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Since the original edition of this publication was issued in 1982, most U.S.
shipbuilders accepted the idea that appreciable productivity gains can be obtained by
more in-process accuracy and are responding accordingly. More importantly, some
also accepted statistical control of accuracy variations as the most effective technique
for control of work and for constantly improving productivity. They have responded
with significant investments, e.g., assigning college-educated people as Accuracy
Cmtrol (A/C) engineers and creating prerequisite databases.

In addition, the 1984 report, “ Toward More Productive Naval Shipbuilding:
issued by the Marine Board, National Research Council, related A/C to military
requirements, i.e., abilities to withstand high-impact shock and great submergence
depths.

To further support the A/C movement, the original issue of thk publication has
become the text for course-s in shipbuilding curriculums at the Universities of
Michigan and Washington. It serves further to indoctrinate both beginning and mid-
career people at the U.S. Navy's Engineering Duty Officer Schooal.

All of the foregoing created need for more in depth understanding of A/C which this
revision attempts to fulfill. Description of pertinent statistical theory has been made
more comprehensive. Use of the same principals which are the basis for Statistical
Quality Control, as advocated by Dr. W. Edwards Deming, is emphasized. A section
has been added on start-up which is based on actual experiencesin U.S. shipyards.
Also, this edhion describes how a constantly improving manufacturing system

operates by providing an analytical basis without which Quality Circles are
ineffective.
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1.0 INTRODUCTION

1.1 General

Effective shipbuilders accomplish in-house, only work which
by nature and volume can be performed in accordance with the
concept of Group Technology (GT). Parts, subassemblies and
assemblies, i.e., interim products, needed for an end product,
are classified by the problems inherent in their manufacture.
Thus, regardless of differences in designs and quantities
required, interim products are manufactured on dedicated pro-
duction lines, i.e., process flows. A main flow. such as for
producing a hull block, is supported by coordinated subordinate
flows such as one for producing sub-blocks.

With such dependencies, a control system is required to
monitor accuracy in order to avoid delays and rework, particu-
larly when blocks are joined together in a building dock during
hull erection. However, accuracy control (A/C) having a statisti-
cal basis does considerably more. A/C involves the regulation of
accuracy as a management technique for constandy improving
productivity of an entire manufacturing system. A/C isthe
scientific means which the world's leading shipbuilders employ
for constantly identifying and prioritizing the problems which
must be addressed to obtain the greatest rates of productivity
improvement. The statistical basis makes clear the relationship
between cause and effect. As Dr. W. Edwards Deming teaches,
the obligation to improve the system never ceases.

Statigtics is the branch of mathematics dealing with collec-
tion, analysis, interpretation and presentation of masses of
numerical data. The methods of statistics are methods of applied
mathematics. Shipbuilding engineers who manage A/C pro-
grams must at least understand college-level eementary statis-
tics.

Other prerequisites pertain to the data needed. An A/C data
base is amajor investment. At first it requires systematic record-
ing of thousands of measurements. Such efforts are expensive.
They will deter traditional managers having short-term goals.
These people are more likely to apply what they believe to be
A/C as sporadic and unsophisticated preventive stepsin
response to one particular customer’s requirement for a specific
degree of accuracy.

Lack of long-term application negates the central importance
of statistically-valid data which describes a shipyard's normal
accuracy performances. Such data are the basis for continuing
the collection of measurements by mathematically determined
sampling and for continued analysis and interpretation.

Effective shipbuilders regard their A/C data base as a capital
investment and means of production every bit as ‘indispensable
asacrane or abuilding dock. The significant cost for starting an
AIC program makes sense only when it is amortized over future

projects just as any other large capital investment. Costs for
continuing the collection of data as anormal part of a production
process, are nominal because of the sampling techniques
employed.

AJC cannot be effectively applied in the absence of aproduct-
oriented work breakdonm structure (PWBS) which fkatures
interim products (i.e., fabricated parts and various subassem-
blies) classified by the problem areas their manufacture
imposes. This is the singular means used by the world's most
effective shipbuilders to operate both real and virtual work flow
lanes for a high variety of objects in mixed quantities.

Because the different interim-products are classified by com-
mon problem areas, the same work situations are sufficiently
repeated within each area for statistical treatment. Moreover, as
sets of solutions, e.g., specific classes of worker skih and
facilities, we matched to problem areas, WC data are unaf-
fected by variations that would otherwise occur.

A fina prerequisite for successful implementation of A/C for
hull construction, is the application of line heating for accu-
rately curving and/or twisting plates and structural shapes such
as needed for regions of a hull that are curved. The need for
accuracy is critical in order to ebinate or at least minimize the
use of mechanica force when fitting components. When force is
used, as with traditional shipfitting methods, structures develop
locked-in stresses and, following welding, distortion that is
neither predictable nor repeatable. A/C measurements and data
are meaningless in such circumstances and productivity is
inherently limited regardless of degrees of experience possessed
by workers and their supervisors. Line heating by itself and also
in conjunction with benders, presses and rollers, permits curvar
tures to be achieved with sufficient accuracy to eliminate or
minimize force fitting.”

Thus, the magjor prerequisites for successful implementation
of AIC for hull construction are:

- adoption of a product oriented work breakdown structure to
establish repeatable (standard) work processes regardless
of interim-product design differences,

- use of line heating for accurately shaping parts so as to
elimhate or minimize distortion after welding, and

- collection of an A/C data base describing a shipyard's
normal accuracy performances.

All three inextricably link accuracy and productivity.

1.See “Product Work Breakdow Structure-Revised December 1982< National ShiphrildE Research program OWRP).

2. See “Line Heating - November 1982T NSRP.



Some product-oriented shipbuilders evaluate each proposed
interim product or alot consisting of more than one, for its
efficiency as awork package. Productivity Value (PV) is
expressed by the formula

PV =f(T,N,Q)
where:
T= time allowed for its accomplishment,
N= number of units of resources, and
Q= quality of work environment and accuracy Speci-
fied for the interim product.

The function (T,N,Q) is determined empirically and sepa-
rately for each stage within each flow lane. Each necessarily
considers the immedately preceding and following work stages.

Having PV vary directly with Q insofar as it applies to
accuracy specified for the inten”m product seems to be a para-
dox. However, in this case Q relates to the efficiency of the
tolemnces specified with subsequent assembly work in mind.
Are the tolerances too accurate? Are they accurate enough? AIC
provides the method of determining the optimum tolerances
required at each stage consistent with the needs of customers,
regulatory societies and productivity.

When unprecedented projects are contemplated, A/C pro-
vides means for predicting how current work processes will
perform. When predcted productivity is not sufficient, man-
agers can determine the effects of changed design details, work
sequences, and, if necessary, work processes, before work
starts.

AlC isarepeating cycle of plan, execute, evaluate and replan;
Figure 1-L Vhal points and dimensions for blocks, sub-blocks
and parts that are needed to assure accuracy of an end product
are identified. They are systematically monitored at designated
production stages. Similarly, many other measurements are
made and carefully documented until scientifically valid samp-
les of accuracy data have been collected. The data are evaluated
using statistical methods to verify performance in terms of
standard recmges of accuracy normally encountered and toler-
ance limits beyond which rework is required. By including such
written requirements in work instructions and by systematically
monitoring, A/C “tightens up” all activities adong a production
ling, e.g., template production, marking, cutting, bending,
fitting, welding, and line heating so that the tolerance require-
ments for each are compatible with the others'. No longer are
crucial judgments about accuracy lefi to opinions and guesses.

A specific example of “tightening up” for a particular work
process was further development of line heating to more accu-
rately form curved hull-parts as a means of rninitilng erection
wurk. Man-hours required for bending were reduced to almost
one tlird those needed for conventional rolling or pressing;
fewer clips, dogs, wedges, etc. were required by assembly
workers; and rework for adjusting joint gaps during hull erec-
tion was greatly reduced.

ONE-TIME
INVESTMENTS
e ACCUMULATE
INITIAL DATA

BASE

e INITIAL
ANALYSIS

FI GURE | -1: TheA/C cycleiscompatible with the management
cycle of any industrial activity.

Where most effatively applied, A/C engineers are assigned
throughout the operations department. Because their methods
are analytical and always address the entire shipbuilding process
their recommendations are inherently apolitical. Thus, they
have the best opportunities for developing themselves as ship-
buikiing engineers. As A/C experience is virtually prerequisite
for higher managerial jobs, candidates are carefully selected
from people having about eight years shipbuilding experience
and memberships are rotated. This viable group, in addition to
its day-to-day planning, executing and evacuating, functions as a
defacto staff, i.e., advisory group, to the operations manager
and his deputies even though they are assigned to different
departments at al manageria levels, including shops.

A/C provides scientifically derived, written and realistically
obtainable accuracy standards and goals. A/C is a function that
transcends departmental responsibilities. Whether it should be
adopted should not be left to department or shop managers
whose concerns are parochial.

A/C reports contain essential and reliable data that measure
critical aspects of production performance and indicate where
improvements are required. Quite apart from controlling accu-
racy, A/C also defines management options regarding all
aspects of an operations organization. |mplementation requires
total management commitment. In each shipyard, A/C should
significantly preoccupy the most senior operations manager.
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FIGURE 1-2: When a process for cutting flat-bar lengths is care-
fully managed so that it remains the same, variations from speci-
fied lengths occur in 2 normal pattern. Ignoring this reality causes
impractical accuracy specifications and uncontrolled propagation
of variations in succeeding work processes. Thus, effective ship-
builders are now basing accuracy standards on the function
N(;, sy), i.e., the normal distribution of variation.

N(%3, s3)

FIGURE 1-3: When a process for spacing apart longitudinals is
carefully managed so that it remains unchanged, the variation in
specified distances between longitudinals also approximates a nor-
mal distribution.

1.2 Basic Statistical Principles

Statistical analysis as applied for A/C is based upon the
observation that there is no such thing as absolute accuracy. No
matter how precise workers try to be during a specific process,
variations from specified dimensions are always measurable.
Thus, accuracy exists only in terms of usually achieved ranges.
Working with ranges of variation is crucial for production
control and for achieving specified end-product accuracy. The
distinction between variation and error is very important.

Errors are acts that through ignorance, deficiency or acci-
dent, cause departures from normal work performance. They
should not ordinarily occur. A/C deals with variations that occur
in the course of normal operations.?

Variations in a work process are a result of all influences, e.g.,
workers, machines, tools, materials, and procedures. Varia-
tions are attributed to either special or common caunses. Special
causes are not common to the process. Special causes of varia-
tion are specific to a certain worker or machine. They represent
a departure from normal conditions and performances. In other
words, special means a disturbance from outside management’s
system. Special causes should be identified and removed as a
regular part of monitoring a work process. They can often be
identified and corrected by the work force.

Unacceptable variations that are due to common causes are
indicative of work process capabilities and can only be altered
by changing the work processes. Common cause variations are
the responsibility of management. The eminent statisticians, W.
Edwards Deming and J. M. Juran agree, that of all problems
encountered in manufacturing, common causes outnumber spe-
cial causes by a ratio of about five to one.

How to measure variation is the key to production control.
Statistics is the branch of mathematics that deals with the
description and interpretation of variation. Simple arithmetic is
not sufficient.

Any repeatable work process (consistent in facilities and
worker skills) produces products that have variations in charac-
teristics. For example, even something as simple as parts which
are cut lengths of flat bar will exhibit variations from design
dimensions. The variations, when plotted by the number of
times they occur, will approximate a normal distribution; Figure
1-2. Two parameters describe the relative shape of a normal
distribution (N). They are:

® mean, X, the arithmetical average of variations in a sample,
which describes the central tendency of the distribution,
and

¢ standard deviation, s, which classes the sizes of variations
from the mean value by their frequencies of occurrence,
and thus is a measure of the relative scatter of points around
the mean.*

For a normal distribution, 68% of the values fall within one
standard deviation of the mean, 95% fall within two standard
deviations, and 99.7% fall within three standard deviations.
Both parameters are obtainable from mathematical formulas.

Similar considerations can be applied to each work process.
Thus, spacings between longitudinals will also vary, and
another normal distribution having its own mean value and
standard deviation applies; see Figure 1-3. Whether the varia-
tions in both flat-bar lengths and longitudinal spacings impose
requirements for rework, depends upon their merger during a
later assembly process.

3For further discussion of variation and error, see “On Some Statistical Aids Toward Economic Production,” by W. Edwards Deming, Interfaces, Vol. 5, No. 4,

August 1975,

4Note that ir the remainder of this chapter, discussion centers on sampling from normal distributions. The distribution of samples from a normally distributed
population #s described by the sample mean, X, and the sample’s standard deviation, s, as described above. The normally distributed population from which the
samples are drawn, is also described by a mean and standard deviation, but these population parameters are commonly denoted by 1 and o, respectively.
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1.2,1. Control Charts

The most common tool used in statistical quality control isthe
Shewbart control chart which was first described in 1924,
Control charts apply the concept of expected and measurable
variation in work processes, and are used to distinguish between
common and special causes. When only common cause varia-
tions are detected, the process is operating normally. Should
special cause variations be found, however, investigation and
identification of these causesis required in order to diminate
them and return the process to normal performance.

The control charts, each a related set of one X and one R chart,
are plots of the mean (X) and range (R) of random samples of
measurements from a specific work process over time; see
Figure 14. Like standard deviation, the R for arandom sample
isameasure of scatter. R isthe difference between the largest
and smallest value in the sample. Although it is a lessrigorous
measure of variability than the standard deviation, its smplicity
has led to its widespread use in control charts.

Control chart theory is based on the statistical central limit
theorem. The theorem states that the distribution of the means of
random samples, taken from a normal distribution, is another
normal distribution with the same mean as the original distribu-
tion, and a standard deviation equal to the standard deviation of
the original distribution divided by the squareroot of the random
sample size; see Figure 1-5. Thisresult can be used to detect
changes in the original distribution, which would indicate the
presence of special causes of variation.

The technique involves initially determining regular perform-
ance for a work process (i.e., its norrmd distribution), using a
lar ge data sample. This normal performance can be used to
establish an expected range of variation for the process. Subse-
quent random samples of products from the work process can
then be monitored to detect changes in the performance of the
process. Control charts establish limits on the variation of the
mean and range of these random samples. Theliits are com-
monly set thee standard deviations above and below the process
mean and average range. Three standard deviation limits are
used because they provide 99.7% assurance that exceeding these
limitsistheresult of a changein the normal distribution of the
process and thereforetheresult of a special cause. Data such as
those shown in Figure 1-6 are used to determine individual
entries to an X and an R chart.

The control charts provide information about a particular
work process. Since somevariation isaregular result of any
work process, it isimportant to be able to distinguish between
expected change or random variations, and other variations.
Thusthe control chartsarealso used to assurethat action need
not be taken to maintain the usually achieved accuracies of work
PrOCesses.

>

FIGURE 1-5: The Cemxat Limit Theorem.

Control charts are developed for a work process when the
processisin a state of datisticalcontrol. Some under standing of
the meaning of statistical control isimportant. A state of statisti-
cal control isa state of randomness. When a processisin control
and no special cabses are present, variations on the X and R
charts are due to common causes. Points plotted on the Xand R
charts will fall within the control limits. When Points fall outside
the control limits, they indicate the presenceof a special cause of
variation. The production worker can almost always detect and
correct these causes. When in a state of statistical control, a
work process has prdctable and repeatable outputs. Thus, a
state of statistical control is evidenced by random sample values
of X and R falling within the control limits on control charts. The
control limits and the sample size indicate the level of accuracy
and the variation that can be expected.

Sound understanding of statistical control is essen-
tial to management. . .. Stahility, or the exist-
ence of a system, is seldom a natural state. It is an
achievement, the result of eliminating special
causes one by one on statistical signal, leaving only
the random variation of a stable processes

In developing X and R control charts, six values are required,
i.e., the centerline, upper control limit and lower control limit
for each chart; see Figure 1-4. For each work process, the X and
R charts are based on an established and repeated sampling
procedure. The sampling procedure includes a specified sample
size, n. Thecontrol chart values are determined from theresults
of a series of random samples.

stav\fg%ad% Deming, " Quality, Productivity, and Competitive Position," MIT Center for Advanced Engineering Study, Cambridge, MA 1982, p. 119 (ISBN O-
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If k samples of size n are taken, the X chart values are:

cL=%=Z-Z

UCL =X+ AR

LCL =%-AR

and the R chart values are:
cL=R=2R

UCL =DR

LCL = D,R

The constants, A,, D, and D, are commonly available in listings
of statistical constants and are functions of sample size, n.

In Japan, where this statistical approach was first applied
throughout industry, an interesting thing happened. Manage-
ment began to furnish supervisors and workers with meaningful

and reliable indicators of how work processes perform. For the
first time sensitive barometers existed indicating the results of
influences on work processes. Control charts, conspicuously
posted, were clearly disclosing that most problems encountered
were due to causes common to managements’ systems.®

No longer being blamed for problems they could do nothing
about, spontaneously, supervisors and workers began to discuss
and suggest how to make improvements. Correctly identifying
the positive reaction as a characteristic of human nature, man-
agers responded by teaching supervisors and workers basic
analysis techniques involving Pareto diagrams and Ishikawa
(cause and effect) diagrams that enhance abilities to constantly
identify and solve problems. Thus, the birth of real quality
circles in Japan, was a natural consequence of statistical
methods.”

Most Japanese managers know that the establishment of
Quality Circles is not the first but the last step in building a
corporate system that will support a company’s total commit-
ment to product quality and productivity.*

So conceived and sustained with a sound analytical basis,
quality circles are real tools for constantly improving a manufac-
turing system.

¢Richard D. Chirillo, “Analytical Quality Circles,” for the University of Washington Ship Production Technology Course, 3 October 1983.

The spontaneous nature of responses by supervisors and workers is widely reported by W. Edwards Deming. For descriptions, in English, of the analysis techniques
that many Japanese managers taught their workers, see “‘Guide to Quality Control,” by Dr. Kaoru Ishikawa, Asian Productivity Organization, Aoyama Dai-ichi
Mansions, 4-14 Akasaka 8-chome, Minato-ku, Tokyo 107, Japan, Second Revised Edition 1982 (ISBN-92-833-1036-5).

*Dr. Y. Tsurumi, The Dial, September 1981.



1.2.2 Variation Merging

Shipsarebuilt by procuring or fabricating partsand then
joining them to create subassemblies. In turn, these are com-
bined through several manufacturing levels to produce increas-
ingly larger subassemblies, blocks and ultimately a complete
ship, Production line techniques are employed br the many
different interim products required.

When each of a succession of work processesisin statistical
contral, its normal distribution of variations (mean and standard
deviation) can be determined. Whh such data, it is possible to
predict, statistically, the merged variation from the total series
of work processes.

Consider the combination of two work processes, cutting flat
bar and the spacing of longitudinal on a panel, Figures 1-2 and
1-3 respectively. The mean and standard deviation of variation in
fitting flat bars between longitudinal, Figure 1-7. can be pre-

dicted from the data of the individual work processes preceeding.

In addition to predicting the normal distribution of variation of
the final process, the earlier work process which contributed the
most to the final or merged variation isidentified. In thisway,
knowledge of current work performanceis applied by effective
shipbuilders to predict productivity for ship designs never
encountered before and, when necessary, to implement counter-
measur es before work starts.

If thereis need to reduce rework, accuracy goals are
expressed in terms of the normal distribution required for the
final process. Then, by working backwar ds, necessary goalsare
similarly set for each of the work processes which would insure
desired accuracy for the final process. Since normal perform-
ance at each work station is known, alternative kdding strate-
gies may be evaluated to determine if reduction in rework can be
obtained. If rework reductions by altering dasign details or
assembly sequences are not possible, stepsto reduce the normal
variationsfor critical work processes can beinitiated. These
may include improved tooling, better lighting, retraining work-
ers, or other such approaches. This product of A/C iscalled
process or method analysis. Process analysisinvolves a detailed
review of a particular work process. The goal isto reduce
variability, i.e, shifting the mean variation and/or narrowing
the standard deviation of the variations of the process. A similar
approach can be applied to investigate special causes that are
ponsible for a process being out of statistical control.

Independent normal distributions, such asthoserepresenting
performance of each work process, can be added to determine
the expected normal performance at succeeding stages of con-
struction. Additions of normal distributions apply both to work

FI GURE 1-7 Effective shipbuilders add normal distributions of
variations from previous processes in order to predict how they

mergeat alater process.

processes necessay to insure needed accuracies of interim
products, and to interim products themselves to insure required
accuracy of a final product, such asa ship’s hull. For the latter,
the merged variation, Z, is expressed as.

Z =ZP + 38§, + ZA, + ZE

where:

2P, = merged variations from all parts fabrication processes
S, = merged variations from all subassembly processes
A, = merged variations from all block assembly processes
3E, = merged variations from all erection processes

This equation is referred to as the variation merging equation for
the completed hull.

The variation merging equation is based on the theorem of
addition of variance. Variance is smply the square of the
standard deviation. For independent distributions, such asthose
representing the normal performance of work processes, the
theorem of addition of variance states:

s =s2+s +s+...=2g?

where s, are the standard deviations of earlier processes and s is
the standard deviation of a final process.



1.2.3 Acceptance Sampling

In the same manner that effective shipbuilders apply accu-
racy standardsto interim products manufactured in-house, they
also apply similarstandards to materialsand interim productsin
their vendors' and subcontractors' plants. Acceptance sampling
procedures are similar in theory to process monitoring using

The choice of the level of acceptance sampling for incoming
components is an economic one. The economic break-even
point for no inspection or 100%_inspection is based on the
average percentage defectives, P, the cost of inspecting one part,
k1, and the cost to dismantle, repair, reassemble and test art

control charts. Suppliers' control chartsindicating their normal
performances, permit inclusion of their datain shipyards' perti-
nent variation merging equations even before purchase orders
are awarded. In other words, prudent shipbuilders require statis-
tical evidence of quality before issuing purchase orders for
materkds. When necessary, wise shipbuilders assist their sup-
pliers to implement and maintain A/C systems.

The use of special rolling facilities in some European ship-
yardsis a perfect example of the need to integrate a shipyard’'s
A/C system with a material supplier’'s A/C system. Japanese
shipbuilders include steel mills' statistical evidence of plate
flatnessin their variation merging equations. As a consequence,
they have reached a state where developmentsin mills and
shipyards have eliminated need for shipbuilders to have special
rolliig faciMies. Shipbuilders who impose requirements for
statistical evidencefor thefirst time, will learn that some of their
suppliers, steel millsin particular, already rely on statistical
control methods.

assembly that fails because a defective component was used, k..
If;

p<k/k,
no inspection should be performed, and if:
p>k/k,

100% inspection should be performed. This resultsin a mini-
mum cost approach to component acceptance sampliig’

Since this analytical approach is either not understood by
politicians or inconsistent with their political objectives, gov-
ernment policies focus on identifying low bidders at the expense
of obtaining assurances for quality before purchase commitm-
ents are made. Among the consequences are substandard
products and attendant cost increases. Great assurances and
lower total costs are obtained when a shipyard deals with fewer
suppliers, fostered to be proficient in MC matters and just
sufficient in number, e.g., three per material item, to insure
competition. Officials who make material procurement regula-
tions and shipbuilders themselves have to learn that shipbuilders
must deal with fever suppliersfor productivity.~ reasons. The
alternative is continued disruption of shipbuilding efforts,
higher costs, claimes, investigations and sensational headlines."

9See “Quality, Productivity and Competitive Position,” W. Edwards Deming, M.I'T. Press, Cambridge. MA, 1982 or “‘Simple Rule to Reduce Total Cost of
Inspection and Correction of Product in State of Chaos,” Joyce N. Orsini, University Microfilms Internatiomal, Ann Arbor, MI, 1982.

10 Procurement Peril: Pentagon Goes After Concerns That Deliver Substandard Products,” The Wall Street Journal, 8 July 1985.
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20 APPROACH

2.1 Overview

A process lane involves sequentially arranged work proc-
esses; it is a preplanned entity. Efficiency is dependent upon
uniform work flow and coordination with other production
lines. Optimum accuracy is crucial in order to avoid disruptive
rework. Even nominal rework can break down the economic
advantages of process lanes. Thus, when thinking about how a
ship is to be assembled, production engineers must address
accuracy capabilities. A shipbuilder who has to compete, must
support A/C engineers with good systems for collecting and
evaluating accuracy data.

In the absence of such measures the following typical ques-
tions are disregarded:

* What dimensions are vitally important to achieve required
accuracy?

* How is the required degree of accuracy going to be
achieved?

* In what work processes should vital dimensions be con-
trolled?

e What are the tolerances that should be imposed at each
work process?

Without tolerances specified for each process there is no way to
control the accumulation of variations at a final process.

Tolerances in shipbuilding can be classified in two groups:

¢ end-product tolerances - some are fixed as by classification
societies, and others which are invoked by owners can be
negotiated, and

e interim-product tolerances - these are applied by a shipyard
to insure compliance with end-product tolerances and
simultaneously to maximize productivity (tolerances for
productivity reasons are often more demanding than those
imposed by classification societies and owners).

‘Without knowledge of how work processes normally perform,
tolerances are arbitrary and inhibit constant improvements in
productivity.

As a ship owner’s guide to what can be achieved at reasonable
costs for hull structure, Japanese shipbuilders, classification
societies and universities collectively produced tables which
describe how their industry normally performs. The tables:

¢ apply to many details, parts and subassemblies,

® are based upon actual data collected from participating
shipyards,

& provide standard ranges of actual dimensions achieved by
normal shipyard practice (two standard deviations),

¢ provide tolerance limits which are criteria for rework (three
standard deviations), and
S
¢ are periodically revised to incorporate the impact of contin-
uing improvements.

Ship owners have to pay more if they specify closer tolerances
than those normally achieved as described in the foregoing.'

1“Japanese Shipbuilding Quality Standard (Hull Part) - 1982 by the Research Coramittee on Steel Shipbuilding, The Society of Naval Architects of Japan. When

this document is referenced in contracts, the contract price is based upon industry-wide normal performance of work and there is clear agreement between owners
and shipbuilders concerning what constitutes rework. When owners require extraordinary accuracy, such as for naval ships, the booklet becomes the basis for
negotiating additional costs. Early in 1985, ABS Worldwide Technical Services, Inc., and major U.S. shipbuilders, as part of the National Shipbuilding Research
Program, started preparation of a similar publication applicable to the U.S. shipbailding industry.



Standard ranges are indicated with the same plus and minus
notations used to fix tolerances. However, they are not toler-
ances. Instead, they are a measure of the actual accuracy capa-
hility of the processes used by a shipyard based on previously
collected data. A standard range reflects the accuracy range
currently obtainable with 95% probabihy, for a particular work
process. Tolerance limits required for interim products and end
products, whether for productivity or quality/functional consid-
erations, should encompass the associated standard range, as
shown in Figure 2-1. Where they do not, rework can be regularly
expected.

The use of ranges and limits as described in the foregoing is
proven and acceptable to classification societies. Such use and
continuing analyses of data enable Japanese managers to know
where they are regarding accuracy being achieved and where
they stand regarding acceptance. They know what they have to
do next to improve their shipbuilding methods. Their abilities to
regulate accuracy are a powerful means for managing shipbuild-
ing operations.

The disciplines for producing statistical evidence are particu-
larly credited by Japanese shipbuilders for tremendous improve-
ments in productivity. In 1967 they reported in English that
statistical control of manufacturing “epoch makingly”
improved the quaity of hull construction, laid the foundation of
modem ship-construction methods and made it possible to
extensively develop automated and specialized welding.’

Statistical analysis of accuracy variations of a shipyard's cur-
rent work processes can be used to predict how accurate hull
structure will be in aship never built before. This has great
significance for owners, particularly the Navy. Abilities to
withstand high-impact shock are directly related to accuracies
achieved without forced fitting during construction processes.
Maximum submergence depth of a submarine is related to the
degree of hull circularity achieved and absence of locked in
stresses. Thus, the Navy’s possession of statistical evidence of
accuracy from shipyards before award of contracts, would serve
military requirements?

As qudity and productivity are directly related and since A/C
provides an analytical basis for less direct inspection, there are
prospects for savings by both shipbuilders and owners. Owners,
shipbuilders, and suppliers need to fimther exploit statistical
control of manufacturing.

An important aspect of A/C isthe difficulty commonly
encountered in joining blocks during hull erection. Erection
joint gaps that are not within tolerance limits must be reworked
by gas cutting and/or buildup by back-strip welding as shown in
Figure 2-2. Effective shipbuilders have proven that applying
A/C to dl earlier work processes is more productive than having
to deal with excessive merged variation in relatively inaccessi-
ble and hazardous locations at a building berth.

LOWER UPPER
TOLERANCE TOLERANCE
LiMIT L r

STANDARD RANGE _

E'ACCEPTIINVESTIGATE

FIGURE 2-1: Accuracy exists in terms of a normally achieved
range, i.e., a standard range. Learning how to work with ranges of
variations is of great importanace, particularly for hull construc-
tion where shrinkages due to gas cutting, welding and line heating
complicate sub-block assembly, block assembly and erection.

GAS CUT BUILDUP
BACKING STRIP 7

FIGURE 2-2: AJC focuses on minimizing rework on erection-joint gaps.
The percentage of lineal measure of gas cutting and the percentage of lineal
measure of buildup by back-strip welding, relative to the lineal measure of
all erection gaps. are very effective productivity indicators.

2“Technical Progress in Shipbuilding and Marine Engineering,” The Society of Naval Architects of Japam, 1967.

#“Toward More Productive Naval Shipbuilding,”” Committee on U.S. Shipbuilding Technology, Nationa? Research Council, National Academy Press, Washington,

DC., 1984, p. 130.




Margins to be trimmed at an erection site are commitments to
rework. Their use should be minimized. Statistical methods can
be used to anticipate normal dimensional variations and to
provide compensation, such as specific allowances for excess to
compensate for shinkages caused by gas cutting, welding and
line heating. Most of the edges of parts, sub-blocks, and blocks
are finish cut accordingly.

A/C starts with statistical analysis of variations generated at
each of the prerequisite work processes for hull erection, i.e.,
work processes during block assembly, sub-block assembly,
part fabrication, lofting and design. First time examination of
actual measurements recorded for any work process, usually
discloses that the variations:

e are greater than any manager imagined, and

e when plotted by frequency of occurrence vs. magnitude,
usually follow the normal (Gaussian) distribution if the
work process is repetitively applied without change.

When the distribution of variations for a specific work process is
normal, the process is said to be under control.

Obtaining 2 mean and standard deviation for each process
under control makes it possible to:

® express the standard deviation of variations at erection as a
combination of the deviations of variations from preceding
work processes,

e establish an order of priority for “tightening up” preceding
work in order to reduce the accumulation of variations for
the final work process,

¢ establish accuracy standards,

® revise written work and A/C procedures,

e direct changes in design details which will enhance produc-
tivity,

* predict changes in work sequences that will enhance pro-
ductivity, and

e identify specific work processes that should be improved.

Generally, structural work processes which require statistical
analyses are:

e Part Fabrication

® marking
marking method by template
ink marking
right angle tool and method
thread length and diameter

i1

® cutting

tip nozzle and oxygen pressure
matching of rails and torch
machine error

height of torch above plate

¢ bending

- shift of neutral axis
deformation of template
matching of templates
matching roundness of ends

Sub-block assembly

* fitting

gap at fitting

- matching method by jig
® welding

welding condition

- sequence of welding

- fitting gap

- level of platen

® fairing

- method of fairing (e.g., line heating)

Block Assembly

® plate joining and fitting

- degree of fitting gap

- matching method by jig

- level of platen

® automatic welding

- running direction

- condition of welding

- leveling

- method of securing angle

® marking

- ink marking method

- tool and method for right angle
- thread length and diameter

® cutting

- tip nozzle and oxygen pressure
- matching of rails and torch

- machine error

- distance of torch from plate

® assembly and fitting

- fitting gap

- matching method of base line
- leveling

® welding

- condition of welding

- sequence of welding

binding method

positioning apparatus



® fitting of reverse-side members and welding
- positioning method

- angle setting method

- sequence of welding and condition

ee Erection
® positioning
- cribbing arrangement and leveling
- method of leveling
- method of deciding inclination
slope of building berth
- bending and twisting of block
- rectangularity of hull body
® welding
- condition of welding
- sequence of welding
- joining gap and shape of edge preparation

Outfit work processes can be controlled using similar statisti-

As shown in Figure 2-3, any A/C activity can be classified
into one of three basic management functions that are inherent in
any industrial enterprise:

¢ planning,
e executing (field work), and
¢ evaluating (analyses and feedback).

Thus A/C responsibilities can readily and effectively be incor-
porated in ary existing organization provided:

 one operations manager has responsibilities for all, not just
A/C planning, executing and evaluating operations,

e planning includes design and material definition, and

¢ within organizations such as a hull-structural design sec-
tion, production-engineering group or sub-block assembly
section. people with pertinent qualifications are assigned
specific and substantial A/C responsibilities.

cal techniques.
PLANNING EXECUTING EVALUATING
PRELIMINARYY  SDETAILs | sTAnDARDIZING PREPARATION |MEASURING] ANALYSIS | IMPROVEMENT
BLOCK DIV. IVITAL POINTS WORK PROCESSES ggﬁgrlé & LINE EASURING DATA ANALYSIS WORK INSTRUCTIONS
VITAL DIMENSIONS
ASSEMBLY ACCURACIES £ RECORDING B MAKING GRAPHS ;:ggg*gg;:ms
PROCEDURE JEXCESS CHECK '/ WORK PRACTICES
ALLOWANCES SHRINKAGES METHODS RESEARCH REASON
ERECTION GHECK FOR VARIATIONS SHRINKAGE
SEQUENCE BASE LINES SHEETS COUNTERMEASURES ALLOWANCES
(MATCH MARKS) TEMPLATES FOR VARIATIONS TOLERANCES

SEVINZ;

DRAWING
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FIGURE 2-3: An A/C cycle is analogous to the basic management cycle for any indnstrial process. A single manager in charge of planning,
executing and exaluating for other activities also, is prerequisite for effective A/C.
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Effective A/C is critically dependent on unified operations,
orgamzed information and qualified incumbents. A special A/C
organization is not a prerequisite. But, people throughout a
shlpyard who are a551gned A/C responsibilities must at least
function as a defacto A/C group. The person who maintains the
principal A/C overview for an operations manager is a key

individual.
2.2 Start-up

As previously described, prerequisites for snccessful imple-
mentation of A/C include the adoption of PWBS, the use of line

heating and the collection of an A/C data base. Establishing an
A/C system in a shipyard is facilitated by:

e top management commitment to PWBS and A/C,
L

choice of a construction project for start-up,

informational meetings involving design engineers, pro-
duction engmeers, weldmg engmeers, department and

shop managers including the loft manager, and worker
supervision,

written fitting and welding sequences,
estimated tolerance limits,

estimated excess to compensate for shrinkage,
check sheets,

collection of data, and

analyses of da

nmdnotmn eng

, design details and work sequences by a
ineer who understands A/C.

Successful implementation requires understanding of A/C
short- and long-term goals, and understanding that while a
spec1al A/C group may be required for start-up, A/C should be

+ad
implemented as a shipyard-wide system collateral to other

responsxblhtles Thus, when routinely functioning, an A/C
system is operated by design engineers, production engineers,
material managers and, especially, by production supervisors
who are simply applying statistical analysis techniques for fur-
thering their reguiar work.

Initially, participants can be expected to focus only on accu-
racy per se so as to immediately improve process flows and
minimize rework during erection. They will, just by paymg
more attention to accuracy, achieve significant productivity

increases. Thereafter, they will achieve no more productivity

e next twenty years tf than thpv did in the twenty

inarancac in th
€358S 1 1€ NeXT Wer

pEiioe )
years before. With a few “specialists” momtonng accuracy at
modest cost, the temptation to ignore or delay the long-term
objective, which is to create a constantly self-developing manu-
facturing system, is very strong. All is dependent upon manage-
ment recognizing that an A/C data base is a capital investment,
i.e., literally, per a dictionary definition, a possession calcu-
lated to bring in income.

-
w

Such top management funding commitment is not enough.
While a shipyard president will understand the long-range
objective and while a shipfitter would only require a half hour of
instruction to understand what an A/C engineer requires, the
functionaries in between are not likely to understand the need

for their cooperation. Thus, as a matter of prime importance,
top managers have to make a special effort to educate all middle
managers. particularly shop managers, that A/C is a subset of a
very basic and effective management control system. As a
means of emphasis, top managers should adjust their cost
reporting systems to specifically address rework, e.g., gas
cutting and buildup by back-strip welding needed to facilitate
automatic or semi-automatic erection welding.

Getting a system started requires careful consideration of the
idiosyncracies of a particular shipyard, including its organiza—
tion, people, facilities, work load, etc. Of utmost importance is

s PPt 2aLAlIb, WA DAL, B WAL BV ALY

a commitment by top management coupled with understandmg
that it may take five years for a constantly self-developing
manufacturing system to be realized. A moderately stable work-
load for a number of years is certainly an important part of such

Vo e AI62 e
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Given the commitment and work load, an initial step would be
the choice of an upcoming construction project for preliminary
implementation. This will establish a sense of urgency, at first
by production and design engineers and then by shop managers,
first-line supervisors and workers. The choice should be made
early enough to permit all preparations to be completed priorto
the start of production work. Design and production engineers
have to assume the largest preparation burden. Allowing them
ample time and manpower is essential.

If A/C ?xuu a r WDO aic uluUUULW at ulc samic umc, uu:
engineering workload will rise dramatically. PWBS requires
unprecedented amounts of integrated production engineering
and design efforts to be completed before production work
starts. In addition to grouping information in a different way to
suit product-oriented methods, much written information is

required for implementation of A/C. The subjects which must
he addressed include pmcrnhed work methods. fiftine and
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welding sequences, tentative tolerance limits, tentative rules for
excess allowances and check-sheet usage. Consequently, the
lead time and resources for simultaneously implementing
PWBS and A/C should not be underestimated.

As production engineering and basic design activities begin, a
series of meetings should be held involving production engi-
neers, designers and shop managers. Representatives of the loft
and welding engineering should also participate. Discussion
should address integrated hull construction, outfitting and paint-
ing in conformance with a PWBS and both the short-term and
long-term purposes of A/C. Production people in particular,
should be mdoctnnated in devising check pomts and check
dimensions that designers can include in drawings to facilitate
assembly work. Also, production supervisors must be directed
to consistently use the best known methods per work stage of a
process flow. They have to be taught the concept of normalcy
and the imperative need to achieve Gaussian distributions of
variation. They must be made to understand that only then can a
work process be said to be in control. )



Everyone involved in implementing A/C understand that
only when work is in control, can statistical distributions of
variations be used to predict with confidence the quality and
productivity for a contemplated end product having design de-
tails never encountered before. Sophisticated customers require
such statistical evidence of quality and productivity before con-
tract award. As such predictions direct attention to specific work
methods which when improved do the most for improving the
productivity of an overall manufacturing system, A/C is the sin-
gular element of competition among the most effective ship-
builders. Failure of atraditional shop manager to cooperate will
have serious consequences because of the increasing complexity
of shipyard end products and because of shipbuilders urgent
needs to become more flexible in market places. In the most
effective shipyards, understanding statistical analysis and con-
tributing to A/C systems are prerequisites for shop management.

During such indoctrination, emphasis should be made of the
tentative nature of tolerance limits per stage because when work
becomes in control, consistent with statistical theory the limits
are regarded as three standard deviations. That is, when work is
performing normally, probably 99.7% of the items being worked
will be within tolerance limits and probably only 0.3% will re-
quire rework. When performance of work changes so as to af-
fect a normal distribution, the tolerance limits change accord-

ingly.

If tolerance limits are not acceptable for customer specified
requirements or for facilitating work downstream, such as for
welding of erection butts and seams, management responsibility
is automatically acknowledged and resolution may involve de-
sign modifications, changes in work sequences, additional
training for workers and/or inventing a new work process until
tolerance limits are acceptable. In other words, by definition and
with 99.7% probability, no requirement is imposed that workers
cannot fulfill through their normal performance of work.

Both the iterative nature of and time span required to achieve
aworking A/C system must be made clear to everyone involved.
Implementation throughout a shipyard is difficult but necessary.
A choice of one or two specific areas will ease start-up. Appli-
cation to parts and assemblies for simple structures, such as, for
double bottoms and wing tanks, is an ideal early choice. Later
more complicated structures and outfitting work, including that
assigned to subcontractors, should be addressed based on results
of initial attempts. Responsihilities for specific tasks within an
overall framework must be assigned. Subgroups, made up of
people from production engineering, design and production
shops should evolve naturally if a product organization is in
place. These groups will develop check sheets and initial se-
guences, tolerance limits and excess allowances. As such infor-
mation is developed, individuals having primary responsibilities,
such as loftsmen, gain insight and are able to continue with
fewer and shorter instructional meetings.

Initially estimated tolerance limits and excess allowances
are included on work instructions. With more data and analy-
sis, the limits and allowances are refined and revised. As the
data base grows it will be more and more relied upon as a man-
agement tool and its status as capital become indisputable.

Written procedures for work processes are essential prior to
any data measuring. Following the same procedure per work
stage is essential in order to achieve a normal distribution of
variations. Particularly in product organizations where speciali-
zation is by problem categories, developing work procedures
causes an interaction between production engineers, designers
and shop people during which each learns more of the others
requirements. As emphasisis placed on constant improvement
in methods, these work procedures are “standards’ of the mo-
ment which are revised as soon as better methods are manifest.
Thus, the vital interaction of production engineers, designers
and shop people prodded by continuing directions emanating
from statistical analysis, continues forever.

Data collection should be a production responsibility
equivalent to marking, cutting, fitting, welding and distortion
removal. A typica approach might involve unrecorded meas-
urements of all products by each worker followed by recorded
measurements based on random sampling by a first-line super-
visor and again by a second-line supervisor. What is most
amenable for each shipyard should be adopted, as long as
measuring is a shop responsibility. Asfor any other shop work,
allowances should be made in schedules for measurement
work.

Measurements serve multiple functions. They facilitate
achieving the short-term goal of minimum rework during hull
erection. Thus, during start-up, one set of measurements
should follow an interim product through its work stages.
Measurements and tolerance limits preclude arbitrary accumu-
lation of variations since unacceptable work is not passed on to
later work stages. The data also provide statistical performance
indicators for incorporation in the A/C management scheme,
i.e, an A/C analysis group determines the mean and standard
deviation per work stage. An extremely important part of an
A/C system is to publish the analyzed data in a form that eve-
ryone, workers included, will readily understand. This func-
tion, essentially feedback, holds the key to achieving positive
returns from investment in an A/C system.

Traditional production people can no longer react to prob-
lems without regard for the informational requirements of an
A/C system. The best solution to a problem encountered might
be in design, material procurement or in an earlier work stage.
Thus changes and problems must be documented and resolved
with production engineers and designers as dictated by statisti-
ca analysis. Unless benefits are overwhelmingly manifest,
changes in work procedures per work stage should only be ac-
complished when the impact on the entire manufacturing sys-
tem is determined by statistical analysis.*

# Concerning descriptions in writing, a Sicilian proverb says, “White soil, black seed. Beware of the man who sows it. He never forgets.” And so it is with A/C because
real performance data are recorded and continuously analyzed in behalf of an entire manufacturing system. It constantly targets problems, it monitors rates of im-
provement and it never forgets. Traditional shop managers are apt to be apprehensive. |neffective shop managers have reason to be apprehensive.



3.0 PLANNING

Planning is essential for the proper functioning of an A/C
system. Design and production engineering are aspects of plan-
ning. Figure 3-1 outlines an A/C planning process. Since varia-
tions will occur at each level of production as shown in Figure
3-2, one aspect of A/C planning is to determine at what stages of
construction action must be taken to minimize rework during
hull erection; see Figure 3-3.

Basically, what is shown is the role of A/C planning to:

» pinpoint what vital points and dimensions are critical to the
dimensional and geometrical accuracy of blocks,

e designate critical check points and reference lines in blocks
and in sub-blocks and parts from which blocks are assem-
bled,

specify locations for and amounts of excess allowances,

decide where and how much margin is to be used and the
specific stages at which margins should be cut neat,

determine work processes during which check measure-
ments will be made,

e fix the numbers of interim products that should be mea-
sured based upon random sampling, and

incorporate tolerance limits, excess allowances and mar-
gins in work instructions.

A/C planning is best performed together with other planning
elements provided it receives at least the same emphasis. For
effectiveness, specific A/C responsibilities should be clearly
defined and specifically assigned to individuals. As previously
shown in Figure 2-3, A/C planning can be divided as other
major planning aspects into:

e preliminary planning,
® detail planning (preparation of work instructions), and

e standardization.
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3.1 Preliminary Planning

Preliminary planning addresses such matters as block divi-
sions, hull straking, and assembly procedures. Necessarily,
preliminary planners must consider among other things:

¢ how to create blocks that facilitate shipwright work,

* how to strake the hull shell in order to design hull plates that
can be accurately formed by available bending facilities and
techniques, and

¢ how to shape blocks that are spacious and open to facilitate
zone outfitting.

In order to carry out such studies systematically, drawings
such as general arrangement, midship section and lines and
proposed schemes for block divisions and shell straking, are
provided by designers to the planners who are assigned at the
hull-construction department level and to the parts-fabrication
shop, sub-block assembly section, block assembly section and
erection section. As a routine matter the same information is
equally available to the specific engineers among the planners
who have been assigned A/C responsibilities. They use varia-
tion merging equations with statistically obtained assessments
of normal accuracy performances and propose optimum design
details, assembly and erection sequences, tolerances, etc.,
accordingly. The final scheme is fed back to designers who then
develop key plans, such as a shell expansion, a block plan and
ultimately work instructions all of which contain A/C derived
requirements.

3.2 Detail Planning

AJ/C considerations in detail planning are really process anal-
yses from an A/C viewpoint. Through such analyses problems
which can be solved by regulating certain dimensions, are
revealed in advance. In other words, in order to obtain required
accuracy for a final process it is necessary to first identify the
specific preceding processes that are mostly contributing to a
final or merged variation. Thus A/C analyses identify on a
quantitative basis, both the work processes and design details
which should be improved.



FIGURE 3-I: An A/C Planning Process.
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FIGURE 3-2: Variation per manufacturing level.

Of course, such determinations are not made solely from an
A/C viewpoint. A/C techniques are analytical management
tools that contribute to process analyses. They are means for a
shipyard as an entity to capture and scientifically derive benefits
from its accuracy experiences. The alternative is to have such
experiences just vested in individuals who can demonstrate
some pertinent, parochial expertise, but who can only guess
about how their accuracy achievements impact on other work
processes. A/C methods in detail planning are significant
because they inherently address the entire hull construction
process for the purpose of reducing erection work.

Planning proceeds by first assessing the accuracy characteris-
tics for an end-product as specified by a regulatory society and
ship-owner. Thinking of reverse process flow, A/C planners
identify vital points and dimensions that must be maintained
during erection, block assembly and so on as further described
in Appendix A. In consideration of such vital aspects A/C
planners insure that via work instructions and other means,
loftsmen and people having A/C field responsibilities, are pro-
vided with necessary information such as check points and
reference lines that must be included in numerical control (N/C)
data, templates and field check-sheets.

Engineers who perform A/C planning for construction of a
ship, recognize that most accuracy variations in work processes
are normal and their impact on an end product can be predicted
through statistical methods. The statistical terminology, nota-
tions and formulas included in the following passages, are
further explained in Appendix B.
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Simultaneously with the designation of required work proce-
dures for a specific interim product, tolerances and amounts of
excess are determined by taking into account the merging of
variation. Variations generated by each work process follow a
normal distribution, N(X,, s}, and accumulate as another normal
distribution, Z(X,, s,), at the last stage. In order to reduce the
merged variation. Z, it is necessary to reduce the standard
deviation, s,, and control the mean value, X,, of each process
considering their effects on current production methods.

An example of how A/C planners are already using them to
predict merged variation in a bottom butt, to be joined during
hull erection, is shown in Figure 3-4. Additional examples are
contained in Appendix C. Included, are examples of how A/C
process-analysis leads to design improvement and how a change
in sequence can reduce the number of work processes required.

A/C planners also apply their abilities to predict merged
variation within every manufacturing level. For example, for
block assembly they use the normal distributions for each work
process, i.e., panel assembly, panel marking, panel finish-
cutting and internal-member welding, to predict the normal
distribution for blocks currently being planned. The same tech-
n}que is employed for sub-block assembly and for part fabrica-
tion.
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As a consequence of their improved foresight. A/C planners
advise designers of specific A/C matters that are to be included
in work instructions. Although written descriptions are fre-
quently necessary, symbols such as shown in Figure 3-5 are
useful.

3.3  Standardization
3.3.1 Work Standards

Any work process performs with varying degrees of accuracy.
When it is controlled so that it is always applied the same way,
variations will be normally distributed and can be analyzed
based on the laws of statistics. Thus, a crucial part of A/C is to
insure that accuracy variations remain random and are not the
result of arbitrarily introduced bias. Standardization of work
processes and momtormg to insure compliance. are fundamen-

ta! concerns of A/C penpln A/C authorization of a !t}rnpncpd

change in any work process, insures scientific analysis of its
impact on the entire shipbuilding process.

This rigid control does not mean that changes are not made.
Instead, adjustments to work processes are more frequent due to
the continuous process analyses and feedback which are inher-
ent features of A/C.

Related standards should be written and adhered to for such
matters as:

¢ planned steel
® worker organization,
¢ worker training, and
® supervision.

All, if changed without regard for A/C analyses and approvals
introduce biases which invalidate any approach to A/C.

In shipyards which are not effective almost all of the problems
found in production are caused by the absence of:

¢ Standards for Excess

At the startup of A/C activity the following questions are
appropriate:

. .
- Why are margins needed?

- Where are margins required?

- How much margin is necessary?

- During what work process will margins be finish-cut?
Usually, a margin scheme for main strakes, such as shell
plates, is created by production planners. Margins shown

are for ordering materials and/or fabricating parts.
However, the amounts of margin are not prescribed by

ttan otanmdarde that are backed un bv records of

WIINEI SialiGaiGS uiar alv valhAltad up Uy ivvviws
measurement data. In this respect margins differ from
excess allowances. Margins are used as a buffer to com-
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pensate for accuracy variations in all hull construction
processes including design. Therefore, the true causes of
accuracy variations and ways to improve fabrication
methods are difficult to detect. Where A/C is not ap-
plied, the large amounts of margin used are based on
“rough check” data which characterizes feedback from
production. This vicious cycle disallows opportunities for
improvements.

AT o caloacs cn Ticnan cransmima rrenss] aamao 4 Af thoecn lhannrmas
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just the excess allowances needed to compensate for shrink-
ages. Excess is characterized by finish cutting based on a
high probability that no rework will be required. When this
transition is achieved, in order to further eliminate rework,
A/C continues to impose the same questions:

- Why is excess needed?

- Where is excess needed?

- How much excess is necessary?

- If needed, during what stage should rework take place?

This incessant questioning is motivation for continuous
improvements in work methods.

e Standards for Shrinkage Allowance

The amount of shrinkage caused by welding will be dif-

ferent depending upon matenals methods and se-
quences. Thus, shrinkage allowances are meaningless
unless they are based upon recorded data for each set of
circumstances.

e Standards for Baselines and Match Marks

Even where the necessity and importance of baselines
and match marks are recognized, their locations and
jengths do not sufficiently reflect the production require-
ments that should be described in a standard.

e Standards for Checking Procedures

A written checking procedure assures specified accuracy
at each work process. Because no written checking pro-
cedures exist, few measurements are recorded for
analysis.

e Standards for Fabrication and Assembly Schemes

The sequences for sub-block assembly and block assem-
bly are usually indicated by a numbering system, useful
for computer processing, which is hierarchical in order to
match ascending manufacturing levels. This system is
good enough to indicate a simple sequence such as part
fabrication, sub-block assembly, block assembly and
erection, but it does not address vital points and dimen-
sions needed to achieve specified accuracy during each
work process.
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Assembly Procedure:
1. Fit the flange on the web shifted by S, (fwd end of longitudinal).
2. Fit the flange on the web shifted by S, (aft end of penetrating piece).

3. After the plates are welded together to create the botrom panel, incorporate a 3mm excess
allowance and finish cut the panel’s forward edge.

4. Fit the longitudinals to the bottom panel shifted by A, where A, = the designed dimension

+ 2mm.
5. Fit the penetrating piece to the transverse bulkhead at the distance A,.
Variation Me rmno Fnl\nfinnc for the Joint Gans Dm Hnull Erection:

Variation Merging tions for the Joint Gap
Z = A — (As + Ey
Z, =2, + [(Si — d)-(S: + d.)]
Z; = [E. — (P — A3)]l — [Py + A) — (A + E)]
Z:=2Z; + [S' — d:)-(S:! + d.Y)]
- A negative value for Z predicts overlaps, i.e., negative gap.

- The value for every A, E, etc. is dependent upon a similar lower-tier equation which accumu-
lates variations for marking, cutting, etc. as measured from a reference line.

FIGURE 3-4a: Variation merging equations are used to predict gap sizes which will occur during hull erection and probabilities for rework.
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Dimension

P,

n
126
50

156

ESTIMATED MERGED VARIATION (2)

X

+0.4

+0.5

+05
+20
+1.0
+1.0

Sample size Mean value

Variance
s? Remarks
0.91 Length of bottom longitudinal after web is
welded to flange.
0.79 Length of penetrating piece after web is
welded to flange.
0.51 Perpendicularity of bottom longitudinal and
penetrating piece ends.
0.61 Fitting position of bottom longitudinal flange.
161 Shift between web and flange at the after end
of bottom longitudinal.
0.81 Fitting position of flange of penetrating piece.
1.82 Shift between web and flange at the forward
end of penetrating piece.
138 Length of bottom pane! after finish cut.
164 Fitting position of bottom longitudinal.
202 Fitting position of penetrating piece.
243 Accuracy of gap between bottom panels
measured between reference lines after welding.
450 Erected position of Transverse Bulkhead;
Distance from butt of bottom panel.
8.26 * 7%
10.70 *17%
13.79 * 14%
18.22 *17%

* Estimated occurrence of gaps which are 5 or more mm wide; back-strip welding is required. The method
for calculating these estimates is described in Appendix E, Figure 8.

Actual
Gap

FIGURE 3-4b:

ACTUAL MERGED VARIATIONS

Sample size Mean value

n

85
82
78

-

2

X

+0.8
+23
+1.1
+2.2

Variance Actual occurence
s? of back-strip welding
7.61 4%

9.71 12%
10.02 6%
i3.75 13%
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e Standards for A/C Information in Work Instructions

Usual hull-construction drawings show structural details
and sometimes include instructions for edge pre--
parations. Specific excess allowances are generally not
included. Little other guidance is provided by designers
to indicate fabrication methods and vital points and
dimensions needed to achieve a specified degree of
accuracy.

Working drawings are the only widely distributed doc-
uments provided to workers which can display total
instructions for how to construct a ship’s huil. When
design is recognized as an aspect of planning, working
drawings will develop more as work instructions which
facilitate employment of less-skilled workers, adherence
to work standards, A/C analyses and continuous
improvement in production methods.

3.3.2 Accuracy Standards

In order to control the accumulation of variations or
merged variation at a final stage, accuracy standards are
established for preceding work processes. Data obtained dur-
ing construction of other ships is used to derive accuracy stan-
dards for a contemplated ship. However, these are reviewed
by analyzing data recorded as production commences and
progresses. Adjustments are made if assumed accuracy stan-
dards are manifestly unrealistic.

The concept of a standard range with a tolerance limit, as
shown in Figure 2-1, is applied to every work process. The
more demanding standard range is used as the accuracy stan-
dard for each particular work process in order to insure con-
trol of the merged variation at erection. By definition, stan-

dard range is associated with high probability (X = 2sor 95%
for shipyards in Japan).

Of the few remaining variations, those outside the standard
range which do not require rework during the next work stage
nor spoil end-product accuracy, are acceptable and are
regarded as being within a tolerance limit. In other words, a
tolerance limit because it applies to fewer cases includes some
added allowance for acceptance. However, such limits must
be achievable with normal production capabilities and must
not impair structural integrity of the end product.

This approach recognizes basic realities in any industrial
enterprise. While more demanding accuracy standards are
applied to normal operations, some allowance is made for the
effect on accuracy by on-the-job trainees, newly developed
machines, etc. The concept of a standard range with a toler-
ance limit encourages managers to react