Analysis of field failures data provided by TV set factories, and,
c) Having production workers and technicians use computers to identify quality problems, and

then conduct root cause analysis to resolve them.
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The following two figures report the scores for the high, average, and low performers on the

first two of these elements. Corresponding to these figures, your factory's scores were 4.0, and

5.0 respectively.

Root Cause Analysis Is Performed TV Set Factories Provided You
on Tubes Returned from Customers Data on Fleid Failures

Factory Practices that Influence Quality, but not Productivity

There were two factors among the various factors we studied, that influence quality, but are

not strongly associated with productivity. These are:

1L Product and Process Design Release Practices

Given the complexity of the production process, and the fact that tube conformance and
reliability are highly influenced by. tube design, we wanted to focus on design issues and design
management practices. This, however, was not possible because only a few of the factories actually
design picture tubes. Hence we narrowed our focus to study a typical factory's role in the design
process--namely design implementation at the factory.

During our field interviews, we found that some factories spent a lot of time and effort
creating new product and process designs or modifying existing ones, but when it came to
implementation, they seemed to slacken off. We identified a set of practices that we call "Product
and Process Design Release Practices." On this dimension, low performers had a mean score of 3.58
while high-performers had a mean score of 4.43. Your factory scored 4.6 on this dimension.
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Information Exchange and
Product & Process Changes

High Performers

Average Porformers

Low Performers

In order to give you a better sense of this factor, we have graphed two of the key practices
that describe this factor. The first is the frequency and care with which various departments are
informed of design changes, and the second is the frequency with which production engineers and

managers have to sign-off and approve design changes before they are implemented.

For the figures given below, your factory's scores were 5.0 and 5.0 respectively.

Departments Are Informed of
the Schedule for Design Changes
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2. Customer Focus

Though we measured the degree of focus in a number of different ways, one reasonable
definition provided us with an unexpected result. We asked production managers the extent to
which they focus on customer quality teams. When we correlated this variable with quality

performance, we found a negative correlation. This result is pictorially represented in the figure

below. Your factory's score on this factor was 3.5.

Customer Focus

Aversge Performers

317

2 3
Level of Influence (Means) ==>

However, data from production managers do suggest there is a strong positive relationship
between quality and the number of visits each engineer and production supervisor makes to customer
facilities. Further, there is a weak relationship between the quality and the number of visits each
manager makes to customer facilities. On these measures, the difference between the number of
visits by high quality plants and low quality plants was very significant. On average, the personnel
from the high quality plants were visiting their customers four times more often than personnel from
low quality plants.

Based on these results, it seems quality is more likely to be affected positively by visiting the

customer than establishing and using customer quality teams.
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VII. Summary and Conclusions

This study of the global color picture tube industry reveals that regional differences in quality
performance are small, compared to a few years ago. A number of non-Japanese factories in our
study were among the high-performing factories in the world, whereas many Japanese factories did
not perform particularly well.

Thus, the search for best practices can no longer be limited to Japanese companies and
factories. It is in this spirit that we analyzed the influence of a variety of quality and manufacturing
practices on quality performance, and found that certain practices were associated with higher
quality. Key factors include factory automation, effective adoption and implementation of
automation, multi-disciplinary organization of engineers at factories, the use of quality information,
quality planning, and a number of quality policies.

This study also raises some important questions for managers and researchers. Should color
picture tube factories diversify to manufacture color monitors? What should be the approach of
factory managers towards adopting a manufacturing strategy that recognizes the emergence of flat-

panel technologies? And various other issues!
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Appendix 1: Industry Characteristics

This section first describes the industry structure - market shares, global demand and supply -
and its evolution. Next, the competitive priorities for industry competitors, and also how these
priorities have evolved since the commercialization of color television are identified. What is the best
strategy for achieving these priorities? Based on managerial interviews, we suggest that a quality-
based approach should be adopted. Finally, based on published data and interviews with managers,

we speculate on the future of the industry.

Industry Overview
Today, the global color picture tube industry is in its mature phase, marked by cut-throat
competition. The main players are European (4), Japanese (7), and Korean (3). Figure 1 below

gives 1992 market shares for the major TV color picture tube competitors, worldwide.

(8.9%)
= (807 (]
%)~ 3.6%] —
e |
.

TV color picture tube market shares for leading competitors

Figure 1

Sources: Survey, industry reports, company documents.

Today there are approximately 20 companies in the world that manufacture TV color picture
tubes (excluding the old communist bloc - China, ex-Soviet Union, and E. Europe), though at one

time the U.S. alone had more than 75 color picture tube manufacturers.
The economics of manufacturing in this industry favor multi-million tube capacity factories.

Investments in new factories run into hundreds of millions of dollars (Typical examples are those of
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Matsushita's $150 million fact01"y at Troy, OH built in 1988 with an annual capacity of 2 million
tubes, and Toshiba's Horseheads factory whose 3 million unit capacity cost $220 million in 1986).
Given high scale economies, high capital requirements, and the competitive nature of this industry, it
is no surprise that there are very few players in the industry, and few factories in the world. There
are approximately 70 factories in the world ioday; of these 20 are in China, Eastern Europe, and the
former Soviet Union.

The industry is also marked by high levels of vertical integrationl. Except for an Indian firm,
and some of the Chinese and ex-U.S.S.R. firms, all other picture tube manufacturers also assemble
and sell TVs and half of the sixty odd TV set makers in the world have their own picture tube
factories. Upstréam integration is also high: most of the picture tube business units also own their
own glass and gun manufacturing units. Further, due to requirements for high quality and flexible
delivery, picture tube business units typically have very cl(;se relationships with their suppliersz.
Another very important characteristic of the industry is the extent of cross-flows of picture tubes

among competitors. Thus, for example, Matsushita sells color picture tubes to Hitachi and buys

from Philips and Toshiba, among others.

Global markets: Demand and Capacity

The lion's share of the worldwide demand for televisions originates in N. America and W.
- Europe. Together, they consume half the world's production of TVs (but manufacture only 33%).
Over the past few years, TV production capacity first moved overseas - to Japan and Korea - and
then, as a result of increasing tariffs and trade disputes, is moving back into N. America and Europe.
Due to relatively inexpensive dedicated autdmation, and low wages, Korea still produces 15 million

TV sets (about 13% of worldwide production). Also, much of the production capacity even in N.

Vertical integration was important for survival in the TV industry because it enabled lower costs, and control

over supply of key components. The same is true of the picture tube industry: many surviving companies have their
own glass factories that can meet all or part of their glass demand (or, in the case of Japanese manufacturers, long-
standing relations and stock ownership with the glass manufacturers).

Economists and business researchers contend that the more mature, stable, and competitive the industry (e.g.
the TV and picture tube industries), the greater the desire for tighter control over the value chain among surviving
firms in the industry.
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America and Europe is Japanese and Korean owned. A similar situation exists for TV color tubes, as
Table 1 shows. Again, Korea produces a major share of TV color picture tubes; in fact, at 24
million tubes (29 million if computer monitor tubes are also included), it has the largest TV tube
production capacity (21% of world production). N. America produces enough tubes to supply
domestic TV assembly plants, but W. Europe imports approximately 6 million tubes for TV sets

3. Production capacity for both TV sets and TV color tubes in N. America

assembled in W. Europe
is expected to increase: to satisfy increased demand, in response to the North American Free Trade
Agreement (NAFTA), and prepare for HDTV markets.

Table 2 presents the same data in terms of net exports and imports. From the first 4
columns, we see that Japan, Korea, Taiwan, China, and S.E. Asia are net exporters. Korea and
China are expected to play an increasingly important role in the next few years. An interesting
observation comes from looking at the last 2 columns of Table 2; there appears to be a regional
- imbalance in the location of picture tube and TV assembly plants, possibly due to different labor
intensities and different wage levels for the manufacturing processes for picture tubes and TV
assembly. Korea has a much higher picture tube capacity than TV assembly capacity, while W.
Europe has a much smaller tube capacity than its TV assembly capacity, possibly because W. Europe
emphasizes production of large size tubes. This imbalance has an important implication for this
study: specifications and conformance standards are quite similar across the world. Certainly there
are differences: NTSC (in the U.S.) and PAL/SECAM (in Europe) require different screen line
counts (525 vs. 635); European set makers emphasize white field purity much more than others; and
the U.S. and Japan were the first ones to use black matrix - Europe followed a few years later.

However, overall requirements are somewhat similar, as our field interviews, and the survey data

reveal.

3 This difference is probably because of different tariff rates. The United States and Canada impose heavy
duties of 5-10%, (and 15% under NAFTA), whereas European duties are lower (<5%).
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APPENDIX 1: INDUSTRY CHARACTERISTICS
Competitive Priorities

Industry competitive priorities - quality and others

In today's market, conformance quality, manufacturing costs, and tube design performance
are all important priorities. Data from the past few years' Consumer Reports were compiled and
analyzed with the objective of identifying major competitive priorities. The Consumer Reports data
are available for TV sets, but some of the performance dimensions are primarily picture tube
characteristics.

An analysis of these data indicates that features such as interface (as exemplified by input-
output devices), convenience (as reflected in the ease of use of the set and remote), and receiver
sophistication (which comprises color correction, color control, and adjacent channel interference
protection capabilities), explain a substantial fraction of price variance. However, picture tube
performance characteristics (clarity, color fidelity, contrast, brightness), reflecting design and
manufacturing excellence, do explain about 15-20% of the variance Before correcting for TV size,
and 25-30% after correcting for TV size, and are significant predictors of the price of TV sets. Since
tube performance is evaluated using actual sets, these scores (for tube performance) actually
represent a combination of tube design performance and tube manufacturing conformance (further,
tube conformance also affects césts).

The above analysis does not identify all the competitive priorities for picture tube
manufacturers. For one, customers see a composite product: a TV's performance is the net result of
the individual performances of the picture tube, the receiver circuitry, the display circuitry, and
design and inclusion of certain features. Second, some of the demands placed on picture tube
manufacturers may be important only to TV set makers, and never have significance for the
customer; for example, picture tube delivery and flexibility requirements do not have much to do
with final customer needs. Thus, the following few paragraphs attempt to specify the important
dimensions on which tube manufacturers compete.

Earlier we mentioned that TV and picture tube manufacturers have close relationships with
suppliers, possibly resulting from a desire to control cost and quality in the upstream stages of the

value chain. Given this desire to control the value-chain, it is interesting to observe the relationships
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between TV set manufacturers and picture tube supplier plants. The initial decision by a TV
assembly plant to source picture tubes is based on a number of factors, the most important of which
are issues pertaining to product performance, quality, cost, and delivery. Discussions with managers
revealed that during the sourcing decision, product performance and delivery are order qualifiers,
whereas conformance and price are order winners™>.,

Once the customer-supplier relationship is established, TV set factories resist changing
picture tube suppliers. The perceived cost of switching picture tube suppliers is high because TV
chassis designs may need to be modified, new testing procedures have to be established, and new
logistical arrangements must be made. As a result, during the later stages of the customer-supplier
relationship, the distinction between order winners and order qualifiers disappearé; picture tube
plants must not only improve conformance and maintain low prices, but also remain at par with other
tube manufacturers on tube designs and the ability to make deliveries quickly and flexibly.

Thus, in today's market, conformance quality, manufacturing costs, and tube design
performance are all important priorities. These requirements are reflective of the industry's current

position along the product life cycle: both industry demands and management emphasis change as a

result, as the next section shows.

Changes in competitive priorities

Along with the evolution of product and process technology, evolution of the product life
cycle, and changes in industry organization, competitive priorities have also changed in the color
picture tube industry. Initially (1928-1959), the focus was on product innovation. In the next stage
(1959-1969), product performance became a primary goal. In the mature stage (1969-1985),

6

conformance and cost became important”. And in the present stage of possible industry decline

4 We asked this question of plant managers at 9 tube plants in 5 companies in the U.S., Europe, and Japan

during our field interviews.

This is possibly because TV set manufacturers believe that product performance and delivery characteristics
are the most dynamic requirements - tube designs may change every few months and so may market conditions that
govern delivery - whereas high conformance quality and low costs are reflective of a plant's basic capabilities and
cannot be easily improved over a short period of time.

Continuous improvement efforts, especially by Japanese tube manufacturers, have led to improved
conformance and lower cost. Customer returns have come down from about 70,000 ppm in 1980 to less than 5,000
ppm in 1992. And this, inspite of tightening conformance specifications and increasing product performance
requirements.
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(1986-present), product innovations along with conformance and cost have all become important;
conformance requirements, which have become much more stringent, are seen as a prerequisite for
cost reduction and customer satisfaction, as exemplified by the growing importance of "customer line

efficiency" as a performance objective7

. The above evolution represents changing definitions of
quality over the product life cycle. |

Changing quality requirements are naturally accompanied by an evolution of management
practices. In the initial trajectory stage, the focus was on tube development and launching of new
processes. Management paid close attention to the performance of the R&D group, and the
emphasis was on tube development, and refining manufacturing processes that could make proposed
product features feasible. During the market growth stage, engineers focused on pushing picture
tube performance as far as possible within a reasonably stable "envelope" of technology, i.e., without
making major changes in the basic concept of the CRT. Thus engineers sought improvements in
brightness, contrast, corner focus, and other aspects of tube performance without changing the basic
CRT design. On the production side, pressured by marketing, the emphasis was on shipping tubes of
reasonable quality as fast as possible. Not having much time to invest in process improvements such
as SPC, plants resorted to inspection to ensure a minimum level of product quality; this was primarily
the responsibility of the quality engineering department. Thus, many of the quality testing and
inspection procedures were developed during this phase.

Most process improvements, such as the use of SPC, and the tightening of process
specifications, occurred during the early stages of maturity. Later, process optimization and
continuous improvement through detailed engineering, problem-solving and employee involvement
were carried out. The entry of most Japanese tube manufacturers in world and U.S. markets
coincided with the late market growth and early maturity phases of the product life cycle for TV and
picture tubes (late 1960s); Sony was the first one to enter the U.S. market. As in automobile and TV

industries, Japanese companies have played a major role in changing the nature of competition in

Customer line efficiency is a measure of the degree to which TV assembly plants have to reprocess or retest
TV sets if tube parameters are not at nominal specifications, even if they do fall within the specifications limits. Thus,
it measures the amount of rework or extra effort at the set factory caused by tube parameters not being at nominal
values. It is conceptually similar to Taguchi's loss function. The Sony (San Diego) factory has adopted this measure
as a key indicator of customer focus.
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color picture tube manufacturing. Realizing that automation would give them quality and cost
advantages, they invested their resources into the development of automated manufacturing
equipment, and tube designs that would be a force to reckon with. They have redefined what
conformance means. For example, the Sony factory in San Diego (which is located next to their TV
set assembly factory) has three measures of conformance: in-house rejects, returns from TV factory,
and customer line efficiency (based on publicly available information).

At present, the industry is in the declining stage: sales are growing slowly or stagnating, and
competition is tougher. At the same time, alternate technologies pose an immediate threat to the
future of picture tubes. In today's competitive picture tube market, characterized by a number of
alternate technologies, the emphasis by the best companies is on world class designs, world class
manufacturing, and world class innovations. The market wants everything. The question is: can the
efforts to improve design and manufacturing performance enable pictufe tubes to survive longer that
they otherwise would?

The maturity and decline phases of the product life cycle for TV and picture tubes also
happen to coincide with the quality movement that has revolutionized manufacturing all over the
world during the last 10-15 years. Thus, the adoption of higher quality standards, extensive use of

statistical process control, and emphasis oﬁ manufacturability also reflect this quality emphasis.

Achieving competitiveness

Given that conformance and price are both key competitive dimensions, it immediately
becomes evident that a quality-driven approach is arguably the preferred one. A factory can try to
follow an approach of cutting costs on materials and process refinement, and inspect all outgoing
tubes, but it is likely to end up spending more money. First, yields will still be low, especidlly since
little rework or rectification is possible in picture tube manufacturing. Second, if conformance efforts
are relaxed, tubes are likely to have high variability around the nominal values even if tubes are
within specifications. This will result in high costs of rework at the TV set assembly plant (since

many of the process steps in TV assembly and testing involve matching picture tube to the chassis,
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larger deviations from nominal lead to rework loops during assembly8 ). Finally, if tube
conformance is poor, TV assembly plants are expected to inspect all incoming tubes; otherwise, they
would not need to have 100% inspection, thus cutting costs. Thus, efforts to improve quality are a

key to manufacturing and business performanceg.

Environmental concerns for the CRT industry

The picture tube manufacturing process uses a number lof solvents énd coatings, phosphor
compounds, aluminum and other metal sprays. Many of these are toxic and cause problems during
manufacturing - ground seepage, atmospheric exhaust, and skin problems. As a result,
manufacturers have devised many solutions to reduce their impact, though not always cost-effective
solutions. Also, a the major problem arises when the CRT has to be disposed either because it was
rejected at the plant or after its life is over!0. Not only do the chemicals and toxic materials used
during manufacture need to be taken care of, the lead in the CRT glass must also be treated or
reused. Industry members and governmental regulatory bodies have contradictory opinions about
the impact of lead in display glass. Whereas governmental bodies claim that the lead in the glass is a
threat to the atmosphere and people, industry members claim that the lead in the glass is in a form
that prevents it from being dissolved into the ground (in landfills). A few countries, notably

Germany, have already initiated legislation that makes the picture tube or TV/monitor manufacturer

8 This is the rationale behind using the customer line efficiency performance measure for picture tube
manufacturing conformance. This issue may require a study of the economics of the situation: How much does a
defective tube "really" cost the TV set assembler, either for retesting, or due to a line interruption? How much does it
cost the tube manufacturer to inspect the outgoing tubes more thoroughly? And what is the nature of the "loss
function” for a difficult-to-assemble tube, as compared to the potential investment in equipment to improve process
capability (unless that can be done without any investment)?

TV set assemblers can easily determine this cost. First, they can correlate costs with tube defects, and the
number of times a tube goes through a recycle or retest loop. Based on the cost-of-quality system or other accounting
data, the direct and overhead costs for each stage of the production process can be determined. The cost of the
inefficient interface can be estimated by correlating stage-wise costs with incoming tube defects, and the number of
times a tube goes through recycle or retesting.

This approach to manufacturing competitiveness - cost through quality - is applicable to a cluster of industries
and manufacturing processes, especially where rework is limited, and thus yields are important. Examples include
display glass manufacturing, semi-conductors, plastics, and chemicals.

In the U.S. alone, 200 million CRTs are in use; the problem is worse if we add the 20 million TVs that are
sold annually. Thus, in 10 years we will have more than 400 million CRTs to dispose off.
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responsible for disposal of their products after they have been used (the widely-discussed 1991
Product Responsibility Act).

For CRTs, there are two alternatives to disposal: remanufacturing and recycling. Tubes that
cannot be remanufactured must be recycled. Some companies have come up with the necessary
innovations to resolve the two issues in safe recycling: discovering a restorative or recycling
technology, and finding a market for the recycled material. For example, for CRT glass, Digital
Equipment Corporation (DEC) supplies the glass to be recycled, Envirocycle has developed a
patented process, and Corning Asahi has developed the technology to use recycled glass in the
manufacture of color picture tube glass; the recycling technology also allows the glass to be freed of
all chemicals and lead.

Industry projections

Today, the total market for electronic displays is $15 billion; by 1997, it is expected to reach
$24 billion. Flat panel displays are expecied to grow from about 25% ($3.75 billion ) today to 36%
by 1997 ($9 billion). Brightness, contrast, display size, pixel count and resolution are expected to

remain the primary measurements of quality, but will increasingly be redefined for flat-panel displays.

CRT industry projections

As mentioned above, the share of flat-panel displays will increase at the expense of CRTs.
Even though the absolute market for CRT's will increase from $11.25 billion in 1993 to $15 billion
by 1997, the CRT market share will drop from 75% to 65% of the total display market. The cost-
effectiveness of CRTs will not be enough of an asset to enable CRTs to maintain their current hold
on the market (though if picture tube manufacturers are unable to maintain or improve cost and
conformance performance, and reduce the environmental side effects of tubes, the demise of the
CRT may be hastened). | The bulk and weight of CRTs is heavy baggage in many current and
potential applications, and CRTs are being gradually replaced by flat-panel displays, or are not even

being considered for new display applications.
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Neither is the CRT environmentally friendly: as mentioned earlier, leaded glass is used to

minimize the effect of harmful X-ray radiation, and various toxic chemicals are used in

manufacturing. The manufacturing process is energy intensive, if environmental concerns pertaining

to its disposal increase, and CRT manufacturers are required to set up disposal and recycling

systems, tube costs are likely to go up. The same will be the case if pollution prevention
requirements for the picture tube manufacturing process become stricter.

On the other hand, the benefits of the mature CRT technology are its simplicity, broad utility,

high luminance, excellent image quality, and cost-effectiveness. Some of the large market segments -

business systems, industrial products, medical equipment, computer products, and TV receivers - are

expected to continue to use CRTs into the foreseeable future, and thus support CRT sales.

HDTYV and picture tubes

For color picture tubes, as for color TV, the potential emergence of high definition television
(HDTYV) as an industry stanidard is likely to change the nature of business strategies. Some firms that
would not have otherwise survived, continue to exist because of the potential returns from
participating in HDTV markets. In some cases, they have been able to raise enough capital to
survive for a while longer. In other cases, they have teamed up with stable firms that want to enter
the market. At the same time other firms are waiting in the wings to enter the high-definition TV and
picture tube markets by taking advantage of the window of opportunity resulting from this
technological change.

The point to be made here is that HDTV is a technological change event that comes both as
an opportunity and a threat. If CRT tubes continue to be used for HDTV, it will be an opportunity
to rejuvenate the product life cycle for TV and picture tubes, in which case it will be competence-
enhancing for current TV and picture tube manufacturers. If CRT manufacturers are unable to make
substantial advances to compete with flat-panel and other display alternatives, CRT tubes will
become obsoiete, and HDTV will end up destroying thé competence of existing competifors. It is at

present unclear what the impact of HDTV on the color picture tube industry will be.
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Picture tubes and alternate display technologies

This section on industry projections will be incomplete without a brief discussion of some of
the alternate display technologies for television, which are quite likely to be competence-destroying
technological discontinuities. Essentially, the objective of these alternate technologies is to develop
flatter and lighter displays that also consume lesser power. There are clearly problems with the older
CRT technology: thick, heavy glass is required to withstand the partial vacuum in the CRT: problems
with wide-angle focus mean that the picture tube is fairly long; due to active emission technology,
power consumption is high; and environmental concerns are increasing. In contrast to the
miniaturization that is ongoing in the electronics and computer worlds, the CRT is a dinosaur, and
not a very "green" one either! But the alternatives are also not very attractive at this moment.

Nearly everyone agrees that LCDs, especially active matrix LCDs, are the technology of the
future; active matrix LCDs are expected to grow in revenues from 0.8% in 1987 to about 10% in
1997. What is not so evident is the manner in which the LCD should be triggered by the input signal.
Thin-film transistors (TFTs) are the popular solution, but there are dozens of different TFTs, each
with different problems of response speed, temperature stability, cost, and manufacturability.
Examples include: amorphous-Silicon (or a-Si) TFTs, polycrystalline TFTs, Cadmium-based TFTs,
and magnetic or MAG LCDs. None of these is dominant yet: none of them is the clear performance
leader; all of them have embarrassingly low yields; and none of them is particularly friendly to the
glass substrate to be used to hold these TFTs. Some are more manufacturable than others, others
have slightly higher yields, and others can be repaired with some ease. The dominant TFT is still to
be found!

Ferroelectric LCDs provide a faster and thinner alternative to AMLCDs, but have not yet
been developed to the point where they are reliable. Electroluminiscent displays (ELDs), though
better than LCDs in that they are not light filters, have posed problems while trying to control the
electric current and capacitance that are required while breaking down the phosphor electrically .
Plasma display panels (PDPs) are similar to ELDs, except that the phosphors are not excited directly

but through creation of ultraviolet light by breaking down the gas molecules. Field emitter displays
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(FEDs) are promising, but still being developed. FEDs provide all the advantages of CRTs -
brightness, robustness, and purity - while being flat, thin, light-wright, and robust. |
: Most of the problems with AMLCDs and most display devices arise from having poor
brightness, low yields, and high costs: an LCD consumes 10 times more energy than a light bulb and
still cannot attain the luminosity of a CRT; yields are still in the low 30 percentage range for smaller
LCDs (<12") and 10-20% for LCDs of 14" or so.

As a result of these problems, and the uncertainty of the impact of HDTV, the CRT is likely
to dominate the display industries - for most TV displays, and for most desktop monitors - for at
least a few years. Most industry managers are ready to bet its survival for another 20 years. And
nearly all the leading competitors have backed up this projection by introducing larger tubes, flatter

tubes, and 16x9 tubes1 1.

Process Complexity

Picture tubes have often been described as "the most complex and difficult consumer product
ever made by mankind", primarily because the production process is complex. Color picture tubes
have only about 2 dozen components, none of them complex by themselves, except for the electron
gun which is generally manufactured by suppliers or in a separate factory. However, these
components do have somewhat complex and multiple interactions, as also mentioned by managers
during our interviews. The manufacturing process consists of more than 200 major operation steps,
not counting suppliers' manufacturing steps (a majority of these are processing steps and not simply
assembly tasks). It brings together more than two dozen process technologies, including chemical,
electrical, optical, and physical.  Identifying problems at each process step may either be too
difficult or too expensive. Thus, the process is difficult to analyze. Second, different process steps
also have multiple and difficult-to-understand interactions. It is difficult to understand the
independent contribution of each step of the process to tube conformance and performance; each

individual processing step may appear to be correct, but the combination of process steps could

1 Philips, Matsushita, Toshiba, and Thomson-RCA already manufacture 16x9 tubes. All the U.S., European,
and Japanese competitors manufacture jumbo-sized (>31") tubes. And nearly everyone is in a race to manufacture a
reasonably-priced perfectly "flat" tube.
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reveal the existence of problems. Third, little rework is possible; the only form of recovery is
reprocessing, which entails additional material and capacity usage. Furthermore, the manufacturing
and testing equipment requires an understanding of state-of-the-art technologies, implying constant
demands on engineers and designers, as in most high-tech processes. Finally, driven by intense
competition on cost, conformance, and tube performance, the process is in a continuous state of

change.

Examples of observations made by managers during our field interviews are:

..... Picture tube manufacturing is like black magic".
- European Quality Manager

...... we probably should have only engineers to run the plant",
- U.S. Engineering Manager

"..... knowledge is the basis for process control in picture tube manufacturing".
- Japanese Production Manager

e A change in one part of the process has unexpected effects on other parts of ihe process.

There is a strong 'ripple effect’. .......".
- European Production Manager

"..... It takes years to understand the process".
- Japanese Engineering Manager

"..... By the time we optimize a particular process parameter, some other process dimensions have
changed and due to the 'ripple effect’, we have to start all over again. ......".
- U.S. Engineering Manager

Further, heavy capital investments mean that there are strong incentives to maintain high
capacity utilization. Tﬁus, line speeds are high - a typical picture tube line produces 300 to 1000
tubes per hour. Competitive industry pricing makes the challenge of maintaining high capacity
utilization even more important. Margins are small, and managers must do everything to cut costs
and minimize waste while maintaining quality standards. Thus, managers and workers do not have
the luxury of being able to shut down the line for a few hours while resolving problems. This

requires timely preventive maintenance and extensive engineering knowledge and capabilities.
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Such complex processes require a higher knowledge at different stages of the process.
Consequently, they benefit from multiskilling, place a premium on complex engineering knowledge,

and highlight the need to share knowledge and data.
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Appendix 2: Derivation of Formulas

Throughout this report we have referred to productivity and quality. Appendix 2 explains \
the derivation of these performance variables.

a.)  Productivity - Labor Productivity
For this study, productivity refers specifically to labor productivity (hence, it does not

measure capital productivity or other partial input factor productivities). The productivity
rankings assigned to each plant were based on the following formula for labor

productivity:

Labor Productivity = Total Volume for 1992
Total Employment
Total Employment = (T-D) x (((Weeks/Yr) - 1) x (Hours/Week) x (1 -
Absenteeism Rate) + (Avg. Overtime/Yr/Employee))
where, T = Total Number of Employees
D = Direct Employees in Black Matrix, Gun or Component Manufacturing,
Band Manufacturing, Yoke Manufacturing, Yoke Matching, Salvage and
Regun, and Life Testing. Not all factories carry out these activities.
Formulas and Data

The sources of all these variables are taken from responses by the production managers.

The individual questions are from the production manager's questionnaire Pages 2. 3. and

5 and are equivalent to the preceding variables as follows:

Total Volume for 1992 =~ GI8. TOTAL
or
the sum of G18a. through G18i. Volume for 1992,
whichever was larger

Total Employment = (T-D) x (((G6. Weeks/Yr) - 1) x (G7a.) x (1 -(.01 x
W5a.)) + (G8.))

G5a. Total number of employees working at your factory in 1992
Gl17a. + G17b. + G17c. + G17d. + Gl17e.+ G17f. + G17g.

where, T
D

b.)  Quality - Internal Quality
For this study, quality refers specifically to internal quality. The quality rankings assigned
to each plant were based on the following formula for internal quality:

Internal Quality = MATCONS Panels + MATCONS Masks + MATCONS Funnels + MATCONS Guns
4

where, MATCONS indicates overall material consumption per 1000 good tubes.
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MATCONS Panels, MATCONS Masks, and MATCONS Funnels are all derived from the
same basic formula. As such variable "Y" will represent:

Y = Panels, Masks, or Funnels

MATCONS Y= (# of purchased Y material to make 1000 good units) + (reclaimed
Y after salvage) + (1 - Y Yields - Y Rejects) x (1 - Y Yields) x 1000)

Y Yields

(3 -J(9 - (4 x (3 (# of purchased Y material to make 1000 good units +
reclaimed Y after salvage)/1000))))/2

Y Rejects = (# of purchased Y material to make 1000 good units -1000)/1000
(2-Y Yields)

Because guns are not reclaimed, the formula is much simpler:
MATCONS Guns = # of purchased gun material to make 1000 good units

Formulas and Data
The sources of all these variables are taken from responses by the engineering managers.

The individual questions are from the engineering manager's questionnaire Page 7
Question P5. and are equivalent to the preceding variables as follows:

Internal Quality = + + +
4

MATCONS Panels, MATCONS Masks, and MATCONS Funnels are all derived from the
same basic formula. As such variable "Y" will represent:

Y = a.,b.,orc.,
where, P5a. represents panels, P5b. represent masks, and P5c. represents funnels.

MATCONS Y= (P5Y Purchased materials used) + (P5 Y Salvaged materials used) + (1
-Y Yields - Y Rejects) x (1 - Y Yields) x 1000)

YYields = (3-/(9 - (4 x (3 (P5 Y Purchased materials used + P5 Y Salvaged
materials used)/1000))))/2
Y Rejects = (PS5 Y Purchased materials used -1000)/1000

(2-Y Yields)
Again, for guns, the formula is much simpler:

MATCONS Guns = P5d. Purchased materials used
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Appendix 3: Summary Statistics

On the following pages are the summary results of the questionnaires addressed to
the plant directors, engineering managers, production managers, and quality managers.
Reduced photocopies of the original questionnaires have been returned with this report to
the plant director. You may wish to refer to these when examining the summary results.

Your Plant Response: This column provides unique, individual responses to each of the
questions on the questionnaire. No other facility will see the responses to these questions,
they are unique to your facility's report. For Yes/No questions a response of "0" is No
and "1" is Yes. On those questions where you can respond "unknown", and your response
was "unknown" it was recorded as "0". For questions that ask for a percent, the raw
number is shown without the "%" (i.e., 32% is recorded as 32). Finally, if the question
does not follow any of these formats, a key is provided immediately preceding the
question.

o: This column highlights the questions that show a statistically significant relationship
with quality. As expected most responses are blank, reflecting that most do not have a
strong mathematical correlation with quality. However, if there is a numeric response in
the row, it can be interpreted as follows:

e 0.05 means there is less than a 5% chance the positive relationship between this -
question and guality is due to mere chance.

e  0.01 means there is less than a 1% chance the positive relationship between guality
and this question is due to mere chance.

e (0.05) means there is less than a 5% chance the negative relationship between this
question and guality is due to mere chance.

e (0.01) means.there is less than a 1% chance the negative relationship between guality
and this question is due to mere chance.

For a positive relationship, as the values for an individual question increases,
quality increases. For a negative relationship, as the values for an individual question
increases, quality decreases.

Overall Average: This column provides the mean of all the responses to a question. For
Yes/No questions, this column provides the percentage of respondents who responded
"Yes".

Productivity Averages: As was discussed on pages 9 and 10, all factories were ranked
. from lowest to highest on labor productivity. This ranked list was then divided into three
equal groups: lowest 1/3, middle 1/3, and highest 1/3. The means of each of these groups
are reported, respectively under low, average, or high productivity averages.

If "ERR" is in a column, there were no responses by any members of the
subdivision. For Yes/No questions, the percentage for each subdivision is the percentage
of respondents who responded "Yes".
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Quality Averages: As was discussed on pages 7 and 8, all factories were ranked from
lowest to highest on quality. This ranked list was then divided into three equal groups:
lowest 1/3, middle 1/3, and highest 1/3. The means of each of these groups are reported,
respectively under low, average, or high quality averages.

If "ERR" is in a column, there were no responses by any members of the
subdivision. For Yes/No questions, the percentage for each subdivision is the percentage
of respondents who responded "Yes".

Exception

Question G2 under Plant Director/VP (Operations)/General Manager Seniormost
Manager at Plant is an exception to this normal format. Instead of providing a significance
level and various averages, it lists the number of results by respondents who did not know
where to rank a plant, or ranked it in the top 6. For further explanation, please see
Example 3 below.

Examples
Immediately following are some hypothetical examples of questions and possible
interpretations:

Hypothetical Example 1
Engineering Manager ’
Using the data you provided and the productivity and quality formulas in Appendix 2, your plant falls in the following categories for
productivity and quality. Please refer to these rankings when interpreting the summary data.
Productivity: High

Quality: Low
Your Plant a Overall Productivity Average Quality Average
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