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1.0 BACKGROUND

The objective of this study is to update the existing Follow Ship and
Follow Yard Cost Model (1), which was prepared by Gibbs & Cox, Inc. for the
Naval Center for Cost Analysis (NCA) in 1985. The existing model was a
first attempt to identify the factors that contribute to the construction
cost of follow ships built at a lead yard, and the construction cost of the
Tead ship and follow ships built at a follow yard. These factors were then
combined into a set of algorithms to be used to predict follow ship and
follow yard costs, based on lead ship costs, which are derived using
existing cost models for U.S. Naval surface combatants (2) and U.S. Naval
auxiliary and amphibious type ships (3).

The existing model provides a good modelling approach and a good
attempt to identify factors that influence costs. However, it was felt
that the model required further refinement and additional data analysis in
order to make it a more useful cost model for NCA. This study is intended
to provide such refinements and will supersede the existing model. This
study will address the following topics:

CHAPTER 2: Evaluation of the Existing Model
CHAPTER 3: Description of the Revised Model
CHAPTER 4: Data Analysis

CHAPTER 5: Use of the Revised Model
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2.0 EVALUATION OF THE EXISTING MODEL

In developing the existing model, Gibbs & Cox, Inc. performed an
extensive literature survey of prior studies that related to the issue of
follow ships and follow yards, as well as general issues related to
experience with the concepts of the learning curve. A bibliography of the
relevant studies identified in the literature survey (with additional
references identified during the current update) is provided in Appendix A.
This literature survey helped define the premise of the existing model,
namely that shipyards experience a learning phenomenon, akin to that
discovered in the aircraft industry, which lead to the development of the
learning curve theory.

The object of the original study was then focused on an attempt to
obtain input from shipyards that would augment the literature and assist in
the development of a learning curve model specific to the current U.S.
Naval surface combatant, and auxiliary and amphibious ship acquisition
experience. To this end, a letter was drafted by Gibbs & Cox, Inc. and
sent to the following shipyards: BIW, NASSCO, Avondale, Todd, General
Dynamics, Newport News Shipbuilding and Tacoma Boatbuilding. Only two
shipyards responded, BIW and Tacoma Boatbuilding. BIW provided both
opinions concerning factors that influence follow ship and follow yard
costs, as well as a breakdown of data based on its FFG 7 Class experience.
Tacoma provided opinions concerning factors that influence follow ship and
follow yard costs based on their engineering judgement. Copies of the
Gibbs & Cox, Inc. Tletter and the shipyards' responses are included in
Appendix B.

The model that evolved attempts to do two basic things. The first is
to identify factors that affect the slope of the learning curve for follow
ships in a lead yard and from this and with additional cost information, to
determine follow ship costs for the lead yard. The second is to determine
factors that identify the cost of the lead ship in a follow yard, as well
as the slope of the learning curve for the follow yard. From these and
with additional cost information, a determination of lead and follow ship
costs for the follow yard is made. In both cases the model differentiates
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between material and labor costs. Also in both cases the costs are
separated between those for SWBS Groups 100-700, which are considered
subject to Tearning, and SWBS Groups 800 and 900, where the costs for these
two groups are considered to be a percentage (25%) of the SWBS Groups 800
and 900 costs for the lead ship. A flow chart for the existing model is
shown in Figure 1.

The equations for determining the learning curve are of the typical form
for evaluating unit costs or cumulative average cost, which have been
normalized to allow their being used as multipliers against lead ship costs.
The equations are presented in the following forms:

Lc = [iP*lo(4-1)b*1y (1)

for individual ship cost and

for cumulative average cost where

b = Tog SL
log 2

and

o LC is the learning curve factor, which is the value of the cost of
the 1" ship divided by the cost of the Tead ship.
o i is the number of the ship to be estimated

o b is a parameter related to the "Slope" of a learning curve (it is
the geometric slope of the learning curve line plotted on
logarithmic grid paper)

o SL is the "Slope" of the learning curve and is defined as the ratio
of the cost per 2X units of the cost X units, where X is any number

in the series of construction.
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Where the existing model differs from the learning curve application
identified in the literature survey is in the determination of "Slope".
Whereas the typical approach to determination of "Slope" has been through
evaluation of historical data, the existing model identifies certain
“Slope" factors, which when multiplied together, estimate a value for
"Slope" for a specific shipyard. These represent the factors identified by
the shipyards that would influence the intensity of learning and include
factors for a shipyard's workload, work force growth, amount of change that

occurred during lead ship construction, experience and construction method.

The resulting algorithms developed to estimate lead yard follow ship
cost in the existing model are as follows:

i

C174L = C171L * LCL * (1-CFL-SF) + C177_ *(CFL+ SF)

C17im = [C17yM* LCM* (1-CFM-SFM) + C17iM* (CFM+SFM)] * pR * ES

Citor = (C174L + .25 C8911) * LR + (C17iu+ .25 *C89;

where
o SUBSET L = labor costs in manhours
o SUBSET M = material costs in dollars
o CiTOT = total costs of ith ship in yard
o C171 = cost of SWBS Groups 100-700 of ith ship in lead yard
o (89 = cost of SWBS Groups 800 and 900 of lead ship in lead yard
o C17(1) = cost of SWBS Groups 100-700 of lead ship in lead yard
o LC = learning curve factor
o CF = changes to follow ship
o SF = subcontracted fraction
o PR = procurement factor
o ES = escalation rate
o LR = labor rate

The resulting algorithms developed to determine follow yard lead ship

construction costs are as follows:
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Cl7q = (C171, lead yard)*WL'*WG'*EX'*CM'*EN'*SC*EC*YL

C17qyy = (C17qy lead yard *EX' *SC *EC *YL *ES *PR)

Citor = (€179 + C897p) *LR + (C171y + C897y)
where
SUBSET L = labor costs in manhours
SUBSET M = material costs in dollars
C170T = total cost of lead ship in follow yard
€89 = cost of SWBS Groups 800 and 900 of lead ship in lead yard
C17(1) = cost of SWBS Groups 100 - 700 of lead ship in lead yard
WL' = follow yard workload
We' = follow yard workload growth
EX = follow yard experience
cM! = follow yard construction method
EN' = follow yard climate factor
SC = startup costs
EC = local economic conditions
PR = procurement factor
YL = yard location
ES = expected escalation
LR = labor rate

For follow ship construction costs in a follow yard, the same algorithms
developed for the lead yard follow ship construction costs are used, but
with factors for the follow yard.

The basic problem with the existing model is that there are far too many
variables to quantify with the available data base. Although an effort is
made to assume quantitative values for the various parameters, and then to
check them against the data, in reality, there is no confidence that the
assumed values have any real meaning. In addition, given the number of
parameters, the value of any single parameter is in the noise level, and
differences between two values of the same parameter are well beyond the
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accuracy of the model. On the other hand, the various parameters are
derived from the engineering judgement of the responding shipyard estimators
and should not be discounted. Instead, given the lack of data, these
parameters should be qualitatively assessed as a group in order to determine
a trend that could be used to assign a value for learning.

A second problem with the model is that it goes beyond the scope of the
Tead yard models. In the lead yard models, the shipyard is assumed to be
representative of U.S. industry, as opposed to a specific shipyard. In the
existing follow ship/follow yard model, choices are made between individual
yards. Also in the lead yard models, labor is determined as numbers of
manhours, and NCA then translates these manhours into costs using other
algorithms. In the existing follow ship and follow yard model there are
values for labor rates.

A third problem is that SWBS Groups 800 and 900 costs for a follow ship
were assumed to be 25% of the lead ship SWBS Groups 800 and 900 costs. This
value was derived from historical trends experienced by BIW in the FFG 7
Class shipbuilding program. However, NCA has noted that it is significantly
undervalued compared to recent information that they have access to, in par-
ticular, in the AEGIS shipbuilding program. Subsequent experience by BIW in
the AEGIS shipbuilding program bore out NCA's concern, where, for example,
the groups 800 labor costs for the CG 51 (lead ship in a follow yard) were
131% of those for the CG 47 (lead ship in the lead yard). The trend for SWBS
Group 800 labor costs for the CG 47 Class is shown in Figure 2.
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FIGURE 2
Comparison of SWBS Group 800 Labor Costs for CG 47 Class

Ship Ship SWBS Group 800 labor costs % Lead Ship
No. in thousands of man-hours

Ingalls Shipbuilding

1 CG 47 2537.9 -

2 CG 48 925.6 36

3-6 Average CG 49,50,52,53 1029.4 41

7-9 Average CG 54,55,56 432.9 17
B

1 CG 51 3452.0 131

References (4) & (5)

Material cost data is not available in sufficient detail to determine
similar trends for material costs.

These problems with the existing model are addressed in the revised
model. In addition, recent data acquired by NCA and BIW was made available
for the revised model and provides additional data from which to determine
values for the slope of the learning curve.
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3.0 DESCRIPTION OF REVISED MODEL

3.1 Introduction

The revised model attempts to retain the good aspects of the existing
model, while addressing the problems noted in Chapter 2. The revision does
not involve a repetition of the previous effort, i.e., canvassing yards or
extensive literature search, as much as a reinterpretation of the input and
a reassessment of the data. A major improvement in the data base was
provided for this effort and consists of recent CG 47 Class return cost data
provided by NCA (Reference (4)) and BIW (Reference (5)). This data and
others will be assessed in Chapter 4.

The revised model reduces the number of parameters that require
quantification to the minimum necessary to establish a learning curve. It
then attempts to bound the problem by identifying different scenarios that
would affect the "Slope" of the learning curve, and presents representative
values for "Slope" for these different scenarios. The model attempts to be
consistent with the lead yard models by limiting the output to labor
manhours and material costs. It also attempts not to individualize
shipyards, but to differentiate between relative capabilities of shipyards
with recent similar shipbuilding experience versus those without recent
experience. The model is consistent with the lead yard model by
differentiating between the labor costs and material costs, in the use of
the SWBS breakdown developed for the lead ship models, and in the use of the
Tead ship costs derived from the lead yard models as a starting point for
the follow ship and follow yard models.

3.2 Revised Follow Ship Cost Model

In theory, and given sufficient data, a learning curve model for follow
ships at a shipyard should differentiate between labor and material costs,
recurring and non-recurring costs, and costs that are and are not subject to
Tearning. Only those recurring labor and material costs that are subject to

Tearning should experience a learning phenomenon and the learning should be
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at a rate specific to the nature of the various labor and material elements.
The cost of a follow ship should then be the sum of the estimated recurring
labor and material costs subject to learning, added to the recurring costs
not subject to Tearning. The cost of the class of ships built at the yard
would then be the summation of the lead ship costs and the individual follow
ship costs.

Figure 3 is a flow chart for the idealized model for estimating the
costs of a follow ship in a shipyard. The first step is to separate the
costs of the lead ship into the following:

o Material costs - all SWBS Groups

0 Labor costs for:

-SWBS Group 100 - Hull Structure

-SWBS Group 200 - Propulsion Systems
-SWBS Group 300 - Electrical Systems
-SWBS Group 400 - Command and Control
-SWBS Group 500 - Auxiliary Systems
-SWBS Group 600 - Outfit and Furnishings
-SWBS Group 700 - Armament

-SWBS Group 900 - Construction Services

o Labor Costs for:

-SWBS Group 800 - Design and Engineering Services

The rationale for the breakdown is the assumption that all material
costs will exhibit the same learning rate, that the basic construction
labor, SWBS Group 100-700 and 900, will exhibit the same learning rate, and
that the design and engineering services, SWBS Group 800, will exhibit its
own expenditure rate.

The second step is to differentiate between recurring and non-recurring

costs for the three groups, since non-recurring costs incurred by the lead
ship will not be passed on to the follow ships.
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The third step is to differentiate between the recurring costs that are
and are not subject to learning. The revised model assumes that all
construction related labor costs are subject to learning, whereas much of
the material costs, where you may be buying a vendor's millionth product,
will not exhibit appreciable learning for the numbers of items bought.
Follow ship Tabor costs related to the design and engineering services
(Group 800) are assumed to be a straight percentage of the lead ship costs.
This percentage has been selected as 40% based on Reference (4).

The fourth step is to select the learning scenario that applies to the
shipyard in question. These scenarios are described in detail in the
following section. Learning factors for each cost group are determined from

this selection of the appropriate scenario.

The fifth step is to apply the selected "Slope" to the learning curves
using the following learning curve formulas:

. b+1)

- (b+1), - (i-1) ]
FS o = L, [i{bt)a-(i-1)7" "o
for the Individual Ship Cost, where

FS, = LS, ()b

for the Cumulative Average Cost, or

b = log SL
log 2

and
a - s the cost element under consideration (i.e., material costs, Group
100 - 700 and 900 labor costs, or SWBS Group 800 costs)

FS- follow ship cost

LS- lead ship cost
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i - the number of the ship built in the yard to be estimated
SL- is the "Slope" selected

From this the cost estimates for the various recurring cost elements
subject to learning are developed.

The sixth step is to sum all the recurring cost elements (including the
material costs not subject to learning) in order to develop an estimate of
the total cost for the follow ship in question.

The cumulative total costs of (i) ships built in a yard would be
derived using the following formula:

TC = LS (i)l+b

a o

where TC - Cumulative total costs
i - is the total number of ships built in the yard
The different cost elements would be added together as before, taking care
to account for material and labor costs not subject to learning. Thus, the
total cost would be derived using the following formula:
Total cost for ships in yard = (Cumulative total material and labor costs) +
(Non-recurring material and labor costs) +

(1+0.4(i-1)(lead ship SWBS Group 800 costs)

3.3 Follow Ship Learning Scenarios

The rate of Tearning is a function of a number of factors. Early
learning curve theory was developed from the experience of the aircraft and
ship construction industries during World War II, where to meet defense
needs large numbers of identical aircraft or ships were built in a number of
different plants or yards by relatively inexperienced people. Dramatic
drops in man-hour rates were observed with each doubling of the number of
units produced. For example, for Liberty Ships built in World War II,
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declines in man-hours per vessel with each doubling of output of 12-24%,
with an average 19%, (or "Slopes" of 88-76% and 81%, respectively) were
experienced (Reference 6)). The dramatic declines were attributable to the
fact that the designs were the same, the pace of construction steady and
continuous over a large number of ships, and that the expanding workforce
was relatively inexperienced to begin with, thus having a great capacity to
Tearn.

The World War II experience was unique and not representative of the
current shipbuilding environment. In the current environment, there are a
Timited number of shipyards that handle a majority of Naval construction.
These yards typically have recent experience with similar types of ships.
They also have workforces that are experienced, especially at the senior
technical and management levels. Thus, the absolute capacity to learn is
Tess than that of yards in World War II. Secondly, modern Naval ships are
built in smaller numbers and there are considerable numbers of design
changes between each ship. For example, BIW estimates that there were over
9000 design changes between the CG 47 (lead ship in lead yard) and CG 51
(Tead ship in follow yard). These design changes have a negative effect on
learning since they present new production situations. Thirdly, scheduling
of ship production does not always allow for maximizing of learning. An
accelerated schedule will result in follow ships beginning construction
before the full learning on the lead ship is realized. On the other hand,
Tong hiatuses between construction of follow ships results in loss of
Tearning. As the absolute numbers of ships of a class that any single yard
builds is small, the impact of these inefficiencies is large compared to a
building program with a large number of units to amortize. Fourthly, the
SWBS Group 800 design and engineering services portion of a ship
construction program tends to be a variable that is independent of learning.
As shown in Figure 2, these costs ranged from a low of 17% to a high of 131%
of lead ship costs. This SWBS group encompasses a large volume of work in
support of the Navy's ship acquisition office management and administrative
requirements. As such, this work changes as programmatic requirements
change. It is also work that is more subject to cost cutting measures since
a large portion of it is not absolutely necessary to build a ship.
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Typical ranges of learning curve "Slopes" for the construction labor
(e.g., SWBS Groups 100-700 and 900) for post war shipyards constructing
multiple Naval ships of the same class range in value from 88-90% (Reference
4 and 9, respectively). Although hard data was unavailable for material
costs, “Slopes" for material costs are reported in the literature to be on
the order of 97% (References 7 and 8). This high percentage is attributable
to the fact that much of the material cost represents items that have
already experienced the bulk of their individual learning. However, there
will be learning in the form of more efficient use of the material in the
shipyard as follow ships are built.

For the purposes of the revised follow ship model, the following
scenarios are provided in order to estimate the factors to be used for the

mode]l:

Scenario (1)

For an experienced shipyard historically involved in Naval
construction similar to that anticipated, where there are a number
of ships to be built in the yard, there are changes anticipated
between ships, and there is a good production schedule, the
following factors should be used.

0o Material Costs: "Slope" = 97%
o SWBS Group 100-700, and 900 Labor Costs: "Slope" = 88-90%
0 SWBS Group 800: Multiply lead ship costs by 0.40

Choice of "Slopes" from SWBS Groups 100-700 and 900 labor costs
should be 90% for a ship that it is anticipated will experience
considerable change or have major schedule perturbations. The 889
range should be used for a ship that it is anticipated will not
experience significant changes or schedule perturbations. If
material and labor costs cannot be separated, a combined "Slope" of
93% should be used.

Scenario (2)

For a yard that is less experienced in the type of construction
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anticipated, and where conditions are similar to the above, two
steps are required. Since this type of condition was not
anticipated by the lead ship model, the lead ship labor costs must
be multiplied by a factor of 1.2 to account for the inexperience of
the new yard. The rationale for this is presented in Section 4.5.
Material costs would remain the same. Then the following factors
should be applied:

o Material Costs: "Slope" = 97%

0 SWBS Groups 100-700 and 900 Labor Costs: "“Slope" = 85-87%

0 SWBS Group 800 Labor Costs: Multiply lead ship costs by
0.40

Selection of the "Slope" value for SWBS Groups 100-700 and 900
should be similar to that of the first scenario. Again for combined

Tabor and material costs use a "Slope" of 88%, when necessary.

Scenario (3)

For a situation analogous to World War II, where national defense
needs require opening new yards and construction of many identical
ships, then the following factors should be applied:

o Material Costs: "Slope" 97%
0 SWBS Groups 100-700 and 900 Labor Costs = "Slope" = 80%
0o SWBS Group 800 Labor Costs: Multiply lead ship costs by 0.4

As with scenario 2, lead yard labor costs must be multiplied by a
factor of 1.35 to account for the inexperience of the yards. This

scenario should be viewed as a lower bound to the learning curve.

Scenario (4)

For a situation where there are radical design changes anticipated
between individual ships, or there will be a very erratic schedule,
a situation could arise where there would be no appreciable
learning. Under this condition lead ship labor costs should be
multiplied by either 1.0, 1.2 or 1.35, depending on the experience
level of the yard (i.e., scenario 1, 2, or 3). Then there would be
no learning factors assigned for follow ships in the class. This

should be viewed as an upper bound to the Tearning curve.
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3.4 Revised Lead Ship in a Follow Yard Model

Determining the costs of a lead ship in a follow yard is a difficult
problem to conceptualize. Given the assumption that the lead ship models
estimate costs for constructing lead ships in typical experienced yards,
there is no reason for the cost of a lead ship in a follow yard to be
different than the lead ship in a lead yard. This is particularly true for
SWBS Groups 100 to 700 and 900 labor and material costs, which relate to the
construction of the ship. However, both historical data and CG 47 Class
data show costs are higher, with historical data ranging from 6% to 28%
higher, and with CG 47 class data being 17% higher. On the other hand
recent DDG 51 Class bidding experience would indicate significantly less
effort for the lead ship in the follow yard (even less than the first follow
ship in the lead yard). The follow yard bid is on the order of 65% of lead
ship bid. Naturally, these are bid values and not return costs; however,
they are fixed price bids. The Tikelihood of the follow yard costs growing
by 50% to match the CG 47 experience seems small. Thus, given the
inclusiveness of the data, the revised model will assume that there is no
difference between lead yard costs for experienced yards for SWBS Groups 100
to 700 and 900, and for material costs.

Group 800 costs also present a problem. It would be assumed that the
bulk of the non-recurring design and engineering services costs would be
assigned to the lead ship and that the follow yard would experience SWBS
Group 800 costs similar to that of the follow ships in the lead yard.

Again, data is inconclusive. For the CG 47 Class experience (the only
recent data available), the follow yard lead ship (CG-51) SWBS Group 800
costs were 36% higher than the lead ship SWBS 800 costs. Cost estimators at
BIW advised that these costs represented an unrealistically high data point.
However, the likelihood of the normal situation being nearly 100% less than
the CG 47 experience in order to match the lead yard follow ship data is
small. Therefore, for the purposes of the revised model, the follow yard,
Tead ship SWBS Group 800 costs will be considered to also be the same as the
lead yard, lead ship SWBS Group 800 costs.
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The final factor to consider is the experience of the shipyards in
question. If the follow yard is typical of those described in scenario 2
and 3 in Section 3.3, then the lead ship labor costs should be multiplied by
the appropriate factor to account for experience.

Once the appropriate costs have been estimated then they can be summed
to determine a lead ship in a follow yard cost. As an alternative, the
recurring costs elements can be used as input into step three of the revised
follow ship cost model and, along with the proper learning factors for the
follow yard, be used to estimate follow ship costs in a follow yard.
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3.5 Multi-Year and Multi-Ship Procurement

The impact of multi-year or multi-ship procurement was briefly
addressed in the original model. Both BIW and Tacoma Boatbuilding provided
assessments as to the potential cost savings that might result from quantity
ship buys. The values of these savings were estimated at between 5 and 10
percent.

As part of this study this issue was again investigated, and it was
determined that learning in the new model structure already encompasses the
effects of multi-year or multi-ship buys on costs for surface combatants and
most auxiliary or amphibious ships that are produced in series.

Additionally the lead ship models are based on data from multi-ship
programs. The reason for this is the fact that, particularly for
destroyer-type surface combatants, the ships are normally procured in
quantity in a continuous fashion over a relatively well-defined period of
time; therefore, the number of ships procured and the experience of a
particular shipyard with the ship type of interest become the primary
variables. The result is that this model allows for multi-year/ship
procurements, which is normal for the ship types of interest. In the event
a single-ship buy is contemplated, then the original shipyard estimates of a
5 to 10 percent cost difference should be added to the value obtained for
SWBS groups 100-700 and 900 from the lead ship models.

Multi-ship or multi-year procurement savings in the context in which
it is most commonly discussed is really applicable to ships that are
procured in limited numbers or in an unpredictable manner, e.g., aircraft
carriers. This situation differs significantly from that associated with
the ship types addressed by the lead ship and the Follow Ship and Follow
Yard models and has not been addressed.
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4.0 DATA ANALYSIS

4,1 Introduction

The data used for this modeling effort consists of three types of data:
(1) historical, (2) data provided in the original model, and (3) data
developed for the revised model. The historical data consists of data
identified during the literature search and includes data related to the
World War II experience, as well as some post war military and commercial
shipbuilding programs. The data provided in the original model consists of
input from BIW on the FFG 7 Class shipbuilding program. The data developed
for the revised model consists of data for the CG 47 Class shipbuilding
program provided by NCA and BIW. The remaining sections of this chapter
will address each of these data sets.

The major difficulty in the data analysis for this effort concerns the
availability of data in sufficient detail to be of use in quantifying the
various parameters in the model. In order to develop a sufficiently large
database, detailed return costs are required from a number of yards, over a
number of ships, even to assess a single ship class. This problem is
compounded if there is a desire to compare multiple ship classes.

Typically, return cost data is not the type of information a shipyard
Tikes to divulge, since this database is what they use to develop their
competitive bids. In the initial modeling effort, only BIW, out of seven
major shipyards, was willing to provide such data.

A second source of return cost data is the data reported to the Navy by
the shipyard. This data varies in detail depending on the nature of the
contract and on the programmatic requirements imposed upon the shipyard by
the Navy. For example, a shipyard with a fixed price contract may only have
to report percentage complete, whereas a shipyard with costs plus fixed fee
award will be required to bill the Navy by labor category and direct
expense. In either case, the data is usually proprietary and must be
sanitized before it can be assessed by non-Navy personnel. In addition, the
data analysis will not reflect shipyard estimator's judgement, which has
been a valuable source of information in the lead ship models.
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Another issue related to the availability and quality of the data is the
use of the SWBS breakdown. None of the shipyards account for costs
internally using the SWBS breakdown. Instead, they use their own functional
breakdown to account for costs internally, then allocate costs to a SWBS
number for reporting and bidding purposes. As ships are increasingly being
built using zone construction and extensive preoutfitting, the visibility,
for accounting purposes, of individual systems is becoming less. As such,
the reliability of data in the SWBS format is less since there are elements
of subjectivity in the determination and assignment of the data into the
SWBS format.

An issue related to the completeness of the available data is various
funding sources for costs reported and the impact on the data. In the CG 47
Class, for example, much of the material purchases are handled either as
government furnished material or class common equipment. These procurement
methods allow various sources of funding to be used and allow for cost
savings through bulk purchases. The problem is that these costs are
reported separately and are often amortized over a series of ships in the
class. Similarly, certain labor costs are spread out through multiple ships
or are split between the ship construction activities and the planning yard
services type contracts.

The issue of competitiveness between shipyards also affects the data.
The model reflects the "cost" of a ship in return costs, as opposed to the
"price"” of a ship in competitive bid prices. The price of a ship is the
primary issue related to competitiveness since it reflects the business
decisions a shipyard makes in determining their bid, whereas return costs
reflect the actual effort required to construct the ship. However, during
periods of slow construction, when competition is strong or shipyards are
bidding against known budgetary limits, bids are very low and affect the
return costs through cost cutting measures. These impacts are difficult to
identify, since they relate to how a shipyard structures its bid and
conducts its business. It is also an issue that is beyond the scope of the
present effort, since it reflects economic conditions and business decisions
that are not accounted for in the lead ship models.
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4.2 Historical Data

Four sources (References 6, 7, 8, 9,) were identified in the literature
that relate to cost savings for multiple ships. The relevant portions of
these four papers are presented in Appendix D and their results will be

summarized in this section.

Reference (6) is an excellent summary of the World War II experience.
To meet defense needs, ship production during World War II was 50 times that
of pre-war levels. To accommodate this production, a number of standard
designs were introduced that Tent themselves to mass production methods,
including prefabrication of components outside the yard. The Liberty Ship
is the outstanding example of this method, although this method was applied
to Victory Ships, other commercial ships and even destroyer-escorts with
similar results. Regarding the Liberty Ships, over 2400 were built during
the war, and as many as 14 shipyards were in production at one time. As
shown in Figure 4 the rate of drop was highest early in the program, and
began to level off with time. In subsequent ship construction programs the
initial drop is higher, partially through learning gained from the Liberty
Ship program.

Figure 5 presents data for the reduction of man-hours per vessel with
increasing production. As can be seen, the data plotted on log-log paper
gives a straight line and shows a decrease of approximately 20% with each
doubling of production. This 20% drop is the genesis of the 80% "Slope" for
the learning curve for the wartime experience.

The report concludes by noting that although some production methods and
practices developed during the war would have postwar utility, it would not
be possible during peacetime to use uniform plans or mass-production methods
to the extent practiced in the war.

Reference (7) is a report that presents data from World War II, and post
World War II MARAD data and circa 1966 Naval/ship procurement data.
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FIGURE 4

Unit Man-hour Reductions for Selected
World War II Shipbuilding Programs

Source: Monthly Labor Review, December 1945,
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Reductions in Man-hours per Vessel
with Increasing Production

Source: Monthly Labor Review, December 1945,
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Figures 6-9 present a summary of the progress curves for the U.S. built
ships discussed in the paper. The Liberty Ship and destroyer escort data
shown in Figures 6 and 7 are consistent with Reference (6).

The post-war MARAD data shown in Figure 8 indicates progress curve rates
ranging from a 75 percent slope to a 95 percent slope, with the majority
between 85 and 95 percent based on percent of lead ship man-hours. The
author concluded that the data showed a rough correlation of "Slope"
coefficients with that of the World War II experience.

The circa 1966 Naval ship procurement data shown in Figure 9 indicates
progress curves on the order of 90 to 95 percent slopes based on percent of
lead ship costs.

Also of interest in the circa 1966 Naval Ship procurement data are the
relative costs of lead ships in different yards. Follow yard lead ship
costs were consistently higher than lead yard lead ship costs and ranged, in
percent, from 114% to 128% for two follow yards constructing destroyer
escorts, and 106% to 117% for four follow yards constructing LST's. The
average increase for the LST data was 110%.

Reference (8) is a summary of lecture notes by Joseph Fetchko and based
on MARAD studies. It reports an average "Slope" for material of 97% and for
labor of 88%. These factors were used for a combined labor and material
“Slope" of 93%.

Reference (9) is a paper by John Couch which differentiates ship costs
into five components: 1labor, material, non-recurring costs, overhead and
profit. Of concern for the current model are the recommended "Slope" for
Tabor and material, which are quoted at 90% and 97%, respectively.

4,3 FFG 7 Class Data

In the original modeling effort, BIW provided data from their FFG 7
Class construction experience. This input is contained in Appendix B. BIW
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reported that their combined learning curve "Slope" is 93% and believed this
represented a program with minor changes and minimal production problems.
They also reported that the SWBS Groups primarily subject to learning are
100 through 700 and 900.

Figure 10 provides a summary of the FFG 7 Class data provided in the
original model. Since SWBS Groups 800 and 900 were considered to be a
percentage of lead ship costs, they are not provided in this summary. For
SWBS Group 100-700, the "Slopes" derived for the labor costs are 82% between
ships 1 and 2 and 90% between ships 2 and 4. Material costs "Slopes" are
78% between ships 1 and 2 and 95% for ships 2 and 4.

FIGURE 10
FFG 7 Return Costs Data

(i) Ship Labor Costs Material costs
(SWBS 100-700) (SWBS 100-700)
(k) man-hours $k

1 FFG 7 1487 39349

2 8 1226 30470

3 11 1176 29578

4 13 1097 28998

12 34 896 29021

The data indicates significant reductions in manhours between ships 1
and 2 that cannot be explained using pure learning curve theory. The
"Slope" values for ships 2 and 4 are more in line with those in the
literature; however, it should be noted that the material costs do not show
a consistent decline throughout the class. Using the FFG 8 costs as
representative of lead ship costs, the labor costs for the FFG 12 (ship
number 11 for this example) represents a learning curve "Slope" of 91%,
which is again consistent with the literature.
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4.4 (G 47 Class Data

The most recent data available for this study is on the CG 47 Class.
The full data set is provided in Appendix E and a summary of the data is
provided in Figure 11. Visibility of material cost is lost in this data set
due to material costs being accounted for in a separate manner after CG 48.
Therefore, the data set is primarily useful for assessing labor man-hours.
The data set is further limited by the fact that costs are reported for
groups of ships after the CG 47. Fortunately, the ships of interest in
these groups are in the middle of the grouping and average costs for the
group should be representative of these ships.

Figure 12 is a summary of the learning curve "Slopes" for the CG 47
Class ship built in the lead yard. Within each SWBS Group there are Targe
variations between ships; however, on average they fall within the 85% to
93% range for SWBS Group 100-700 and 900. The average "Slope" for these
SWBS Groups s 88%. SWBS Group 800 shows, as anticipated, no consistent
"Slope". Given the Timitations of the data, it is not possible to discern
individual differences between SWBS Groups on ships; however, the
accumulated average "Slope" of 838% for SWBS Groups 100-700 and 900 is
consistent with the historical literature.

One final aspect of the data presented in Figure 13 is the relative
costs of the Tead ships in both the lead and follow yards, using man-hours
as an indicator. For SWBS Groups 100-700 and 900 the lead ship in the
follow yard was 117% that of the lead yard. For SWBS Group 800, the follow
yard was 136% of the lead yard. For all SWBS groups this percentage was
123%. Of note, the BIW estimators believe the CG 51 Group 800 costs are
abnormally high.

4.5 Values Selected for Use in Model

Based on the data reviewed in sections 4.1 through 4.4, the following
values for "Slopes" and other factors elected for use in the model are as
shown in Figure 13,
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FIGURE 11
Summary of CG 47 Class Return Costs
Data for Labor Man-Hours (kmhrs)

AVE

SWBS CG 47 CG 48 CG 49/50/52/53 CG 54/55/56 CG 51
Group (i=1) (i=2) (Includes i=4) (Includes Lead ship in

i=8) follow yard
100 808.9 735 717.5 662.6 885.6
200 186.1 149.1 127.3 114.8 145.1
300 760.4 589.2 541.0 461.0 432.7
400 205.0 142.4 143.9 129.1 328.7
500 868.2 765.6 719.0 656.0 689.2
600 749.3 646.2 608.4 530.0 744.7
700 71.8 68.6 63.0 45.8 71.1
800 2537.9 925.6 1029.4 432.9 3,452.0
900 1480.7 1053.5 970.3 864.9 2,703.0
TOTAL 7668.3 5075.2 4920.3 3897.1 9459.1
SWBS 5130.4 4149.6 3890.9 3464.2 6007.1
Group
100-700
and 900



Summary of Learning Curve "Slopes"

FIGURE 12

for CG 47 Class Lead Yard Labor
Man-Hours by Ship and SWBS Number

SWBS Group
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400
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FIGURE 13
Values Selected for Use in Model

Historical FFG-7 CG47 Value
Parameter Data Data Data Selected

o Total Cost "“Slope"

- Scenario 1(1) 93% 93%

- Scenario 2 88%

- Scenario 3 80% 80%
o SWBS Group 100 to 700 88-95 90% 88% 88-90
and 900 Labor "Slope"
(Scenario 1)
o SWBS Group 800 - .25 of .2 to 0.4 of
Labor "Slope" lead .136 at lead
(Scenario 1) ship lTead ship ship
0o Material costs slope 97% 95% 97

(1) See Section 3.3

4.6 Derivation of Experience Multipliers for Different Yards

As noted, the lead ship models assume a capable and experienced shipyard

is building the ship.

For circumstances where a less capable, or, in the

extreme, a new, inexperienced shipyard is building the ship, there will be

both a greater amount of learning taking place (as shown by "Slopes" of 85%

and 80%, respectively), as well as a higher cost for the lead ship in these

yards.

To obtain an estimate of how much higher the lead ship in these more

inexperienced yards would be compared to the experienced lead yard, a factor

was estimated using the cumulative average cost formula and assuming that

between the 3rd and 6th ship the various yards begin to produce ships for

roughly the same cost.
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A factor for the ith follow ship is obtained as follows:

FS = LS(i)b
FS = 1.0(3)-.105
FS = .829

LS = 1.15

FIGURE 14
Summary of Experience Multipliers for Different Shipyards

Figure 14 shows a summary of the values derived.

Then a lead ship cost in an inexperienced yard is derived in the following
manner:

This was done for a number of conditions and a value for the model was
selected.

Shipyard (1)

Scenario 1
Scenario 2

Scenario 3

Total
"Slope"

.93
.85
.80

-.105
-.234
-.322

LS Factor
3rd Ship

1.0
1.15
1.26

LS Factor
6th Ship

1.0
1.26
1.47

—

Selected
for Model

1.00
1.20
1.35

(1) See Section 3.3
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5.0 USE OF THE REVISED MODEL

5.1 Introduction

The Revised Follow Ship and Lead Ship in a Follow Yard Cost Model is
significantly different from the original model. Therefore, the worksheet
and supporting data for the original model cannot be used for the revised
models. In this chapter, new worksheets and data sheets are provided and
these new sheets supersede those of the original model.

One of the goals of the current effort was to simplify the model, both
to make it easier to use and to make it more consistent with the level of
detail of the data available. As noted earlier in the report, the various
"Slope" and shipyard factors identified in the orginal model were based on
shipyard estimators' judgement of the factors which would impact follow
ships or follow yard costs. Even though these factors are not included in a
quantitative way in the revised model, they should be qualitatively
considered when selecting between the various scenarios presented in the
revised model. These factors are described in Appendix B in their original
form.

5.2 Revised Follow Ship Cost Model

Figure 15 provides a summary of the inputs required for the revised
follow ship cost model. The primary sources of the lead ship costs are lead
ship models and the specific design information NCA is using for preparing
the estimate. The information for the learning scenario information is
contained in section 3.3 of this report. The follow ship information is
based on the specific problem NCA is investigating. Values for labor rates
and inflation rate are derived from other models used by NCA. It should be
noted that the value of (i) is for the number of ships built in an
individual shipyard, and that if a class of ships built at different yards
is under consideration, the model user must develop estimates for each
shipyard.
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FIGURE 15
Required Inputs for
Revised Follow Ship Cost Model

Project Title:

Lead Ship Costs

Material Costs(A11 SWBS Groups)

Recurring costs $
Non-recurring costs $
Total $
SWBS Groups 100-700 and 900 Labor Costs
Recurring costs MHRS
Non-recurring costs MHRS
Total MHRS
SWBS Group 800 Labor Costs
Recurring costs MHRS
Non-recurring costs MHRS
Total MHRS
Total lead ship costs
Material $
Labor MHRS

Follow ship information
Number of to be ships built in shipyard

Labor rate (LR)

Inflation rate(IR)

Fiscal year(FY)

Learning scenario information
Scenario selected (1-4)
Material "Slope" selected
SWBS Group 100-700 and 900 “"Slope" selected

SWBS Group 800 Labor Factor Selected

Combined Labor and Material Costs "Slope" selected
(if appropriate)

Lead ship Tlabor cost multiplier
(1.0, 1.2, 1.35)
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Figure 16 provides a worksheet for developing the follow ship costs.
The worksheet is fairly straightforward and self explanatory. Explanations
of the various factors are found in Chapter 3. The model attempts to
provide flexibility in the estimating process based on the amount of data
available, and the type of follow ship cost information desired. If all
Tead ship non-recurring material and labor costs can be estimated, then all
three columns on the worksheet can be employed and follow ship costs for
each group estimated, and then summed using appropriate inflation and labor
rates. On the other hand, if only total material and labor costs can be
identified, or if only total costs can be identified, the same procedure can
be used, except that different "Slope" factors and multipliers should be
used based on the discussion in Section 3.3. For the condition where only
total lead ship material and labor costs are known, the first two columns
should be used (i.e., Group 800 costs grouped with other SWBS Groups). If
only a total lead ship combined material and cost is known, the second
column should be used in order to assure that the lead ship multiplier is
accounted for. In this case, all the costs would be identified in dollars
and the worksheet should be marked up accordingly. It should be recognized
that as lead ship cost data gets grouped together, the accuracy of the
estimate is lessened. This is especially true when total material and labor
costs are combined and the overall cost is multiplied by the lead ship
multipliers.

Flexibility is also provided in the model for estimation of the
individual ship cost, the cumulative average cost, or the cumulative total

cost, depending upon the requirements of the problem NCA is investigating.

5.3 Revised Lead Ship in a Follow Yard

The revised ship in a follow yard does not require a separate
worksheet, since it is essentially the lead ship costs, with labor costs
multiplied by the lead ship cost multiplier. Thus, the first three rows of
Figure 16 can be used to derive an estimate of the cost of a lead ship in a
follow yard, i.e. the sum of modified lead ship cost on Figure 16.
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FIGU 16

Follow Ship in a Shipyard Cost Estimating Worksheet

Project Title:

MATERIALS COSTS SWBS GROUP 100-700 AND  SWBS GROUP 800 LABOR COSTS
(ALL SWBS GROUPS) 900 LABOR COSTS (OR TOTAL MHR
($) COSTS, IF APPROPRIATE)
(MHR)

1 Lead Ship non-recurring N/A
costs

2 Lead Ship recurring costs
(or total costs, if
appropriate)

3 Lead Ship labor cost N/A
multiplier (1.0,1.2,1.35)

4 Modified Lead Ship
Recurring Cost
(LS = #2 x #3)

5 Follow Ship Data
i=
Labor Rate N/A
Inflation Rate

6 Learning Scenario Data N/A
Slope(SL)
Group 800 Multiplier N/A N/A 0.4
Tog SL
b= N/A
log 2 -

7 For individual shig cost
FS=LS(ib*1)-(4-)b*1,
Group 800=LS5/0.4) N/A N/A

N/A

8 For cumulative average
cost
FS=LS(i)b N/A
Group 800=LS(.4) N/A N/A
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FIGURE 16 (continued)

Follow Ship in A Shipyard Cost Estimating Worksheet

Project Title:

MATERIALS COSTS SWBS GROUP 100-700 AND  SWBS GROUP 800 LABOR COSTS
(ALL SWBS GROUPS) 900 LABOR COSTS (OR TOTAL
COSTS, IF APPROPRIATE)

9 For cumulative total cost
CT=LS(i)1*b
Group 800=(1+0.4(i-1)LS) NA NA  NA

Total follow ship cost = (Individual ship or cumulative average material costs) x (Inflation factor) +
(Individual ship or cumulative average SWBS Group 100-700 and 900 labor costs +
Individual ship or cumulative average SWBS Group 800 labor costs) x (Labor rate)

1

Total cost of ships in yard = Lead ship costs +I Follow ship costs

or

(Cumulative total material and labor costs in dollars) +
(Non-recurring material and labor costs in dollars) +
[(140.4(i-1)] (Lead ship SWBS Group 800 costs in dollars)

Total cost of ships in yard =

Lead ship in follow yard costs = Summation of modified lead ship costs

(Modified material costs) x (Inflation factor) + (Modified SWBS Group
100-700 and 900 labor costs + Modified SWBS Group 800 labor cost) x (Labor

rate)



6.0 CONCLUSIONS AND RECOMMENDATIONS

This report presents a revised follow ship and follow yard model that
attempts to address the shortcomings of the original model. The original
model was a first attempt to identify the factors which influence follow
ship and follow yard costs and to structure a model to estimate these costs.
The model that was developed was too complex to be verified with the data
available, went beyond the scope of the existing lead yard models, and
predicted Tow costs for SWBS Group 800 costs.

The revised model reduces the number of variables to the minimum to
establish a Tearning curve. It thus bounds the problem by identifying
different scenarios that affect the "Slope" of the learning curve, and
presents representative values for the "Slope" for these different
scenarios. The revised model also provides an estimate of the impact on
lead ship costs if the shipyard being evaluated is less experienced than
that assumed in the lead yard models. The revised model also updates the
SWBS Group 800 costs, based on recent CG47 Class return cost data.

The revised model is consistent with the lead ship models by limiting
output to labor man-hours and material costs. It also does not
individualize shipyards, but differentiates between relative capabilities of
shipyards with varying degrees of relevant experience. The revised model is
also consistent with the lead yard models by limiting output to labor
man-hours and material costs. It also does not individualize shipyards of
varying degree of relevant experience. The revised model is also consistent
with the lead yard models by differentiating between labor costs and
material costs, in the use of the SWBS breakdown and in the use of the lead
ship costs as input to the revised model.

The revised lead ship in a follow yard cost portion provides an
estimating method for developing a lead ship cost based on the relative
experience of the follow yard, as compared to the lead ship cost model.
Unfortunately, the data available was inconclusive concerning follow yard
cost trends, and the assumption was made that given a lead follow yard of
equal experience, lead ship costs in both yards would be the same.
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This report also provides a summary of the data used for revising the
models, which consisted of historical data derived from the literature, FFG
7 Class data provided by BIW during the original modeling effort, and CG 47
Class data provided by NCA and BIW for the current effort. The data
represents shipbuilding experience over the last 45 years and the trends
indicated by the data are relatively consistent with time. The major
difference was the World War II experience, where new, inexperienced yards
were established to meet the war demands. The availability of the CG 47
Class return cost data helped to improve the model greatly because it
provided insight into a very recent U.S. Navy shipbuilding program.

The primary recommendation for further development of the models is to
expand on the models as data becomes available. No attempt was made in this
effort to differentiate between type of ships, such as surface combatants,
auxiliaries or amphibious ships. Also, no attempt was made to identify
trends among individual SWBS groups. Also, as mentioned, there was
insufficient data available to rigorously assess lead ship costs in lead and
follow yards. These would be the type of assessments that could be
considered if further data were made available.
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119 WEST 315~ STRETT 2O NEWPORT NEWS VIRGINIA 23608
NEW YORK. NY 10CC1 | ; 804-380-3800 -
212-613-1300 | e

GIBBS & COX ¥

NAVAL ARCHITECTS AND MARINE ENGINEERS
123% JEFFERSON DAVIS HMIGHWAY e ARLINGTON VIRGINIA 22202

16541 (4-0550) 703-975-1240 9 May 1983

Mr. Frank Silva

Manager, Cost Engineering Department
Newport News Shipbuilding & Dry Dock Co.
4101-T Washington Avenue

Newport News, VA 23607

Subject: Request for Indication of Interest in Follow Ship
Cost Impact Study
Enclosure:
(&) Information Required for Study
Gentlemen:
1. Gibbs & Cox, Inc., under contract to the U.S.

Navy, has been and is involved in the developrment of Ship Cost
Models for OPNAV (OP-96). The current development of cost models
for destroyer-cruiser and auxiliary-amphibious type ships has
resulted in useful preliminary cost-estimating tools; however,
there are a number of limitations to these models. Five primary
areas are currently in need of further development to enhance the
value of the current models by extending their usage and

increasing confidence in their accuracy. These areas include the
following:

© The models now estimate only lead ship costs, whereas
experience with past buys has been with an average of
five ships in each of twenty-one auxiliary-amphibious
classes and fifteen ships in each of eleven
frigate-destroyer-cruiser classes. As a result, it is
important to extend the models to accommodate follow ship
costs and the effects of multiple ship buys.

© The identification of recurring and non-recurring costs
in multi-ship buys is another feature that would be of
use. This is a variation on the issue of lead and
follow-ship costs in that specific costs unigque to lead
ship procurement would be identified with those
associated with follow ships.

A-1 A//fnt{/x' (_AJ\
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©0 Second source start-up costs is another variation that
could pbe of 1nterest. The costs associated with the lead
ship at a follow yard have not been addressed to date,
vyet they affect the total costs associated with a class
of ships. Given the procurement approach taken with the
FFG-7 and CG-47 and the similar proposed approach with
DDG-51, this may be an important issue.

© Closely associated with the above is the effect of
multi-year buys on cost. Recent estimates from shipyards
indicated significant savings in cost and time throuah
multi-year procurements. Providing the ability to
account for these savings in the existing models would be
very worthwhile.

© Experience with the development of the auxiliary-
amphibious ship cost model indicates a relatively high
degree of spread associated with the data. Baving return
cost data from additional shipyards, especially for ship
types such as PG and LCC would be very useful in
increasing the confidence level associated with the
model.

2. The same basic approach used in previous Gibbs &
Cox, Inc. cost model programs is proposed for this effort, i.e.,
return cost data from shipyards participating in the study will
be used to develop cost estimating relationships for materials
($/ton, $/SEP, etc.) and labor (manhours/ton, MH/SHP, etc.),
which will then form the basis for the cost algorithms. In this
case, it is proposed that the shipyard cost data be used to
develop "correction factors™ to be applied to the basic
algorithms of the existing models. This is considered
appropriate for follow ship, multi-ship and multi-vyear
procurement costs. At the same time recurring and non-recurring
costs may be identified and attributed to the lead ship and
follow ships as appropriate.

3. In line with the above discussion, it is proposed
to allocate approximately S10K to each of three participating
shipyards for the purpose of obtaining return cost data andgd
analyses of its implications on selected ship programs for which
the shipbuilder can provide the required data. It is anticipated
that this level of effort will be accomplished over a 2-month
period. Enclosure (A) discusses type of data and other
information to be furnished by the shipbuilder.
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4. It is requested that the shipbuilder, after
reviewing this letter and its enclosure, identify one or more
programs for which requisite data can be provided within the cost
and time frame identified herein. Assuming agreement can be
reached on scope of effort and program(s) involved, a contract
will be issued to cover this effort.

5. Your prompt attention to this matter will be
greatly appreciated.

Very truly yours,
GIBBS & COX, INC.

AN _Sokn it

A. W. Schmidt
Project Engineer
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1. List of Candidate Programs to be Considered:

(For BIW) DDe31 (7) FFG-1 (3) FFG-7 (23)
(For NASSCO) AFS (7) AD (4) LST (17)
(For Avondale) FF 1052 (27) AD (5) WHEC (12)
(For Todd) FF 1052 (14) FFG-7 (29) AQT (4)
(For G.D.) AOR (7) ' LSD (&)

(For N.N.S.B.) CGN 36/38 (6) LKA (5)

(For Tacoma) PCG (4) PG (10) WMEC (4) - T-AGOS (8)

2. Information/Data Desired:

a. Modelling cost factors will be developed for each of the basic
nine (9) one-digit U.S. Navy SWBS cost groups. It is recog-
nized that shipyard return costs may be more easily extracted
in accordance with their own cost groupings. A cross reference
matrix should be provided along with explanatory material.

b. Within each cost group the following data should be provided:

Total wgt. of cost group,
Amount of other independent variable (I.V.) if weight is not the
best (SHP, KW, L/B/D, etc.),
Labor factor in Manhours/Ton (or other I.V.),
Material factor in $/Ton (or other I.V.), in actual year expended,
Identification and discussion of any factor which is considered
to be either unique or distorts the labor/material factors.

c. Shipyard return costs should be developed as indicated above for:

(1) First ship of the class in the shipyard (i.e. lead ship
in yard)

(2) A follow ship of the same class in the yard (preferably 3rd
or 4th).

(3) A later ship also, if significantly different.

d. Opinions should be provided as to what effect (a) multi-year
procurement may have on ship costs, and (b) multi-ship procure-
ment had on ship costs. Provide rationale to support any
opinions rendered.

e. Based on c. above, provide:

(1) Basic ship description

Length, Beam, Draft, Depth, Displ (Full Load), SHP and other I.V.,
Propulsion Plant type, no. of shafts and any unique installed
systems which had impact on cost factors for given ship.

(2) Breakdown and identification of recurring and non-recurring
.costs between 1lst and follow ship of class.

¢
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(3) Discussion of other factors which had impact or influence
on cost differentials between lead and follow ships, such as:

P~~~ PN~ P~
T Hho ao om
— e o et — e s

economic conditions,

labor rates,

overall work load,

changes ancd/or differences in major systems (armament,
propulsion, etc.)

increased inspection or software requirements,

major changes in "make or buy" decisions,

extended building period,

escalation, productivity, etc.
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BATH IRON WORKS CORPORATION
COST MODEL

INTRODUCT ION

The Bath Iron Works Corporation is pleased to assist Gibbs & Cox in the development
of a cost model for U.S. Destroyer auxiliary and amphiblious type ships. The text and

charts that follow set forth the major cost factors which contribute to differences
between lead and follow-ships of a class.

Data provided represents FFG-1 class (Previously DEG 4-6) and the FFG-7 class ships.

Specifically FFG 4 and 6 material is provided along with FFG 8 and 34 which is the
1st ship of flight #1 ana the last ship (11th) of flight #2.

A1l cost data was developed at BIW's charge level representing return cost Informa-
tion. Biw has also converted/reconciled all data to the OPNAV ship work breakdown
structure utilizing a computer system developed during the CG proposal perlod.

Exhibits A thru K have been developed to illustrate trends and comparisions.
The enclosed computer runs reflect manhours and material cost by BIW charge and SWBS.

Gibbs & Cox will note BIW's text and exhibits speak to a relatively smooth -
production run on both FFG 4-6 and FFG 8-34. Indeed a learning curve at 93X Indicates
programs with minor changes and with minimal production problems.

BIW is convinced multi-ship multi-fiscal year production is the most cost effective
method of surface ship procurement,

Even with substantial confiquration changes such as experlienced on the lst ship of

the FFG 3rd flight a continuation of learning is maintained to the extent portions of
the construction remain unchanged.

BIW welcomes task III ano stands ready to provide specific answers to questions that
may arise. . ‘



BATH IRON WORKS CORPORATION

TASK RESPONSE

TASK 1:

€-4

Factors which contribute to lead ship and follow ship cost differences:
1) Learning: (labor only)

Learning between ships in a multi-ship contract at the BIW has
historically been on a 93% unit progress curve. Return costs for the FFG
1 and FFG 7 class ships used in this study indicate that favorable
conditions in the yard at the time of contract performance contributed to
their falling within the acceptable range of this curve. Factors such as
an unusual amount of change orders, design, material procurement problems
and company/union labor disputes could adversely affect learning if they
occurred during construction.

The SWBS groups primarily subject to learning are 100 thru 700 and 900.

2) Recurring vs non-recurring costs: (labor and material)

Most non-recurring costs are assoclated with SWBS groups 800 and 900 and
include design/engineering, lofting and general and administration
services. These are considered non-production costs and are generally
charged to the first ship of a multi-ship contract and thereby result in a
great disparity of costs between lead and follow ships in these groups.

It follows therefore that non-recurring costs are minimized on a
multi-ship/multi-year procurement.
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3) Material procurement and inflation:

Pre-planning, schedullng and establishment of in-yard requirement dates
for major material and components are of prime importance in maintaining a
proper relationship between lead and follow ships. Failure to procure,
prepare and deliver major components in accordance with a pre-established
schedule could have a profound effect on labor and material costs due to
delays in production and inflation. To avoid this situation and
especlially the cost impact on the last ships in a contract, it is highly.
desireable to procure as many shipsets of material at the same time as
practicable. Multi-ship material procurement also has obvious cost
advantages inherent in Quantity Buying. Ouring construction of the FFG-1
class ships the rate of inflation was low enough to be practically
insignificant. However, at the time the second flight of FFG-7 class
ships were being built, the inflation rate was approximatly 11% per year

and if not for multi-ship buying could have had a serious impact on follow
ship costs.

Availability of skilled labor:

The over-all yard work load during the construction of ships under a
multi-ship procurement contract could affect the availability of skilled
labor on follow ships. Expertise gained by tradesmen on a series of
similar ships would be lost if it was "drawn-off" to satisfy the
requirements of concurrent contracts. It is apparent therefore that every
effort should be made to maintain the skill level throughout a multi-ship
construction contract.

——
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B825-7011 11-22-83
COST MODEL DEVELOPMENT STUDY
LEAD & FOLLDOW SHIPS
LABOR HOURS MATERIAL DOLLARS
SWBS WEIGHT Non- Recurrin Mhrs/ Non- Recurrin Dollar/
Group (L/tons) Recurring (1) (DPLg 9 (2) Ton Recurring (1) (DPM% g (2) Ton
FFG 8
100 1,256.78 415,815 330.9 1,923,566 1,530.6
200 '249 .86 57,712 231.0 415811122 18)334.8
300 205.73 147,292 715.9 2,214,386 10,763.6
400 96.08 77,051 801.9 830,510 8,643.9
500 417.61 246,038 589.2 5,471,612 13,102.2
600 288,65 273,618 947.9 2,037,593 7,059.0
700 96 .05 8,027 83.6 79,073 823.2
800 536,219 27 958 473,155 2.5% 24
$00 202,740 10 718,507 1,4350732 7.7% 1,612,698
TOTAL  2,610.76 739,959 38.0% 1,945,428 1,908,887 10.2% 18,750,584
FFG 34 :
100 1,256.78 254,222 61% %02.3 2,024,547 105% 1,610,9
200 249 .86 44,826 78% 179.4 6,487,651 142% 25,965.1
300 205.73 114813  78% 558.1 2'434'850 110% 11,835.1
400 96.0? 57,278 74% 596.]- 925,536 1}1% 9,633.0
500 417.6 182,456  74% 436.9 6,150,270 113% 14,823.1
600 288.65 234,364  B6% 811.9 21167,610 106%  7,509.5
700 96.05 8,412 105% 87.6 88,063 111% 916.8
800 47,872 3.3% 4,617 4,391 ,02% 6,383
900 44, 466 3.1% 549,274  76% 1, 128 092 5.2% 1,225,982 76%
TOTAL 2,610.76 92,338 6.4% 1,450,262 75% 1,132,483 5.3% 21,550,892 115%

21; Percent of total DPL/DPM
2) Percent of lst ship
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8825-7011 11-22-83

"COST MODEL DEVELOPMENT STUDY
LEAD & FOLLOW SHIPS

LABOR HOURS MATERIAL DOLLARS
SWBS  WEIGHT _ Non Recurrin Mhrs/ Non- Recurrin Dollar
Group (L/tons) Recurring (1) (DPLS 9 (2) Ton Recurring (1) DPM% g (2) Tgn ar/
FFG 4
100 1,248.09 233,202 186.8 397,673 318.6
200 360.85 37,078 102.8 931,799 2,582.2
300 103.16 94,768 918.7 747 755 7,248.5
400 147,37 95,003 644.,7 467 783 3,174.2
500 339.99 271,061 797.3 1,668, 1956 4,908.8
600 242,54 ... 198,516 818.5 493,340 2,034.1
700 132.13 35,393 267.9 2201036 1,665.3
800 81,222 6.4% 994 192,317 3.6% 1,730
900 8,291 .7% 308,946 36,533 7% 368,300
TOTAL 2,574.13 89,513 70.2% 1,274,961 228,850 4.3% 5,297,373
FFG 6 :
100 1,248.09 212,195 91% 170.0 408,623 103% 327.4
200 360.85 33,016 89% 91.5 928,629 100% 2,573.4
300) 103.16 72,905 77% 706.7 732,878 "98%  7,104.3
400 147.37 77,712 82% 527.3 463,462  99% 3,144.9
500 339,99 246,029 91% 723.6 1,609,843  97% 4,735.0
600 242.54 182,125 92% 750.9 471,019 96%  1,942.0
700 132.13 29, '088 B2% 220.1 146,145  66% 3,564.8
800 73,733 6.5% '691 70% 31,427 6% 1,109  64%
900 6,504  .6% 286,836 93% 100,065 2.0% 344,810 94%
TOTAL 2,574.13 80,237 7.0% 1,140,607 90% 131,492 2.6% 5,106,518 97%

glg Percent of total DPL/DPM
2) Percent of lst ship
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THIS STUDY IS NOT TO BE CONS-
TRUED AS A SPECIFIC SOURCE FOR
DETERMINING LEAD AND FOLLOW-
SHIP COST DIFFERENCES OR SHIP
CONSTRUCTION COSTS. IT IS SOLELY
INTENDED, BASED ON THE EX-
PERIENCE AND  PROFESSIONAL
JUDGEMENT OF THE PREPARER,
THAT THIS STUDY OUTLINES ONLY
THE VARIOUS FACTORS WHICH SIGNI-
FICANTLY AFFECT VESSEL COSTS
AND EVALUATES EACH ON A QUALI-
TATIVE AND/OR  QUANTITATIVE
BASIS.
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COST MODEL DEVELOPMENT STUDY

INTRODUCTION

TACOMA-ESCHER WYSS, IN SUPPORT OF GIBBS AND COX, INC., HAS
PREPARED THE FOLLOWING STUDY REGARDING THE DEVELOPMENT
OF A FOLLOW-SHIP COST MODEL FOR U.S. PATROL, CORVETTE, FRIG-
ATE, DESTROYER, AUXILIARY AND AMPHIBIOUS TYPE SHIPS. THIS
STUDY, BASED ON EXPERIENCE AND PROFESSIONAL JUDGEMEMENT,
PROVIDES INPUT, BOTH QUALITATIVE AND QUANTITATIVE, REGARD-
ING THE EFFECTS ON SHIP CONSTRUCTION COSTS WHICH ARE
DIFFERENT BETWEEN LEAD AND FOLLOW-SHIPS.

SINCE ACTUAL OR COMPLETE VESSEL COSTS ARE EITHER UNAVAIL-
ABLE OR DIFFICULT TO ASSESS ON A WHOLE-SHIP BASIS OR AT THE
SYSTEMS LEVEL, IT WAS DETERMINED TO DEVELOP A MATRIX OF
FACTORS WHICH AFFECT SHIP CONSTRUCTION AND TO FURTHER
ANALYZE EACH OF THESE FACTORS ON A WHOLE-SHIP BASIS. THIS
MATRIX WAS DEVELOPED FOR THREE HYPOTHETICAL SHIPYARDS,
YARD A, EAST COAST; YARD B, GULF COAST; AND YARD C, WEST
COAST. THE FACTORS WERE THEN COMPARED TO EACH YARD, AN
ASSESSMENT MADE OF ANY RELEVANT IMPACT, AND WHERE POSSIBLE,
A QUANTITATIVE VALUE ASSIGNED.

NUMEROUS FACTORS AFFECTING SHIP CONSTRUCTION WERE CON-
SIDERED, HOWEVER, ONLY THOSE WHICH WERE DETERMINED TO SIG-
NIFICANTLY AFFECT VESSEL COSTS WERE EVALUATED.

II. BASELINE RATIONALE
THE FACTORS THAT WERE ASSESSED WERE DIVIDED BETWEEN TWO
CATEGORIES, THOSE CONSIDERED SPECIFIC BETWEEN SHIPYARDS,
AND THOSE CONSIDERED COMMON BETWEEN SHIPY ARDS.

26-04/08
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THESE FACTORS ARE SHOWN ON FIGURE 1 AND ARE SUMMARIZED AS
FOLLOWS:

A. COMMON FACTORS

|
.

MULTI-SHIP PROCUREMENT
MULTI-YEAR PROCUREMENT
MATERIALS

CONTRACT DESIGN CHANGES
CUSTOMER DESIGN CHANGES
MAKE OR BUY DECISIONS
CUSTOMER DIRECTED PURCHASE
METHOD OF CONSTRUCTION
EXPERIENCE

OVERALL WORKLOAD

DO 00 N O W& W N
[ Y B 2 I D N I
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B. SPECIFIC FACTORS

LABOR RATES
2. ESCALATION
3. INSPECTION/SOFTWARE/HARDWARE CHANGES
4.  PRODUCTIVITY
5.  YARD LOCATION
6. LOCAL ENVIRONMENT
7. ECONOMIC CONDITIONS
8. FACIUTIES
9. START-UP COSTS
10. INDIRECT COSTS

IN ORDER TO ESTABLISH A COMMON BASELINE AND ASSESS THE COST
IMPACT OF EACH FACTOR BASED ON THE THREE YARDS' LOCATIONS,
IT WAS CONSIDERED REASONABLE TO ESTABLISH A MATRIX RELATING
TO THE VARIOUS SHIP TYPES AGAINST WHICH EACH OF' THE COST
FACTORS COULD BE ASSESSED AND A REASONABLE VALUE ASSIGNED.
THIS MATRIX WAS FURTHER EXPANDED TO ALLOW COMPARISON OF

26-04/08 C-4
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BOTH LEAD SHIP/FOLLOW-SHIP AT LEAD YARD AND FOLLOW-YARDS
FOR BOTH MULTI-SHIP AND MULTI-YEAR TYPE PROCUREMENTS.

A BASE FOR COMPARISON WAS THEREFORE ESTABLISHED SO THAT
THE SUMMATION OF COST VALUES WOULD BE EQUAL TO 100 FOR THE
LEAD SHIP AT THE LEAD YARD FOR BOTH MULTI-SHIP AND MULTI-
YEAR TYPE PROCUREMENTS.

FOLLOW-SHIPS AT THE LEAD YARD AND FOLLOW-YARDS WOULD
THEN BE ASSESSED AGAINST THIS BASE. THE CRITERIA FOR ESTAB-
LISHING THE BASE FOR THE DIRECT/INDIRECT SHIP COST BREAKDOWN
WAS THE RESULT OF THE FOLLOWING ANALYSIS. THESE VALUES ARE
CONSIDERED REASONABLE WITHIN THE INDUSTRY AND ACCEPTABLE
WITHIN THE SCOPE OF THIS STUDY.

26-04/08 C-5
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SHIP COST BREAKDOWN

COST = 100%
DIRECT INDIRECT
70% 30%
LABOR MATERIAL VARIABLE
21/28% 49/42% FACTORS
10%

LABOR/MATERIAL SPLUIT
DIRECT COST FACTOR = 70%

SHIP TYPE MATERIAL
PATROL, CORVETTE 70%
FRIGATE, DESTROYER

AUXILIARY 60%
AMPHIBIOUS 60%
26-04/08 C-6
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MANUFACTURING

O.H. AND G&A
20%

LABOR
30%

40%

40%



AS A FINAL CONSIDERATION IN THE DEVELOPMENT OF THIS STUDY,
GUIDELINES WERE ESTABLISHED REGARDING ADDITIONAL FACTORS
WHICH HAVE AN INFLUENCE ON THE COST MODEL STUDY AND WERE
EVALUATED ACCORDINGLY:

* STUDY BASED ON WHOLE-SHIP BASIS.

* SHIP DESIGN NOT INCLUDED.

* GOVERNMENT FURNISHED EQUIPMENT AND MATERIAL NOT
INCLUDED.

* STUDY BASED ON PROCUREMENT OF TWO OR MORE SHIPS.

* POLITICAL INFLUENCE NOT CONSIDERED.

* STUDY BASED ON COMPETITIVE TYPE PROCUREMENT.

* NEGOTIATED OR DIRECTED SOLE SOURCE TYPE PROCURE-
MENTS NOT CONSIDERED.

FACTOR ANALYSIS AND COST IMPACT

THE FOLLOWING FACTORS WERE EVALUATED ON THE BASIS OF THEIR
IMPORTANCE, DEFINITION RATIONALE, AND COST IMPACT IN-
FLUENCE. THOSE FACTORS WHICH WERE CONSIDERED SPECIFIC WERE
EVALUATED BASED ON THEIR COST IMPACT AND FURTHER ASSIGNED
AN APPROXIAMATE VALUE. FIGURE 2 IS A TABULATION OF THE
FACTORS AND ASSOCIATED VALUES. THE SUMMATION OF THE VALUES
WERE THEN COMPARED TO THE BASE OF 100 AND"I'HE VARIANCES
BETWEEN EACH CATEGORY DEFINED.

A. COMMON FACTORS

1. MULTI-SHIP PROCUREMENT - A FIRM FIXED PRICE PRO-
CUREMENT OF TWO OR MORE SHIPS AWARDED TO A GIVEN
YARD TO BE PERFORMED WITHIN A SPECIFIED TIME PERIOD.
THIS TYPE OF PROCUREMENT COULD ALSO INCLUDE OP-
TION PROVISIONS FOR ONE OR MORE SHIPS, BASED ON A
FIXED PRICE PLUS ESCALATION, TO BE EXERCISED IN
FUTURE YEARS BASED ON BUDGET APPROPRIATIONS. THIS

26-04/08
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TYPE OF PROCUREMENT WOULD BE LIMITED TO THE SUC-
CESSFUL YARD, AND AFTER COMPLETION OF LEAD SHIPS,
AND OPTION SHIPS IF EXERCISED, OPENED FOR COMPETI-
TIVE REBID FOR SAME DESIGN AND CLASS.

MUL"I'I-YEAR PROCUREMENT - THIS TYPE WOULD BE A FIRM
FIXED PROCUREMENT OF TWO OR MORE SHIPS WITHOUT
OPTION PROVISIONS. FOLLOW-ON SHIPS WOULD BE KEYED
TO APPROVED AUTHORIZATION FOR MULTI-YEAR PLANNED
PROCUREMENT OF A GIVEN NUMBER OF SHIPS TO BE
FUNDED OVER A SPECIFIED NUMBER OF YEARS. THIS TYPE
OF MULTI-YEAR PROCUREMENT IS CONSIDERED TO HAVE
COST SAVINGS ADVANTAGES OVER OTHER TYPES OF PRO-
CUREMENT.

MATERIALS - BASED ON THE MATERIAL SPUT AS
PREVIOUSLY DEFINED, ALL MATERIALS ARE ASSUMED TO
BE STANDARD ITEMS AND COMPONENTS USED IN SHIP CON-
STRUCTION SUCH AS PLATES, SHAPES, MACHINERY, ELEC-
TRONICS, FURNISHINGS AND WEAPON SYSTEMS. I'i' IS
ASSUMED THAT MATERIAL COSTS COULD BE REDUCED FOR
FOLLOW-ON SHIPS BY UP TO 5% FOR MULTI-SHIP PROCURE-
MENT AND UP TO 10% FOR MULTI-YEAR PROCUREMENT
BASED ON QUANTITY PROCUREMENTS, IMPROVED
MATERIAL HANDLING AND PRODUCTION CONTROL, EVEN
WITH INFLATION TAKEN INTO CONSIDERATION.

CONTRACT DESIGN CHANGES - CHANGES MADE BY THE
SHIPYARD IN THE DETAIL AND ASSEMBLY STAGE TO SOLVE
UNFORESEEN PROBLEMS SUCH. AS INTERFERENCES
BETWEEN SYSTEMS. DEPENDING ON THE STAGE OF CON-
STRUCTION COMPLETED, THESE CHANGES COULD HAVE A
MAJOR IMPACT ON CONTRACT COST. THESE CHANGES
COULD ALSO IMPACT THE LEARNING CURVE, START-UP
COSTS, PRODUCTIVITY, AND OVERALL WORKLOAD. SINCE
THIS FACTOR WOULD IMPACT BOTH LEAD YARD AND
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FOLLOW-YARD EQUALLY, NO SPECIFIC COST VALUE WAS
ASSESSED.

CUSTOMER DESIGN Cl—!ANGES-C_ZHANGES MADE BY THE
CUSTOMER TO ACCOMMODATE NEW  EQUIPMENT,
MACHINERY, ELECTRONICS OR WEAPON SYSTEMS.
CHANGES COULD BE IMPOSED ON THE LEAD SHIP OR
FOLLOW-SHIPS. THESE CHANGES COULD IMPACT COST THE
SAME AS WOULD CONTRACT DESIGN CHANGES. HERE
AGAIN, IMPACT TO YARDS WOULD BE CONSIDERED EQUAL,
SO THEREFORE, NO SPECIFIC COST VALUE WAS ASSESSED.

MAKE OR BUY DECISIONS - SHIPYARD HAS OPTION TO DE-
CIDE THE COST ADVANTAGE OF EITHER PURCHASING A
COMPONENT OR MANUFACTURING IN-HOUSE. THIS DECI-
SION AFFORDS THE SHIPYARD A COST ADVANTAGE IF THEY
HAVE THE CAPABILITY TO MANUFACTURE MAJOR OR
SUB-SYSTEMS AND/OR COMPONENTS WITHIN THEIR
FACILITY. THIS FACTOR DOES NOT DIRECTLY AFFECT THE
LEAD SHIP/FOLLOW-SHIP COST. IT DOES, HOWEVER,
AFFORD A SHIPYARD A COST ADVANTAGE IN BIDDING NEW
SHIP CONSTRUCTION CONTRACTS. SINCE ALL SHIPYARDS
COULD BE CONSIDERED AS HAVING THIS SAME ADVANTAGE,
NO SPECIFIC COST VALUE WAS ASSESSED. -

CUSTOMER DIRECTED PURCHASE - CONTRACT SPECIFIES
THAT SHIPYARD PURCHASE AND INSTALL SPECIFIC TYPES
OF EQUIPMENT SUCH AS ENGINES, GEARBOXES, PROPELLER
SYSTEMS, CONTROL SYSTEMS, ELECTRONIC SYSTEMS AND
WEAPON SYSTEMS WITHOUT COMPETITIVE BIDDING. THIS
FACTOR COULD INCREASE TOTAL SHIP CONTRACT COST BY
BEING LOCKED INTO A HIGHER PRICED SYSTEM AND/OR
HIGHER INSTALLATION COSTS OVER A COMPARABLE COM-
PETITIVE SYSTEM. IT COULD ALSO RESULT IN THE
DIRECTED PURCHASE NOT FULLY CONFORMING TO THE
SHIP'S SPECIFICATION RESULTING IN INCREASED COSTS,
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DELAYS IN RENEGOTIATING THE CONTRACT, OR IMPOSING
HIGHER COSTS ON THE SHIPYARD TO PERFORM WHATEVER
TASKS ARE NECESSARY TO ASSURE THAT THE DIRECTED
PURCHASE CONFORMS TO CONTRACT REQUIREMENTS.
THIS FACTOR WOULD ALSO IMPACT EACH SHIPYARD
EQUALLY SO NO SPECIFIC COST VALUE WAS ASSESSED.

METHOD OF CONSTRUCTION - THIS FACTOR WOULD RE-
FLECT MODULAR CONSTRUCTION AND ZONE OUTFITTING
VERSUS TRADITIONAL METHODS OF CONSTRUCTION. AS IN
"MAKE OR BUY DECISIONS", THIS FACTOR ALSO DOES NOT
DIRECTLY AFFECT LEAD SHIP/FOLLOW-SHIP COST BUT
DOES AFFORD THE SHIPYARD A COST ADVANTAGE IN
BIDDING NEW CONSTRUCTION AS MODULAR CONSTRUCTION
IS MORE COST-EFFECTIVE. HOWEVER, SINCE THIS TYPE OF
CONSTRUCTION PROGRESSES QUITE DIFFERENTLY THAN
THE TRADITIONAL TYPE (AS MODULARS ARE CONSIDER-
ABLY OUTFITTED) CUSTOMER DESIGN CHANGES OR
CONTRACT DESIGN CHANGES COULD BE MORE COSTLY
BASED ON THE STAGE OF COMPLETION OVER A TRADI-
TIONAL BUILT HULL. CHANGES CAN IMPACT MATERIALS,
PRODUCTIVITY, START-UP COSTS, MAKE/BUY DECISIONS,
AND OVERALL WORKLOAD. NO SPECIFIC COST VALUE WAS
ASSESSED AS THIS FACTOR WOULD EQUALLY IMPACT EACH
SHIPY ARD. )

EXPERIENCE - THIS FACTOR WOULD REFLECT THE CAPA-
BILITY OF A SHIPYARD TO BUILD A PARTICULAR CLASS OF
VESSEL BASED ON PRIOR WORK. EXPERIENCE WOULD LEAD
TO DEVELOPING A LEARNING CURVE AND WOULD IN-
FLUENCE OTHER FACTORS SUCH AS START-UP COSTS,
PRODUCTIVITY, MAKE/BUY DECISIONS, AND METHOD OF
CONSTRUCTION. SINCE ALL SHIPYARDS WERE ASSUMED TO
HAVE EQUAL EXPERIENCE IN THE CONSTRUCTION OF A
GIVEN CLASS OF VESSEL, NO SPECIFIC COST VALUE WAS
ASSESSED. SINCE PRODUCTIVITY IS RELATED TO
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10.

EXPERIENCE, THE PRODUCTIVITY FACTOR WAS EVALUATED
SEPARATELY AND A COST VALUE ASSESSED.

OVERALL WORKLOAD - THIS FACTOR WOULD TAKE INTO
CONSIDERATION THE SHIPYARD'S PRIOR OR CURRENT OB-
LIGATIONS THAT NEED TO BE COMPLETED PRIOR TO OR
CONCURRENTLY WITH ANY NEW CONTRACT. THIS WILL
INFLUENCE A SHIPYARD'S COST DUE TO AN OVERLOAD OF
WORK WHICH WOULD CAUSE NON-COST EFFECTIVE UTILI-
ZATION OF PLANNED FACILITIES, RESULTING IN AN IMPACT
ON PRODUCTION SCHEDULING AND PROGRESS. ALL SHIP-
YARDS COULD BE INVOLVED IN SUCH A SITUATION,
THEREFORE, NO SPECIFIC COST VALUE WAS ASSESSED.

SPECIFIC FACTORS

~

LABOR RATES - THIS FACTOR WAS EVALUATED ON THE
BASIS OF UNION LABOR USED IN THE ACTUAL CONSTRUC-
TION OF A VESSEL SUCH AS BOILERMAKERS, PIPEFITTERS,
ELECTRICIANS, SHEET METAL WORKERS, MACHINISTS,
PAINTERS AND CARPENTERS. LABOR RATES WERE EVALU-
ATED FROM 10 COASTAL SHIPYARDS, EAST COAST, GULF
COAST, AND WEST COAST. THE RATES RANGED FROM A
LOW OF $9.05/HOUR TO A HIGH OF $13.50/HOUR FOR AN
AVERAGE U.S. WAGE RATE OF $lO.29/HOUR, CURRENT AS
OF NOVEMBER 1983. THE RATES WERE THEN AVERAGED
BASED ON THEIR GEOGRAPHIC LOCATION AND COMPARED
TO THE U.S. AVERAGE RATE.

EAST COAST = $9.89/HOUR = 96.1% OF U.S. AVERAGE
GULF COAST = $9.52/HOUR = 92.5% OF U.S. AVERAGE
WEST COAST = $12.26/HOUR = 119.0% OF U.S. AVERAGE

THESE PERCENTAGES WERE THEN APPLIED TO THE LABOR
SPLIT, AS DEFINED UNDER SHIP COST BREAKDOWN FOR THE
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VARIOUS TYPES OF SHIPS, AND THE RESULTS TABULATED
ON FIGURE 2.

ESCALATION - THIS FACTOR WAS EVALUATED ON THE BASIS
OF THE BUREAU OF LABOR STATISTICS (BLS) STEEL VESSEL
INDEX WITH THE BASE 1967 = 100, AND APPLIED ONLY TO
MATERIAL. FIGURE 3 1S A COMPILATION OF THE INDICES
FROM 1967 THROUGH SEPTEMBER 1983. FIGURE &4 IS THE
SAME COMPILATION WITH AN ADDITIONAL TABULATION
SHOWING THE PERCENTAGE OF CHANGE FROM ANY BASE
MONTH TO THE BASE MONTH OF THE PREVIOUS YEAR.
SEVERAL OTHER ESCALATION FACTORS COULD BE IMPOSED
ON GOVERNMENT CONTRACTS, HOWEVER, FOR THIS STUDY
THE BLS WAS USED FOR THE BASE COMPARISON. SINCE THE
INTENT OF THIS STUDY IS TO EVALUATE LEAD SHIP AND
FOLLOW-SHOP COSTS, IT COULD BE ASSUMED THAT LEAD
SHIP WOULD BE IN PRESENT YEAR DOLLARS AND
FOLLOW-SHIPS IN FUTURE YEAR DOLLARS. FOR THIS
REASON WE HAVE ASSUMED THAT ESCALATION HAS BEEN
ACCOUNTED FOR IN THE LEAD SHIP COST OR HAD BEEN
CONSIDERED AS PART OF THE CONTRACT. SINCE THE
ANNUAL CHANGE IN 1983 ESCALATION AVERAGED OVER
THE PREVIOUS FOUR YEARS HAS BEEN ON THE ORDER OF
6.5%, WE HAVE INCLUDED IT AS PART OF INDIRECT COST,
THUS THE BASE OF 100 WOULD REMAIN VALID.

INSPECTION/SOFTWARE/HARDWARE CHANGES - CHANGES
IN REQUIREMENTS IMPOSED BY THE ‘CONTRACTING
ACTIVITY OR LOCAL SUPSHIPS OFFICE FROM ONE LOCALE
TO ANOTHER ON INSPECTION PROCEDURES, SOFTWARE
REQUIREMENTS OR HARDWARE CHANGES CAN RESULT IN
AN IMPACT ON PRODUCTIVITY, MATERIALS, MAKE/BUY
DECISIONS, AND OVERALL WORKLOAD. IT WOULD NOT BE
CONSIDERED UNUSUAL FOR THE LEAD YARD TO DEVELOP
PROCEDURES WITH THE LOCAL CONTRACTING ACTIVITY
AND FOR FOLLOW-ON YARDS TO PERFORM UNDER
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DIFFERENT PROCEDURES WITH THEIR LOCAL CON-
TRACTING ACTIVITY. CHANGES IN PROCEDURES COULD
NECESSITATE CHANGES IN INSPECTION PRACTICE AND RE-
WRITING OF PROGRAMS AND DOCUMENTATION.  THIS
FACTOR WAS EVALUATED AND ASSESSED A 1.0 SPECIFIC
COST VALUE FOR FOLLOW-ON SHIPS AT FOLLOW-YARDS.

PRODUCTIVITY - THIS FACTOR IS GAUGED TO OUTPUT
RELATED TO INPUT - HOW MUCH IS ACCOMPLISHED WITHIN
A SCHEDULED AMOUNT OF TIME WITH A BUDGETED
AMOUNT OF LABOR HOURS AND MATERIAL DOLLARS.
VARIOUS FACTORS IMPACT PRODUCTIVITY, SUCH AS, EX-
PERIENCE, METHOD OF CONSTRUCTION, LOCAL ENVIRON-
MENT, AND OVERALL WORKLOAD. EACH YARD IS
CONSIDERED TO HAVE AN EQUAL ADVANTAGE TO
INCREASE PRODUCTIVITY BY UTILIZATION OF SPECIAL
TOOLING, ALLOWING PERSONNEL TO BECOME MORE PRO-
FICIENT, IMPROVING PRODUCTION - LINE TECHNIQUES, AND
TAKING ADVANTAGE OF QUANTITY PROCUREMENTS.
PRODUCTIVITY WILL THEREFORE, BE EVALUATED SOLELY
ON THE BASIS OF DEVELOPING A LEARNING CURVE. IT IS
GENERALLY ESTABLISHED THAT THE LEAD YARD HAS AN
ADVANTAGE OVER FOLLOW-SHIPYARDS REGARDING
REDUCED COSTS DUE TO LEARNING EXPERIENCE. WE,
THEREFORE, ASSUME THAT THERE IS APPROXIMATELY UP
TO A 10% LABOR ADVANTAGE FOR THE LEAD YARD. BY
APPLYING THIS AS A PERCENTAGE OF THE LABOR RATE
THE SPECIFIC COST VALUE IS ASSESSED. ANOTHER MAJOR
FACTOR IN PRODUCTIVITY, HOWEVER, ONE WHICH IS NOT
USED AS A COST COMPARISON IN THIS STUDY, IS THAT OF
UNION/NON-UNION OR MINIMUM TRADE UNION REPRESEN-
TATION WITHIN SHIPYARDS. THERE COULD BE UP TO A 30%
LABOR SAVINGS BY ALLOWING VARIOUS TRADES TO
PERFORM JOBS WITHIN OTHER TRADES' JURISDICTION.
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YARD LOCATION - THIS FACTOR RELATES TO THE GEO-
GRAPHICAL LOCATION OF THE SHIPYARD; EAST COAST,
GULF COAST, OR WEST COAST. THERE ARE MANY FACTORS
WHICH MAY HAVE AN IMPACT ON VESSEL COSTS DUE TO
LOCATION, SUCH AS; LABOR RATES, START-UP COSTS, ES-
CALATION, PRODUCTIVITY, LOCAL ENVIRONMENT,
ECONOMIC CONDITIONS, FACILITIES, METHOD OF CON-
STRUCTION, COST OF IN-BOUND FREIGHT, AND TIME AND
COST OF VESSEL DELIVERY TO ASSIGNED LOCATION.
EVALUATION OF THIS FACTOR IS VERY DIFFICULT IN TERMS
OF OVERALL COST IMPACT COMPARISON, THEREFORE, NO
SPECIFIC COST VALUE IS ASSESSED.

LOCAL ENVIRONMENT - THIS FACTOR IS EVALUATED RELA-
TIVE TO CLIMATIC CONDITIONS IN THE VARIOUS
GEOGRAPHICAL LOCATIONS. IT IS ASSUMED THAT
WEATHER CONDITIONS, SUCH AS, HARSH WINTERS, HEAVY
RAINS, FLOODING, AND EXTREME HEAT HAVE AN IMPACT
ON PRODUCTION, THUS RESULTING IN LOWER PRODUC-
TIVITY. EVALUATING THE THREE GEOGRAPHICAL
LOCATIONS AND DETERMINING THE EFFECT OF WEATHER
CONDITIONS, WE HAVE ASSIGNED FACTORS FOR LOWER
PRODUCTIVITY AT 10% FOR THE EAST COAST, 5% FOR THE
GULF COAST AND 2% FOR THE WEST COAST. BY APPLYING
THESE FACTORS AS A PERCENTAGE OF THE LABOR RATES,
THE SPECIFIC COST VALUE IS ASSESSED.

ECONOMIC CONDITIONS - THE GENERAL ECONOMY WILL
VARY NATIONWIDE AFFECTING LOCAL CONDITIONS WHICH
COULD HAVE AN IMPACT ON VESSEL CONSTRUCTION COSTS.
FACTORS WHICH WOULD HAVE AN INFLUENCE INCLUDE
UNEMPLOYMENT, LACK OF SKILLED PERSONNEL TO FILL
POSITIONS, COST OF BORROWING MONEY, AND INDIRECT
COSTS.
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HERE AGAIN, EVALUATION OF THIS FACTOR IS ALSO VERY
DIFFICULT IN TERMS OF OVERALL COST IMPACT COMPARI-
SON, THEREFORE, NO SPECIFIC COST VALUE IS ASSESSED.

FACILITIES - THIS FACTOR GENERALLY ADDRESSES THE
AVAILABILITY OF SHIPYARD FACILITIES TO CONSTRUCT A
SPECIFIC CLASS OF SHIP WITHIN A GIVEN TIME PERIOD.
EVEN THOUGH A SHIPYARD MAY HAVE CONSTRUCTED A
SIMILAR TYPE VESSEL AND POSSESS THE EXPERIENCE AND
CAPABILITY, DUE TO CURRENT WORKLOAD OR PARTICU-
LAR CONTRACT REQUIREMENTS, A SHIPYARD WOULD HAVE
TO ASSESS THE AVAILABILITY OF IT'S STEEL FABRICATION
FACILITIES, MACHINE SHOP FACILITIES, LAUNCH
FACILITIES, AND OTHER SUPPORT FACILITIES TO ASSURE
THERE 1S NO CONFLICT BETWEEN EXISTING AND NEW CON-
TRACTS. THIS FACTOR COULD, THEREFORE, IMPACT
METHOD OF CONSTRUCTION, OVERALL WORKLOAD, PRO-
DUCTIVITY, AND START-UP COSTS. SHIPYARD FACILITIES
WOULD DEFINITELY INFLUENCE THIS FACTOR PRIOR TO
ANY BID CONSIDERATIONS AND THEREFORE, FOR THIS
STUDY, NO SPECIFIC COST VALUE IS ASSESSED.

START-UP COSTS - THIS FACTOR IS INFLUENCED BY
FACILITIES AVAILABILITY, BUT IS DIRECTED MORE
TOWARDS TOOLING, FIXTURES, MATERIALS ACQUISITION,
EQUIPMENT, CAPITAL, AND LABOR AVAILABILITY. SINCE
THE LEAD YARD MAY HAVE EXISTING EQUIPMENT WHICH
COULD BE UTILIZED OR MODIFIED, OR HAS AMORTIZED
START-UP COSTS IN THE INITIAL LEAD SHIP CONTRACT, IT
IS ASSUMED THAT THE LEAD YARD HAS A COST ADVAN-
TAGE OVER FOLLOW-YARDS FOR FOLLOW-SHIPS. THIS
FACTOR WILL ALSO INFLUENCE MATERIALS, MAKE/BUY
DECISIONS, METHOD OF CONSTRUCTION, PRODUCTIVITY,
AND LABOR. FOR THE PURPOSE OF THIS STUDY WE HAVE
ASSESSED AN IMPACT ON MATERIAL OF 5% AND LABOR 10%.
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BY APPLYING THESE FACTORS, AS A PERCENTAGE OF THE
MATERIAL AND LABOR FACTORS FOR FOLLOW-
SHIP/FOLLOW-YARD CONTRACTS, THE SPECIFIC COST
VALUE IS ASSESSED.

10. INDIRECT COSTS - BASED ON THE DIRECT/INDIRECT SPUT
RELATED TO SHIP COST BREAKDOWN AS PREVIOUSLY
DEFINED, WE ASSUMED INDIRECT COSTS OF 30%, WHICH
FOR THE PURPOSE OF THIS STUDY, SHOULD BE GENERALLY
ACCEPTED WITHIN THE INDUSTRY. INDIRECT COSTS WOULD
CONSIST OF MANUFACTURING OVERHEAD AND G&A REPRE-
SENTING 20%, AND 10% FOR VARIABLE FACTORS. A
FACTOR FOR PROFIT OR FEE WAS NOT CONSIDERED AND
THEREFORE, NOT INCLUDED AS PART OF INDIRECT COSTS.

SUMMARY

THE RESULTS OF THIS STUDY, BASED ON EXPERIENCE, PROFESSIONAL
JUDGEMENT, OPINIONS, AND ASSESSMENTS, HAVE INDICATED A
DEFINITE TREND AND REASONABLE COMPARISON OF COST FACTORS
WHICH ARE DIFFERENT FOR LEAD SHIPS AS COMPARED TO
FOLLOW-SHIPS. SUMMATION OF THE COST VALUES RESULTS IN THE
LEAD YARD AS HAVING A DEFINITE COST ADVANTAGE OVER
FOLLOW-YARDS FOR FOLLOW-SHIPS CONTRACTS. - EVALUATION OF
THE COST FACTORS/COST VALUES RELATING TO THE THREE YARDS,
"A" "B" AND "C", DENOTE CERTAIN COST ADVANTAGES/COST DISAD-
VANTAGES. IN ORDER TO ASSESS THIS MATRIX AND PUT IT IN PROPER
PERSPECTIVE, THESE VALUES SHOULD BE EVALUATED BASED ON A
SPECIFIC APPLICATION WITHIN A GIVEN PERFORMANCE PERIOD.

26-04/08
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SHIP CONSTRUCTION COST FACTORS/COST VALUES RELATED TO LEAD SHIP/FOLLOW-SHIPS

SHIP TYPE: PATROL, CORVETTE, FRIGATE, OR DESTROYER
R LEAD - SHIP FOLLOW- SHIPS LEAD-SHIP FOLLOW-VARDS (@)
P \ LEAD YARD LEAD YARD YARD "aA" YARD “B" YARD "c”

——.

CONTRACT TYPE:

[MULTI-SHIP [MuLTI-YE AR JMULTI- SHIP | MULTI-YEAR MULTI-SHIP [MULTI-YEAR[MULTI-SHIP JMULTI-YE ARpRALTI-SHIP [MuLTi-vE A
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TOTAL @ 1 100.0 100.0 975 25.1 1087 106 0 106.7 104.1 3.2
NOTES: THESE FACTORS ARE CONSIDERED COMMON BETWEEN LEAD

AND FOLLOW-YARDS AND ARE THEREFORE ASSESSED ON A QUALITATIVE BASIS.

@ INCLUDED AS PART OF INDIRECT COSTS TO ESTABLISH THE BASE.
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SHIP CONSTRUCTION COST FACTORS/COST VALUES RELATED TO LEAD SHIP/FOLLOW-SHIPS

SHIP TYPE : AUXILIARY
LEAD-SHIP FOLLOW- SHIPS LEAD-SHIP FOLLOW-YARDS (4)
T LEAD YARD LEAD YARD YARD "A" YARD "8" YARD "C"

CONTRACT TYPE:

TI-SHIP [MULTI-YEAR

MULTI- SHIP |MULTI-YEAR

MULTI-SHIP [MULTI-YEARMULTI-SHP [MuLTi-vEAR

MULTI- SHIP | MULTI-YEAR

COST FACTORS
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THESE FACTORS ARE CONSIDERED SPECIFIC BETWEEN LEAD AND
FOLLOW-YARDS, BUT DUE TO THE NUMBER OF VARIABLES WHICH INFLUENCE

THE COST FACTOR, NO COST VALUE WAS ASSESSED.

@ THESE COLUMNS REPRESENT THE LEAD-SHIP OF A FOLLOW-SHIP CONTRACT,
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SHIP CONSTRUCTION COST FACTORS/COST VALUES RELATED TO LEAD SHIP/FOLLOW-SHIPS

SHIP TYPE: AMPH!BIOUS
’ LEAD-SHIP FOLLOW- SHIPS LEAD-SHIP FOLLOW-YARDS . (4)
o LEAD YARD LEAD YARD YARD "A" YARD "8" YARD "C"

CONTRACT TYPE:
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ARE ONA TWO SHIP FOLLOW PROCUREMENT.

FACILITIES
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(%) FACTOR'S TOTAL COST VALUES WHICH REFLECT REDUCED FOLLOW-SHIPS
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March 293.
April 295,
May 295.
June 296.
July 301.
August 303.
September 304.
October 305.
November 305.
December 306.

FIGURE 3.
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1982
January
February
March
April
May
June
July
August
September
October
November
December

1983

January
February
March
April
May

June
July
August
September
October
November
December

308.
309.
309.
310.
309.
308.
308.
308.
308.
309.
308.
307.

308.
3.
312.
312.
312.
312.
313.
313.
315.
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1975
1976
1977
1978
1979
1980
1981
1982

1983

THE PERCENT OF INCREASE REPRESENTS THE CHANGE FROM THE MONTH TO THE PREVIOUS YEAR
* REVISED BY BLS
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MATERIAL INDEX FOR STEEL VESSEL CONTRACTS
AVERAGE FOR 1967=100
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APPENDIX D

MULTIPLE SHIP REDUCTION

1ling price oT cost for multiple ships

in a contract is j1lustrated by Figure 33, showing material, labor and
overhead costs for general cargo ships, as & percentage of the cost for
the Tirst ship. The first ship is assumed to pe a new design and in-

cludes "full shipyard engineering."

The reduction in the sel

tion has over the years developed average
mpirical data from over 100 bids.
limited to 10 ships,

the reduc-

The Maritime Administra
multiple ship reduction factors based on €
Since the jata are based on actual bids, they are
maximuam. However, with the use of thecretical progress CUrves,
+ion facters can be extended.
priately called learning
4 that as & total
percentage.

gress curves (inappro
hereby it is assume
the cost per unit declines by some constant
eloped in the aircraft industry for estima-
For a more detall jiscussion, the

The theoretical pro
curves) are pased on the theory W
guantity doubles,
The theory was originally dev
jon of airframes.

ing mass producy
) is recommended.

parer by Couch (5

It is convenient to express the multiple ship reductions oOT
es as a log-linear slope €even though the actual bids seldom
or all the ships in @& contract. These re-

progress Curv
hat indicated by the Couch

plot on & straight log line T
1ationships are reasonably consistent with t
(5) and the recent large-lot naval bidders.

when the total construc-

In conventional shipbuilding practice,
tion time for a large number of ships is long, there is often an increase
terial and labor costs due to escalation that tends in a slight way
gains of increasing the number of ships in one€ con-
n some materia

1 quotations from ven-

in ma
to offset part of the

tract. This was especially noted i
dors of costly equipment for a recent large fixed-price MarAd ship Pro-

curement. While the cumulative average price continued to decrease bY

a very small amount, the unit price actually jncreased after the fifth
and sixth unit. This was due to the later deliveries being in either

a period of higher wage agreements OT the expected cost increase for ma-
terials such as W€ are presently experiencing. '

reduction values for various

Tables L2 thru Ll show gquantity

slopes. Values up to L9 units are shown.

=133~
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008

«47651000
38120800
¢334%%900
030496600

e1s
4]

49450500
080223400
035958700
032581000

8z2%
[+

31724400
e82414000
¢37765600
0 3IATT9500

[ 31
(-]

053849700
084495200
040079800
*37097100

(14
4]

«56035200
247069600
o82505700
39538500

(1]
¢

¢350282000
049539700
«43%047100
¢42108800
[ 1)
<]

«60591100
«32108300
+47708000
*44813100

1

100000000
046211100

»37%20700
*33104600
30255200

1}
1400000000
«482401300
039831200

¢33%206000
¢32337300

1

1400000000
#50332100
241825700
+37412500
34534500

1400000000
«32487500
e44112900
«39728000
036851600

H

1400000000
¢547076800
046495500
»42156500
¢39293600

]

1138002000

¢489768300
44702100
041845700

1

1400000000
059347400
«315%8000
+47368R00
¢ 44573000

(For

2

+80000000
24A934600

036968900
¢32768000
30021400

2

+81000000
046981000

»39074700
¢34867800
32101300

2

«82000000
043093700
061272300
¢37074000
034297100

?

83000000
+51274}00
e43564700
039390400
¢36613700

2

«84000000
033523400
45954400
e41821200
39056200

2

085000000
095843100
040445000
044370500
041629800

«86000000
#38234400
051038800
087042700
¢844 339900
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PROGRESS CURVFE VALUES
slopes of ,80 to .86 for I thru 49 units)

80 sos
3 . -

1021060 84000000 ¢39%813700
1a5909888 $2599939¢ 1 +4 1819900
36443600 «3%0a7700 2 ¢35478400
032845000 0321346700 3 31835200
¢29794800 «29575%100 [} 29361490

sls el .

3 . 9
+71606%00 265610000 61306800
45881600 44830100 1 43899600
«38550200 »380%4600 2 «3738%100
e34%43200 e34231100 s 33930800
*31872%00 «316%0%00 . 031435000

a2%

3 4 EFLY

s

¢73012700 +67240000
7981400 +806974100 83070600
+40750400 «40256800 1 + 45055600
+36748800 +36436000 2 +36789100
¢36066800 033843300 3 «35134900

. ¢33626200

(311 (3]
] L3 )
*+ 74428900 68890000 264079100
¢30182600 049192800 1 48288000
43047200 042357500 2 *42093000
2390659000 »38753700 ) 38452000
036382800 034158700 'y 35940900
ses sas

) . ‘ )

* 75859200 «70580000 +68708600

82456600 51487800 1 +5060i000

045443600 144559700 2 +44500400

+41498700 «A1}ARB3I00 3 +40889000

38825700 +38601800 . ¢383846200
[ 11} [}, ]

3 4 ]
¢7172915%00 072250000 200% 7100
54804200 +53860800 1 052996300
47942700 087466400 2 247014500
244031600 043744300 ] 43448000
041400800 41178200 'S 040961800

[YTY [ 33 )
3 3 >
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e3122%600

&

+59870400
065212200
¢39344800
035844600
¢3341%300

0861776000
e47458%00
041851600
038162800
€35729200

083718400
e49787100
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¢629063300
34778000
30492600
047656900

[ 11]
o

«83399700
e37%5%1700
033405100
050645500

{141
o

«87901200
280432000
036449800
¢33784500

Ly
]

s70488300
083421900
#359631100
«37079700

9le
o

+73103500
966524200
262953600
¢60337000

9%
(-]

e 75806400
269741900
«66421800
264162500

23
]

« 78578300
«73077800
#700640500
067962400

1

1400000000
*81769100
+54243700
«%0161000
e47421100

}

1400000000
064260100
57036200
¢53083100
¢30415400

1

1400000000
066821800
059938400
«36139300
53561700

1

1000000000
069455300

062953300
039334700
36865900

1+00000000
«12161700
¢66084100
202673400
060334000

1.00000000
274982200
+69133700
«66160300
¢63972200

1

1+00000000Q
e17198100
«72705%00
0869600500
«67186900

«87000000
+80698600

53739100
s40842100
e47192000

2

88000000
263237200
#56548900
032773200
50191800

+89000000
165851400
«39471400
35840600
+53345100

90000000
+88542700

¢62509700
059049000
¢36658000

2

91000000
oT1312400
065867100
262403200
060136500

H

92000000
+ 76181900
¢e6B946R00
065915200
053797003

2

+93000000
e 717092600
e72352200
069568800
0067616100

(For Slopes

3

*80183700
039730300
33261300
049534900
048960400

3

+81659600
«62310500
#56087200
052474600
049974500

]

.
»+83135200
064971200
39028600
055552500
33134500

3

84820600
67713800
462088800
e58773400
+56455700

+86115700
¢70539900
¢65271100
062142500
039044300

3

«87620400
¢734%1200
«68574100
0656064600
«63A06T00

]

289134700
+76449200

" +72016300

269345100
¢67449700

Table 43
PROGRESS CURVE VALUES

of .87 to .93 for 1 thru 49 units)
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¢ 75690C00
+38847500
¢32807800
«49238700
«46153000

. 888
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s 77440000
e81464700
¢55648700
¢52186600
+49763000
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79210000
e841606700
¢306807800
¢35274300
52929600

0%
s

+ 81000000
086055300

261688400

¢58507400

¢36258800
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« 82810000
¢69832300
084894300
«$1090600
039757100
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o
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o74317800
080687600
255231300
¢51908200
049357200

"
]

«76293%400
¢83426700

+58206900
35005600
+32730000

08
3

278298700
286256800
0061306800
*58250100
«30066900
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]

«80333600
080179800

+84334800
001647000
0390374600
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L]

«82398200
072197600
«67894700
065201500
$632%9800
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S

«84492800
¢75312400
+71390300
88919200
¢67129400

060748500
037289300
031043400
040674500
e46337300

071860400
«39966500
e34833300
31639200
*49358800

[}
1

739901300
e862742200
¢37824400
e34743700
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e761%8%00
«83810000
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«58001200
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[ ]
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¢63092800
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e7480%200
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e 48400300 «48130800
s48137500 e43942800
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0544352990 e34088900
*51378900 «311268900
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4 ]
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¢574%8600 37108400
054494100 +34250300
¢52345900 52160900
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s65008200 084445800
260593800 +602%9800
¢37760200 ¢37526%00
035697%00 35519600
? ]
e76738700 «75387100
s68011600 «87484800
063862600 063547300
081182600 060981000
$30223200 039053800
7 [ ]
279129700 277868800
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61269000 s68975400
s8476710¢C . 264559600
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7 [ ]
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*8324a700
¢807e59000
¢3508888300

2% 83
°

L & X N

076773300
«70173%00
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+81420300
+765%535100
¢73814400
271043000
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]

e84333400
«801106700
«17748500
¢16110900

L 11
(]

«87%18500
«83825800
¢81847800
080472700

°rTe
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«90376700
287665400
+88117300
85035500

o8
[+

+93509100
«91638900
090562300
0890806100

o0t
o

196716500
295749300
095188000
e94791800

1

1400000000
¢80730500
076202500
+73%98700
271764600

| 1

1400000000
«83740700
079828000
»77560100
0759071900

1

1400000000
086829700
+835K5200
+81689900
«80353800

1

1000000000
«89999000
o874777100
085993300
284943200

1

1000000000
093269600
091508600
290475800
«89741500

i

1400000000
096582900
e 95081600
095142800
+94757900
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Table L

PROGRESS CURVE VALIILS

(For slopes of .94 to .99 for 1

1% 1
2 3 .
¢94000000 906858500 ¢ 88360000 1
+80105900 ¢79535500 0790111€C0O
+75886700 ¢75586100 $ 15204560 2
+73390400 «73189100 «729c4300 3
+7163030Q, +71480000 +71333500 .
(111
2 3 .
+95000000 +92191000 ¢90250000
«83203200 «82711800 «82259500 1
79553600 *792902400 ¢« 19043000 2
¢ 77378100 e77202100 977031700 3
#75836600 ¢75704600 § 75575900 i
96%
2 3 .
094000000 293738700 «92160000 1
086385900 «85979700 «85605200 2
«83356600 «83138600 +82930500 3
«81337300 +81385600 +81246100 .
480241800 +80130700 «80022300
(34
2 ] .
+97000000 295287000 » 94090000 \
089635500 +89340800 +89050300
«87299000 +87128700 +86965900 2
+85873400 +85757400 285644900 :
084853300 +84765700 » 84680100
(111
2 ) .
+98000000 296848700 ¢96040000 1
093013500 092796700 ¢92596500 2
¢91384700 291266300 091153200 3
+90392100 +90311000 ¢90232%00 .
©89678500 «89617000 +89%57000
(21}
2 ) .
+99000000 098419700 +9%010000 1
0904581100 096349200 058245800 :
095611109 *95555500 693436500 3
095099000 « 95056600 ¢93015400 .
094724800 094692900 4945660000

[ Rk [
L L1 L L L L) e L
¢
thru 49 units)
Gos - ses 874
] ) 7 8  J
86617300 «0%219000 +8460%46400 «83038400 «82189700
78526000 +78274500 277653500 e172%8300 «76886300 1}
15025600 076753600 76512000 e 74270400 e74038200 2
«12805700 72622800 $72445400 e72213100 «1210587C0 3
71190500 271051000 «70914700 «70781600 eT068%5180¢C &
(11} 3% 89A
S [} 14 ]  J
+88772000 87582300 863889 205737500 «849933
«81840600 081450600 s810860 080743800 0804214 1
78804600 018576200 +78357100 78146300 077943800 2
076866700 76706600 076531200 ¢ 76400300 «76253%00 )
e75450400 07153271790 #752068000 75090900 0740756400 &
vos 6% 1A
s [} 7 [} [ ?
0909%6800 +8998%300 189172100 e88473600 v87062.9%, 1
+852%8100 084936700 084631590 +84347500 8407907 |} =
82731400 082540500 «8235%7200 «A2181990 «820116C". 2 \O
81108100 80973600 ¢80843100 80716200 «8058%250¢ ) -3
+79916500 «79813100 79712100 ¢ 79613300 079516705 & i
[ 14 o8 93A
5 ) 7 [ ] | ]
¢93171900 92420400 «91804400 ¢91267300 290796100
88180700 +88529300 88293700 ¢88072300 ¢878483300 1
+86810000 +86860500 86516900 86378800 e88263%700 2
+85535900 ¢85430100 ¢85327300 85227400 ¢85130100 3
04596500 284514800 +84435000 84356900 e84280500 &
(113 sss 954
s [ 7 (] )
+05%417400 .9A0x1780 +94486200 094119200 ¢9379660
«92410%500 +92236800 92074000 91920700 +917760 1
¢91044800 +90940800 90840800 290744600 «90631800 2
290158300 90082300 ¢90010400 «89940500 009872400 3
89498300 189441000 +89385%000 +89330100 089276300 &
ot s 974
S [ ] ] ] °
097603400 ¢97439500 097217000 «97029002 298884300
+98140%00 96050500 95078200 95395700 95820300 1}
95440000 2953835700 0$53936C0 95283300 095234800 2
+949075500 +94036700 2$4809030 094862300 +94026800 9
94830100 94399900 004570400 294541500 94513300 &
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The use of slope factors, while convenient, can be mesmerizing.
For example, 2 construction program for 49 ships under conventional ship-
building techziiques would require construction in several shipyards.
Thus the average unit cost for U9 ships would not be the cumulative
average for L9 units taken directly from the tables. The MarAd empirical
data (cumulative average) approximates a log linear plot with a slope
of .929. A comparison of the empirical multiple ship reduction factors
and the theoretical factors using a (.929) slope is shown in Table LS.

Table 45

MarAd Total Cost Multiple Ship Reduction Factors

Each of - Empirical Theoretical Each of - Empirical Theoretical
(1) 1.000° 1.900 (6) : .827 .827
(2) .921 . .929 (1) .81k .813
(2) .880 .891 (8) .802 .802
L) .859 .863 (9) 191 -792
() .8u2 .8L3 (10) .78 .783

A comparison with other sources equating the slope for the
tctal price of ships are shown in Table L6.

Table L6

Total Cost Slope Factors

MarAd Empirical Dat@.....eveon.. e ettt (.929)
Benford (L) e eeieineeeeeeeeeeeneseoeeeenransannannnns (.933)
Couch (5)...... e et et erereeaaeen e ee...(.935)
Average Navy LST Bids 17 ShipPS.eeeveeeeeneneneenan eee...(.941)
Average Navy DE Bids 20 ShipS..eeeereeeennneeeennoonans (.954)

Note, however, that a shipyard's estimate of cost for multiple
ships seldom relies entirely on these specific relationships. Further,

the relationships will:

* Vary with each shipyard and for each bid
Vary for material, labor and overhead

Vary for new designs and repeat designs
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¢ determine follewing ship Costs, it is the general practice
of the shipyard to estimate the labor savings, material purchase savings,
and prorate the initial non-recurring cost (i.e. ship engineering) cver
the remaining ships in a contract. The overhead ani profit, expressed
as a percentags, may or may not change. Prorating the engineering is
on> of the mcst significant causes of the initially steep drop in cost.
Repeat designs for example, do not exhibit the same cost-quantity re-
lationships as do initial designs. The cause of the drop in following
ship prices can be expressed in arother manner, that is, by equating

recurring (material and labor) costs to non-recurring costs.

The reduction expressed as a slope factor is different for
1 ani labor. Based on MarAd's empirical studies the average
acteors fcr cumulative average costs are:

[

(.97) slope
(.88) slope

Material
Laber

i

¥ to remember is tha®t, with expanded production line
*, ths values flatten more quickly. For example, cargo

are susceptible to advanced production line techniques
* the price has beesn reduced for a quantity purchase, the
£ units chew no significant cost change.

While the cost advantage of large qQquantity production for
ships is not questioned, expected savings can be easily overestimated
by the guick use of an arbitrary slope. Datarconcerning the results
of large guantity construction during World War II can likewise be
misleading. Figure 34 shows the actual manhours for the construction

of liberty-ships during the early period of World War II. The

average slope for all the yards and in particular, the yards at the
top would be relatively steep (i.e. a significant reduction). It
must be realized, however, that most of the yards showing really
significant decreases were either new or otherwise essentially in-
experienced in building ships. 1In fact, there had to be a signifi-
cant drop since there was true learning. The important point is
that if yards are presently operating at a level employing far more
advanced techniques than those used before World War 1I, a similar
slope for an expanded program would require a greater advance in
technology.
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The Cost Savings of
Multiple Ship Production

John C. Couch, University of Michigan

Introduction

We are all aware that increased production
tends to lower costs, especially in mass production
industries. To a lesser degree, this is also true in
shipbuilding (See Fig. 1). However, few of the
publications on manufacturing cost-quantity rela-
tionships, which mathematically express this
downward trend, acknowledge their application
to the shipbuilding industry. This lack of avail-
able information, plus the author’s participation
in a recent student project related to the prob-
lem, provided the impetus for further research
which is reported here. Then, the object of this
paper is to discuss the relationship between units
built and unit costs and to present a theory which,
it is found, can be used to estimate the cost sav-
ings of multiple ship production. Before discuss-
ing cost-quantity relationships applied to ship-
building, it will be necessary to review briefly
the development of these theories in other in-
dustries.

General Principle and Current Theories

In a repetitive manufacturing process many
units can usually be produced for less apiece than
can a few. The principal reasons for this cost
reduction are:

1. The existence of non-recurring, prepara-
tory, or tooling charges that are not re-
peated once production begins.

2. The savings resulting from buying ma-
terials in large quantities, and in more
efficient sizes and shapes.

3. Increased labor efficiency with succeed-
Ing units.

50

This principle has been recognized for some time,
and the first attempts,' to the author’s knowledge,
to express the mathematical relationship between
product cost and quantity appeared in 1928. How-
ever, the early papers generally oversimplified
the problem by ignoring some of the factors that
contribute to the resulting cost reductions. The
most sophisticated analyses are found in aircraft
industry publications and apparently this industry
pioneered work in the field. In fact, the first pub-
lished formulation of the cost-quantity relation-
ship that the author believes applicable to ship-
building, appeared in the Journal of Aeronautical
Sciences in 1936.2 This is the progress of learning
curve theory.

The learning curve theory is a cost-quantity
formulation that was developed and used prior to
World War II by airframe manufacturers and the
U.S. Air Force for estimating the cost of produc-
ing airframes.? The theory, as it is most popularly
known, states that as the number of units pro-
duced doubles the “cost per unit” decreases by
some constant percentage. Two different forms
of the theory have developed: the first treats the
“cost per unit” as the cumulative average cost of
X units; the second treats it as the added cost of
producing the Xth unit. In either form, the rela-
tionship expressed by the theory is a hyperbolic
function that plots as a straight line on logarithmic
grid paper (i.e., it is a log-linear relationship).
Figures 2 and 3 are the graphical representations
of these two forms. Their traditional mathematical
formulations are easily understood and the popu-
larity of this theory may be attributed to the
simplicity of these formulations and to the ease
with which they may be plotted.

{Continued on next page)
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Mathematics of Learning Curve Theory

The first form of this theory, cumulative aver-
age cost log-linearity, was originally expounded
by T. P. Wright in Ref. 3. He proposed cumula-
tive average log-linearity for both direct labor and
material costs, but excluded non-recurring costs.
This form of the learning curve theory is formu-

lated as 7 . axb )

where
Y = the cumulativg average cost
per unit
X = the number of units
a = the cost of the first unit
b = a parameter related to the
Slope of the learning curve
(it is literally the geometric
slope of the line on logarith-
mic grid paper).
In learning curve terminology, Slope is norm-
ally defined as the ratio of the cost per unit for
2X units to the cost per unit for X units. That is,

b
Slope = S = aXSZX! - Zb (2)
a

when we speak of an 80 per cent learning curve
(S = 0.880, b = —0.322), we mean that the cost
per unit decreases 20 per cent every time the
number of units is doubled.

Now if Equation 1 holds true for cumulative
average cost, the cumulative total for X-units (Y)
would be

Y:=7x=ax"P )
and the added cost of the Xth unit (y,) would be
i+b i+b
y’ :a(xi X ) (3)
i -
The various relationships expressed by this form
of the theory are plotted in Fig. 2.

(Continued on next page)
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(Continued from page 51)

The second form of the learning curve theory
was probably originally presented in Ref. 4. This
form assumes unit cost rathes than cumulative
average cost, log-linearity. Again, in Ref. 4, the
theory was applied to direct labor costs, exclusive
of non-recurring costs. The log-linear unit cost
curve is formulated as

yi = aXb 4

where the symbols have the previously stated
meanings. If the Equation 4 holds true for unit
costs, then cumulative total and cumulative aver-
age costs would be expressed by Equations 5 and
6 respectively:

a > x° (5)

(
[
<

o

Y= /n (6)
i=l
The relationships expressed by Equations 4, 5 and

6 are plotted in Fig. 3.

In studying the relationships proposed by these
two forms of the theory and represented in Figs.
2 and 3, several observations can and should be
made. First, if the cost-quantity relationship for
a particular product is found to be log-linear it
can be either unit cost log-linear, or cumulative
average log-linear, but it cannot be both. Second,
since no matter how many units are produced, the
costs can never reach zero, there must be a limit
to the proposed long-linear relationships. Some
attempts have been made’ to determine where
this deviation would begin and have indicated
that a leveling off of the curve will take place
only after a very large number of units have been
produced (i.e., 100 to 1000 or more, depending on
the complexity of the product and the experience
of the plant). Since comparatively few vessels are
involved in peacetime multiple shipbuilding con-
tracts we need not be concerned with this aspect
of the problem. The third observation that can
be made is that in order to assume a log-linear
relationship between costs per unit and cumula-
tive output, we assume that plant facilities and
product design remain more or less constant. That
is, no significant changes are made in the plant’s
production facilities and no major product design
changes occur.

Obviously, to be able to estimate costs of suc-
ceeding units by means of the learning curve
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technique, once the cost of the first unit is esti-
mated, we must know what Slope is applicable
to the particular product and plant concerned.
This can only be determined from evaluation of
the past cost records of that plant—the accuracy
of the chosen Slope depending on the extent and
accuracy of the company’s records of costs of
similar products. Because of the many studies done
and the wealth of empirical data available to air-
frame manufacturers, they have made consider-
able progress in predicting reliable Slopes for
different types of aircraft.

The Slope of a given learning curve will de-
pend on several factors, the most important of
which are the particular plant’s experience and
the product’s complexity. The more experienced
plants and/or the less complex products will dic-
tate rather flat learning curves (greater per cent
Slopes) since their increase in overall production
efficiency stands to improve less with succeeding
units than if the plant were inexperienced and/or
the product relatively complex. Another factor
that will influence the Slope is the extent of
initial planning and tooling. The more extensive
the preparation, the flatter the learning curve
because more effort would have been made to
optimize production before it actually began.

Cost-Quantity Relationships
Applied to Shipbuilding

The author found that there is little published
material on shipbuilding costs and cost estimating
and that what has been written generally gives
no more than token acknowledgement to the prin-
ciple discussed here. What is more surprising is the
absence of any published attempt (to the author’s
knowledge) to determine the relation between
ship costs and the quantity built, prior to Decem-
ber, 1945.5 In July of that same year, in fact, H. M.
Neuhaus,® in discussing the effect on cost of a
multiple ship contract and the information avail-
able on the subject, stated that, “Unfortunately no
statistics or data were available, no reports, cor-
respondence or literature having been published
anywhere either in domestic or foreign papers.”

Whether this absence of published material on
the subject was due to a lack of knowledge of an
applicable cost-quantity relationship or due to the
industry’s reluctance to release its cost data is
difficult to determine. There is evidence to support
either possibility. Since the early papers on ship-
building costs attributed these costs savings sing-

(Continued on next page)
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ularly to the resulting greater distribution of over- Three years after Searle’s work appeared,

head’ or just to the non-recurring costs,8 there W. B. Ferguson and B. V. Tornborgh' presented

apparently was some lack of understanding of another cost-quantity relationship for shipbuild-

the problem and it is significant that the first ing man-hours. This was

application of a particular cost-quantity relation-

ship to shipbuilding® appeared in a government Z2:=C \IX -1 M
publication, Monthly Labor Review. where . .

1 In this particular publication, A. D. Searle Z= Pgr cent savings of recurring

applied the learning curve concept to man-hour direct labor cos ts

cost information obtained from several shipbuild- X = Number of units produc.e d

ers (where man-hour cost is that of direct labor C=4a constan? for any given

plus overhead in proportion to direct labor and yard, varying ‘from 8 for an

exclusive of non-recurring costs). Searle shows old and ei{pemeﬁced yard to

that for each yard’s wartime Liberty, Victory, 20 for a “green” yard

and tanker shipbuilding programs, the unit man- Although Ferguson and Tornborgh give an ex-

hour costs (man-hour cost for each additional, cellent comprehensive discussion of the whole

similar vessel) are log-linear. Specifically he problem, they present a mathematical formula-

shows that the Slope of these unit cost curves tion, Equation 7, only for direct labor costs, ex-

for each type of vessel built in the various yards clusive of non-recurring costs.

is close to 80 per cent.

(Continued on page 655)

Table 1
Summary of y, Versus Y Analysis
Number of Number of Type of i : Y y
Ships Bidders Ship Slope Accur. Slope Accur. Choice
3 11 T-AKA 0.825 E 0.91 A Y
5 1 Gen'l Cargo 0.890 C 0.945 A »
10 1 Container E 0.956 C ?
5 1 (Marad Data) E 0.940 B ?
5 1 C-1 E 0.920 B »
6 1 Farrel E 0.910 A ”
10 Aver. Cargo E 0.930 A ”
6 1 Cargo E 0.920 B ”
6 4 Cargo E 0.937 B ”
3 Ferry 08.40 E 0.940 E
3 2 Ferry 0.887 A 0.940 A TIE
8 1 Roll-On 0.950 B 0.965 A h'd
10 1 Roll-On C 0.970 A "
5 Many 0.940 C 0.960 B ”
3 5 Cargo 0.930 A 0.960 A TIE
3 5 Ferry 0.880 E 0.930 B Y
1 Cargo 0.877 E 0.917 C "
1 0.930 E 0.970 B ”
3 1 Ferry 0.840 C 0.910 A ”
6 5 Cargo 0.92 C 0.950 A ”
7 Many Cargo 0.83 E 0.940 C ”
0.96 A 0.980 A
3 2 Container 0.93 B 0.960 A ”
3 7 Tanker 0.81 E 0.91 C "
3 7 Bulk E 0.982 B "

*Bids rated A, B, C, D, or E, depending on how accurately they conformed to each type of Learning Curve.
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(Continued from page 53)

Apparently no further information on ship-
building cost-quantity relationships appeared until
July, 1962, when Professor Harry Benford!® pro-
posed a cumulative average log-linear relation-
ship for total shipbuilding costs, with an average
Slope of 93.3 per cent for general cargo ships.
This proposal was based on the evaluation of
limited data and was put forth without knowledge
of work done in other industries.

In view of this dearth of conclusive informa-
tion pertinent to shipbuilding cost-quantity rela-
tionships and with the knowledge that other in-
dustries have found strong evidence of log-linear
cost quantity relationships, a group of students*
at the University of Michigan undertook the fol-
lowing analysis to determine if these relation-
ships would, in fact, hold true for total ship-
building costs.

Total Shipbuilding Cost Analysis

The analysis consisted of the evaluation of re-
cent bids, from many vards, for 23 different de-
signs. In each case the bids applied to alternative
numbers of ships. It was assumed that the estima-
tors, in preparing the bids, were unfamiliar with
the cumulative average and unit cost log-linear
concepts, or at least they ignored them, and there-
fore their bids were influenced by neither school
of thought. The various bids were converted,
where necessary, to both cumulative average
(total) costs and unit (total) cost and then both
were plotted (versus the number of ships to be
built) on logarithmic grid paper. The overwhelm-
ing conclusion of the analysis, which is summar-
ized in Table I, is that cumulative average ship
costs approach log-linearity; unit costs do not. It
was found that cumulative average cost of recent
general cargo ships, in particular, could be closely
represented by a 93.5 per cent learning curve.

Table 2 shows the close agreement between the
prices, determined by the apparent low bidder, for
C4-S-65a vessels,’? and those predicted by a 93.5
per cent learning curve, where Y = $15,090,000 X
—0.097 Note that the 93.5 per cent Slope is an
average for all the yards bidding on the eleven
general cargo vessels included in the study. Since
the individual Slopes ranged from 91 to 96 per
cent this average must be used with caution. Also,

*Naval Architecture and Marine Engineering students

in Professor Benford’s Fall, 1862, Shipbuilding Con-
tracts and Cost Estimating class.
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individual circumstances may cause alternating
fluctuations above and below the theoretical line.
Table 3 gives ratios of average cost per ship to
the cost of the first ship for multiple general
cargo vessels where cumulative average costs are
log-linear with a 93.5 per cent Slope.

Because some of the bid data used for this
analysis were the same as those used by Benford,
the close agreement of the two separate con-
clusions does not mean one definitely confirms the
other; however, the class study does strengthen
Benford’s original conclusion. This conclusion can
be rationally substantiated only by evaluating
separately each of the factors that contribute to
the downward trend of cost with succeeding
vessels. In fact, the reliability of estimating tech-
niques, based on the cumulative average learning
curve theory, will depend, to a large extent, on
the individual yard’s ability to evaluate the effect
of the various component costs on the total
Because an analysis of the component shipbuild-
ing costs would provide a better understanding of
their inter-relationships and could serve as a
check on the conclusion reached by Benford and
the class study, the author prepared the following
synthesis.

Component Cost Synthesis

Imaginary contracts of from one to ten vessels
were assumed, with the cost of the first vessel set
at $10,000,000. The total ship cost was divided, to
the best of the author’s ability, into five broad
components, the effect of multiple production on
each was estimated, and they were then synthe-
sized to provide total costs. Total costs were then
plotted versus the number of ships, on logarithmic
grid paper.

The five cost components used in the study
were the recurring direct and miscellaneous pro-
duction costs for labor and materials, the mon-
recurring costs, overhead and profit. The follow-
ing assumptions were made in regard to the
distribution of these component costs for the first
vessel (See Table 4).

Miscellaneous Assumptions:

1. Labor and material costs were $2,370,000 and
$3,860,000 respectively (i.e., they were assumed
to be 38 and 62 per cent of a $6,230,000 direct
building cost).

2. Overhead charges (75 per cent of labor) were
$1,770,000.

(Continued on next page)
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(Continued from page 55)

3. Labor, materials, and overhead amounted to
80 per cent of the ship’s total cost to the cus-
tomer.

4. Non-recurring costs amounted to 15 per cent
of the total.

5. Profit was 5 per cent of the total.

The following reasoning determined how each
component of this synthesis would be affected by
multiple production.

Labor: Of the recurring costs in many indus-
tries, that of labor decreases most with succeeding
units. Extensive analysis of labor learning in air-
craft manufacturing’, as well as Searle’s analysis
of shipbuilding labor efficiency during World War
IT, indicated that labor learning curves are unit
cost log-linear with approximately 80 per cent
Slopes. In view of this evidence and with the
additional consideration that peacetime shipyard
labor forces are experienced and would show less

labor learning than the wartime industry as a
whole, a 90 per cent unit cost, log-linear, labor
curve was chosen.

Material: The cost savings resulting from buy-
ing materials in larger quantities and in more
efficient shapes and sizes, together with the sav-
ings from reduced scrappage are usually relatively
small. This is especially true in well established
industries like shipbuilding and in industries that
buy from manufacturers who have already pro-
duced their product in larger numbers. In 1936,
Wright? proposed cumulative average, log-linear
material cost curves with Slopes ranging from 90
to 95 per cent. He showed that the Slope depended
on the amount of labor involved in processing
the material before it was purchased from the
vendor, the more complex, hardware items, hav-
ing steeper Slopes than raw materials. Because
large quantities of ‘raw” materials are used in
shipbuilding and because of the many standard

(Continued on next page)

Cumulative Average

Table 2 -

Cumulative Average Costs ($1,000)
For C4-5-65a Vessels

3 4 5 6

Number of Ships

Cost for Each of 1 2
Low Bidder $15,090 $14,004 $13,595 $13,150 $12,650 $12,600.
93.57% Learning Curve 15,090 14,109 13,566 13,189 12,905 12,679
Per cent Difference — 0.1% —02, 03, 2.0% 0.6,
Table 3

Multiple Ship Cost Reduction Factors
For 93.5 Per Cent Cumulative Average

Ratio of Average Cost per Ship

In Contract to Cost of Single Ship Ship to Cost of Single Ship
1 1.000 1.000
2 0.935 0.870
3 0.897 0.830
4 0.874 0.796
5 0.856 0.784
6 0.840 0.760
7 0.828 0.750
8 0.816 0.745
g 0.808 0.735

10 0.800 0.730

Ratio of Cost of Each Additional
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sizes and types of these materials that are pur-
chased in quantity by today’s yards, the author
felt that a curve for shipbuilding material costs
would have a somewhat flatter Slope than those
predicted by Wright. Therefore a 97 per cent
cumulative average, log-linear curve was chosen
for material costs.

Overhead: Overhead charges were assumed to
to be a constant percentage (in this case 75 per
cent) of direct labor costs, primarily because
those factors causing a decrease in direct labor
costs would also be at work in overhead costs.

Non-Recurring Costs: In shipbuilding the costs
that, for the most part, are not repeated once pro-
duction begins include:

1. Engineering and Drafting

2. Production Planning

3. Purchasing

4. Mold Loft Work

5. Jigs and Forms

The increase in these costs with increasing
planned output is a recognized phenomenon in
other industries® and some mention of it in regard
to shipbuilding is contained in Ref. 9. The lack
of empirical data, however, precludes its accurate
formulation. A study of the above components
suggests that the increase would be slight and
that it would be less as the planned number of
vessels increases. A similar conclusion is reached
in Ref. 11 with regard to total engineering man-
hours in aircraft production. This assumed rela-
tionship is shown in Fig. 4. If plotted on a loga-

rithmic grid the curve would be linear. For this
synthesis, therefore, total non-recurring costs
versus the number of planned vessels were as-
sumed log-linear, increasing from 15 per cent of
the total for a single-vessel contract, to 20 per
cent of the first vessel’'s cost for a ten-vessel
contract.

(Continued on next page)

Table 4

1. Determination of Costs for First Ship

Recurring Material Cost ... $ 3,860,000
Recurring Labor Cost. ... 2,370,000
Recurring Overhead Cost ... 1,770,000

Recurring Direct Building Cost ... $ 8,000,000

Non-Recurring Cost ... ... 1,500,000
Profit oo 500,000
Total Cost to Customer................... $10,000,000

2. Component, Cost-Quantity Relationships

Recurring Material—Cumulative Average
Cost Log-Linear (97% Slope)
Recurring Labor—Unit Cost Log-Linear

(90% Slope)
Recurring Overhead—75% of Labor
Total Non-Recurring Costs—Log-Linear
Profit—5% of Total

No. Planned 1 2 3 4

Labor o 2.37 2.13 2.01 1.92
Materials ... 3.86 3.63 3.54 3.49
OH. .. ... 11 1.60 1.51 1.44
Non-Recur. ... 150 0.07 0.03 0.02
Profit .. ... 0.50 0.39 0.37 0.36
Total ... ... 10.00 7.82 746 7.23
No. Planned 1 2 3 4

Labor....... ... 2.37 2.25 2.17 2.11
Materials ......... 3.86 3.74 3.68 3.63
OH. ... 1.77 1.69 1.63 1.58
Non-Recur. ... 150 0.82 0.57 0.45
Profit ... . 0.50 0.45 0.42 0.41
Total ... 10.00 8.95 8.47 8.18

3. Calculation of Unit Costs (Millions of Dollars)

4. Calculation of Cumuative Average Costs (Millions of Dollars)

5 6 7 8 9 10

1.86 1.81 1.76 1.73 1.70 1.67
3.46 3.43 3.40 3.36 3.34 3.32
1.40 1.36 1.32 1.30 1.28 1.25
0.01 0.04 O O
0.35 0.35 0.34 0.34 0.33 0.33
7.08 6.96 6.82 6.73 6.65 6.57

5 6 7 8 9 10

2.06 2.02 1.98 1.95 1.92 1.90
3.59 3.56 3.54 3.52 3.51 3.49
1.55 1.52 1.49 1.46 1.4 143
0.37 0.31 0.27 0.24 0.22 0.20
0.3 0.39 0.38 0.37 0.37 0.37
7.96 7.80 7.66 7.54 7.46 7.39
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(Continued from page 57)

Profit: Profit was always assumed to be 5 per
cent of the total cost to the customer.

The synthesis of the above cumulative average
component costs yielded a cumulative average
(total) cost curve, Fig. 5, which was very nearly
log-linear and again the unit (total) cost curve
was not. Since the cumulative curve has a mean
Slope of 90.5 per cent, the cumulative average
costs of multiples of the hypothetical ship could
be expressed by the formula Y = $10,000,000 X
—A0A144.

Because the final result of this synthesis is
realistic, the author believes that the method is
sound and that it suggests how careful evaluation
of component cost-quantity relationships could
predict reliable estimates for multiple contract
ship costs. Cost estimators should have better in-
puts than used here, of course, and to use this
technique, their accounting procedures should be
modified to separate out the non-recurring costs
and, where necessary, to group costs in similar
categories so the data could be readily evaluated
and synthesized.

Conclusion

The foregoing investigations indicate that re-
liable predictions of the cost savings of multiple
ship production can be made by using the learning
curve technique to estimate cumulative average
ship costs for any number of vessels. Furthermore,
individual yards, through careful analysis of cost
records and the incorporation of accounting pro-
cedures that adequately evaluate component cost
behavior, could determine accurate curves for
different types of vessels and, in so doing, provide
a valuable tool for easing the task of analyzing
multiple cost savings.
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Abstract:

This paper discusses the application of cost-
quantity relationships used in other industries to
shipbuilding. Specifically, the author shows how
reliable estimates of the cost savings of multiple
ship production can be made by careful accounting
procedures which separate the component ship-
building costs and by the application of learning
curve techniques. The mathematical formulation
of applicable cost-quantity relationships is in-
cluded, as well as ship cost data. The author be-
lieves that these techniques provide a valuable
tool for easing the task of cost estimating for mul-
tiple ship contracts.
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5.1 EFFICIENCY CRITERIR RELATED TO VOLUME AND RATE OF PRODUCTION

5.1.1 Progress Curves and Scale Efficiencies

Volume-related efficiencies have only been addressed by economists
in the last ten years, but of late much has been said and written
about the "progress" curve or "learning" curve phenomenon illustrated
in Figure 10. Some confusion has arisen mainly because economists tend
to assume away the notion of internal inefficiency when discussing a
firm's production function. Actually, it appears the learning effect

is a result of the trial and error process that firms typically under-

go in trying to reach minimum cost levels, and this learning effect

is primarily a function of the number of units produced. However,

Alchian has argued that costs are also a functicn of total planned
output as well as the rate of output.l The previous lack of con-
sideration of the effects of volume is understandable since economic
theory usually assumes that production of a product will continue in-
definitely into the future, and for many goods this is a reascnable
assumption. However, in numerous other markets, especially in mili-
tary procurement, the size of production runs is finite and of short
enough duration that their size will definitely influence costs.

For example, a firm might receive an order to produce a large

number of destroyer escorts at a specified rate of production. Even

if the firm knew how to allocate its resources optimally at each rate
of production, for a given rate and without resources that were spe-
cific to the industry, the average cost per ship when plotted against
the number of units would be a downward sloping curve, simply because
of certain start-up charges that inevitably must be spread over time.
Actually, it would be a rare firm indeed that would be able to optimize
its resource inputs at the first ship. What is more likely to happen
is that more efficient ways of producing the ship will be discovered
each time a ship is produced, and the actual costs will approach the

least-cost curve asymptotically.2 If curves of this nature appear

1. A. Alchian, Costs and Outputs, The RAND Corporation, P-1449
(Santa Monica, California, 3 September 1958).

2. Ibid., p. 16.
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Average cost

Learning
effect

Number of units (fixed rate of production)

FIGURE 10 Learning Effect as a Function of Number of Units

for each rate of production, then the effect of volume and rate of
production on costs might result in three-dimensional models on the
order of those represented in Figure 11.

Curves of this nature may also be said to exist for each planned
volume. Another way of interpreting the "eight" of the learning
effect in Figure 10 and the difference in Figure 11 is by making no
distinction between "short" and "long" run but rather assumihg that
the differences in the figures simply represent various different
sizes in planned production volume.3 In this case, costs decline

3. A. Alchian, op. cit., pp. 16-21.
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with respect to cumulated volume and because of scheduled volume as
well.4 The buyer can be indifferent to whether the shipbuilder is

considering volume effects at a given rate or is considering all the
variations in rate possible.

The size of the buyer's scheduled volume will largely determine
the extent to which the supplier will explore alternative rates. Con-
strained only by his ability to foresee his total demand for ships of
a given type, the buyer should ex ante maximize his scheduled volume

offered so that suppliers can explore the whole spectrum of rate

which runs from the left side of Figure 11 through to the right side.
Then, if the planned volume is realized, economies of learning will

be realized and the possibilities for economies due to rate which will
have been addressed ex ante will, if present, be realized.

The model in Figure 11 illustrates several points. First, at very
low rates of production, relatively little improvement can be expected
from the learning phenomenon regardless of the number of units pro-
duced. An example of this extreme case would exist where a ship-
building firm is given an order to produce a particular type of ship
at the rate of, say, one every three years. Even if they were identi-
cal ships, such a long time between successive ships would virtually
preclude labor learning and probably much of management learning.

This problem would be exacerbated during periods of high turnover in
management and labor.

Second, the figure illustrates that, regardless of the rate of pro-
duction, if the volume of ships is small and the contract is finite
and discontinuous without past or future orders for the same ship, cost
reduction from learning is minimized. An example of this could occur
i7 a firm were ordered to produce, say, two DE's on a crash program.
Under these conditions, the firm would probably consider each DE as
a separate problem and assign a separate work force to each ship.

4. For a discussion of this point, see: Jack Hirshleifer
"The Firm's Cost Function: & Successful Reconstruction?" in The
Journal of Business, Vol. XXXV (July, 1962), pp. 233-55.
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The third point the diagram illustrates is that up to some point
maximum cost reductions may only be realized as both the volume and
the rate of production are increased.S Furthermore, the curve is also
drawn to illustrate the possibility that from the standpoint of actual
cost the optimum rate of production could be higher than the design
optimum rate, although this is not probable. In the case of ship-
building, however, the "design rate" is likely to be a rather broad
band of output rates rather than a unique output. '

Now consider the possibility that a firm may reduce costs by in-
creasing its scale of production, i.e., changing the technology used.

Figure 11 may be further interpreted to account for possible
economies of scale. The figure shows that:

(1) For small buys of ships, there is likely to be little,

if any, benefit from economies of scale. In fact, costs
may increase as scale increases.

(2) Regardless of scale, there is little benefit from the
learning phenomenon if the ship buy is small.

(3) It is inefficient to operate a plant at a low unit

volume where increased scale means a higher degree of mechan-

ization. Cost reductions from learning are relatively small

after a mechanized plant has had its initial shakedown.b

Thus, it is not difficult to show that, theoretically, production
costs could be higher than they would otherwise be simply because
volume and rates of production are inadequate. "The significant
implication of this...is that in addition to rate of output, an

important variable in determining total costs is the total planned

5. The rate effect in Pigure 11 is generated by varying techniques
of production as well as changes in technology, A monopsonist, it ge
maximizes his planned volume, can induce suppliers to examine a broad
range of production technlques as well as changes in technology.

6. It is, of course, possible for two or more plants to operate
at the same scale but with different degrees of mechanization. The
actual cost curve of a more labor-intensive facility will tend to
approach the least-cost curve more slowly than that of a highly
mechanized plant. This has been illustrated by the experience of
Gotaverken's Arendal plant in contrast to the o0ld Gotaverken facility
in Goteborg. :
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output...Thus the average cost per unit of output will be lower, the
greater is the planned, and ultimately experienced, outpu%."7

There is no difficulty in measuring and testing the validity of
the learning phenomenon for the finite batch-order types of production
delineated above. There is still some difficulty in disaggregating
the combined effects of learning and rate of production. It does
appear from the evidence which follows that shipbuilding is susceptible
to cost reductions arising from learning realized on volume orders.
It is important to keep in mind, as do Alchian and Hirshleifer, that
it is a simple matter for the buyer to alsc cause his suppliers to
explore rate effects by offering them the largest possible planned
volumes to bid on.

5.1.2 Progress Curves in Shipbuilding

The question that now arises is whether there is empirical evidence
that shipbuilding costs tend to decline as unit volume increases.8
The experience in the United States is presented by an examination of
data for World War II, MARAD programs since World War II, and for the
recent (summer 1966) LST and DE procurement.

7. Alchian, op. cit., p. 21.

8. Mainly as a result of empirical studies of the airframe in-
dustry by Harold Asher and others, _two types of progress curve func-

tions have become popular in cost analysis. (See particularly:

Harold Asher, Cost-Quantity Relationships in the Airframe Industry,
The RAND Corporation, R-291 (Santa Monica, California: July 19567;
and J. W. Noah and R. W. Smith, Cost-Quantity Calculator, The RAND
Corporation, RM-2786-PR, (Santa Monica, California: January 1962).)
One function is applied to the average cost of a given number of
units and is known as the log-linear cumulative average curve. The
characteristic of this function i1s that as the number oFf units
doubles the average cost per unit declines by a fixed percentage; e.g.,
a 30 percent slope means that as the number of units doubles the
average cost per unit declines by 10 percent. The other function is
known as the log-linear individual unit curve. This function has
the characteristic that as the number of units doubles the unit cost
declines by a fixed percentage.

Both of these functions will be used in the discussion to follow.
For the sake of brevity, the former function will be called the
average curve and the latter function will be called the unit curve.
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5.1.2.1 US World War IT Experience. Since the large declines
in man-hours required to produce both cargo ships and warships during

World War IT are well known, there is no need to discuss these matters
in great detail.9 The purpose in presenting the figures below is to
establish the approximate progress curves attained for both kinds of
ships. ,

Tables 18 and 20 indicate the number of man-hours needed to pro-
duce successive Liberty Ships. The first table shows for all ship-
yards the average man-hours by round of way, i.e., the man-hours for

the first ship produced on each way, the second ship on each way, and
SO on. These man-hours are then expressed as a percent of the first-
ship man-hours and plotted in part A of Figure 12. The second table
shows the average man-hours according to the total number of succes-
sive ships. No allowance is made for the shipways on which the ships
were produced. These figures are plotted in part B of Figure 12.

The figure shows that in terms of rounds of ways--which is per-
haps the best way of measuring’performance—-Liberty Ship man-hours
appeared to follow about a 77 percent unit cupve up to the fourth
round. Then, after an adjustment, the curve follows an 80 percent
slope. In terms of number of successive ships, the curve followed
an 80 percent slope up to 35 ships and about an 85 percent slope
thereafter.

Table 21 presents similar data for Destroyer Escorts. The per-
centage figures are plotted in Figure 13. Up to about 14 ships the
curve follows about an 88 percent slope. After 14 ships the curve is
irregular but appears to follow a trend between 80 and 85 percent.

3. See Frederic C. lane, Ships for Victory (Baltimore: Johns
Hopkins Press, 1951) for an excellenc history of shipbuilding during
World War II. The basic analysis of labor productivity in shipyards
in World War IT is Gerald J. Fischer's "Labor Productivity in Ship-
building under the U.S. Maritime Commission during World War II," a
typescript in Historian's Collection, Research Archives File 210.11.
A more recent analysis can be found in Lecnard Rapping's "Learning
and World War II Production Function," The Review of Economics and
Statistics, Vol. XLVII (February 1965) pp. 81-66.

10. Many more ships were produced. We have truncated at 100 ships
to stay within likely peacetime limits.
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Table 19

RVERAGE MAN-HOURS FOR CONSTRUCTIOg OF LIBERTY
SHIPS BY ROUNDS OF WAYS

Average Man-Hours Percent of
Round of Way (1000) First Round
1 1257 100
2 882 - 78
3 853 68
4 740 59
5 727 58
6 661 53
7 606 48
8 583 46
9 571 45
10 558 44
11 530 42
12 516 41
13 509 40
14 500 40
15 485 39
16 466 37
17 458 36
18 449 36
19 445 35
20 449 26
21 442 35
22 440 35
23 428 34
24 426 24
25 410 33
26 416 33
27 416 33
28 401 32
29 350 28
30 390 31
31b 460 37

a. Data derived from Gerald J. Fischer, A Statistical Summary
of Shipbuilding, (Washington, D. C.: U.3. Maritime Commission,
1543).  Enother basic source for World War IT data is: Allan
D. Searle, "Productivity Changes in Selected Wartime Ship-
building Programs, " Monthly labor Review, Voi. 61, No. 6
(December 1945), pp. 1I32-11d6.

b. Small number of ways in operation.
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Iable 20

AVERAGE MAN-HOURS FOR CONSTRUCTION OF LIBERTY SHIPS®

Average Percent of
Number of Class Man-Hours Fifth ship
Ships Midpoint (1000) Average

1-10 5 1310 100
11-20 15 831 71
21-30 25 776 . 59
31-40 35 692 53
41-50 45 661 50
51-60 55 627 48
61-70 65 583 45
71-80 75 571 44
81-30 85 574 44
91-100 9s 532 41

a. Data derived from F. G. Fasset, Jr., ed., The Shipbuilding Busi-

ness in the United States of America, Society of Naval Architects

and Marine Engineers (New York, 1348), p. 101.

5.1.2.2 Post-World War IT MARAD Data. To protect proprietary
interests of individual firms, actual man-hour estimates for repre-

sentative ship designs have been converted to percent of first-ship
man-hours (see Table 22). Six shipyards are represented by the
sample. The largest order for a single design since 1958 has been
for six ships.

Figure 14 and the lower half of Table 22 show that the range of
slopes of the unit curves varies from 75 percent to 95 percent. It
should be noted that the original figures indicate that some yards
tend to have low first-ship man-hours and relatively flat progress
curves. Others have high first-ship man-hours and more steeply

sloped curves. Much depends, of course, upon previous experience
with a similar design and the degree of participation in initial

design and engineering activities. However, it is interesting that

in virtually every case there is & strong downward movement in man-
hours per ship associated with the number of ships and that the
slope coefficients are roughly similar to those experienced with
Liberty Ships during World War IT.

56

D=1/



Table 21

AVERAGE MAN-HOURS FOR CONSTRUCTION OF DESTROYER ESCORTSZ

Average Percent of

Number of Class Man-Hours Second
Ships Midpoint (1000) Ship
1-3 2 1265 100
4-6 5 1062 84
7-9 8 954 75
10-12 11 812 72
13-15 14 878 69
16-18 17 882 70
19-21 20 908 72
22-24 23 876 €9
25-27 26 824 65
28-30 29 818 65
31-33 32 777 61
34-36 35 828 65
37-39 38 937 74
40-42 41 916 72
43-45 44 » 822 65
46-48 47 673 53
49-51 50 689 54
52-54 53 668 53
55-57 56 677 54
58-60 59 668 53
61-63 62 629 50
64-66 65 600 47
67-69 68 589 47
70-72 71 584 46
73-75 74 £18 49

a. Data derived from Table 19.

5.1.2.3 Recent Naval Ship Procurement. Up to this point unit

progress curves have been applied only to man-hour figures rather
than to dollar cost. The summer 1966 procurement of 17 IST's and

20 DE's on a multiyear basis presents the opportunity to examine

“what shipbuilders believe to be the relationship of volume of buy

to average cost.AIl

11. Average cost to the Government, average revenue to the ship-
builder. We shall continue to use the term "cost" rather than
"revenue."
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Table 22

MAN-HOURS PER SHIP AS A PERCENT OF FIRST-SHIP MAN-HOURS
IN MARAD SHIP CONSTRUCTION SINCE 19582

Ship Number
MARAD Ship Construction 1 p] 3 4 g 6
Ship Design: .
C3-5-37a 100 S0 85 85 85
C3-5-37¢ 100 89 83 79
C4-5-57a:
Yard A 100 87 78 71 66
Yard B 100 69 65 60 56 50
C4-5-~58a 100 95 91 90 89 87
C4-8-60a 100 93 87 85 85 80
C4-S-64a 100 113 98 85 92
(C4-S-64a)b 100 ,%g’ 84 81
Unit Progress Curve, %: i
95 100 97 96 94 93 92
90 100 S0 85 81 78 76
85 100 85 77 72 69 66
80 100 80 70 64 60 56
75 100 75 63 56 51 48

a. Computed from Maritime Administration estimates.
b. Same group of ships as above, but second ship used as base.

In Tables 23 and 24 the bid cumulative average costs of IST's
and DE's are expressed as a percent of the first ship. In the two
requests for bids the Government asked the suppliers to bid on various
combinations of orders during a two-year period. For example, the

possible combinations of five ships to be purchased in two years are
five ships the first year, none the next; four the first year, one
the next, etc. As a result, the shipbuilders prices for each size of
order were obtained. Several of the suppliers, especially in the
case of the DE's, bid a single price for each sized buy regardless

of the combination; e.g., the same price would be given for a one-
five combination for six ships as for a three-three combination.

In any case, variations to the combinations were small, and for this
analysis the least-cost combination was always chosen.
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Table 23

BID CUMULATIVE AVERAGE COST OF IST'S
(Summer 1966 Procurement) .

Yard 1 Yard 2 Yard 3 Yard 4 Yard ¢
Amount|Percent of| Amount|Percent of] AMOURT Percent of| Amount|Percent cf| Amount|Percent of
Ship | £$1000)|First Ship|($1000)|First Ship|($1000){First Ship|($1000){First Ship{($1000)|First Ship
1 119,133 100.0 22,289 100.0 20,398 100.0 20,942 100.0 20.271 100.0
2 17,462 91.3 19,737 B88.6 18,656 91.4 19,322 92.3 19,338 95.4
2 16,884 88.2 18,470 82.9 17,924 87.8 18,578 88.7 18,734 32.4
4 16,475 86.1 17,600 79.0 17,417 85.4 18,229 87.0 18, 360 30.6
S 16,207 84.7 16,900 75.8 17,123 83.9 17,985 B8S5.9 18,174 89,7
6 15,967 83.% 16,389 73.5 16,880 B2.8 17,434 B82.2 17,749 B7.6
7 15,818 82.7 16,210 72.7 16,651 Bl.6 17,291 82.6 17,651 87.1
8 15,667 81.9 16,080 72.1 16,515 81.0 17,182 82.0 17,588 86.7
9 15,544 81.2 15,963 71.86 16,385 B80.3 17,084 8l.6 17,502 86.3
10 15,400 80.5 15,886 71.3 16,263 79.7 16,997 81.2 17,459 86.1
11 15,304 80.0 15,759 70.7 16,092 78.9 16,597 73.3 17,380 85.7
12 15,135 79.4 15,643 70.2 16,036 78.6 16,513 78.9 17,324 B85.5
13 {15,109 79.0 15,556 69.8 15,942 78.2 16,446 78.5 17,279 85.2
14 15,037 78.6 15,479 69.4 15,891 77.8 16,386 78.2 17,245 85.1
lSa 14,971 78.2 15,414 69.2 15,822 77.86 16,331 78.0 17,221 85.0
ig 14,653 76.86 15,154 67.9 15,680 76.8 16,243 77.6 16,994 83.8
a. No bids were asked for or received for 16~ship combinations.
Table 24
AVERAGE COST PER UNIT AS A PERCENT OF FIRST-SHIP COST--
RECENT- DE PROCUREMENT
Yard 1 Yard 2 Yard 3
Number Percent of Percent of Percent of
of 1st 1st 1st
Ships ($000) | Ship Cost (S000) |Ship Cost ($000) | Ship Cost
1 12,649 100.0 14,396 100.0 16,169 100.0
2 12,220 96.6 13,569 84,2 15,107 93.4
3 11,900 94.1 13,261 92.1 14,684 80.8
4 11,660 g92.2 13,088 90.9 14,410 839.1
5 11,485 90.8 12,969 0.1 14,202 87.8
6 11,345 98,7 12,880 89.5 13,970 86.4
7 11,230 88.8 12,807 89.0 13,832 85.5
8 11,160 88.2 12,746 88.5 13,734 84.9
9 11,110 87.8 12,693 88.2 13,634 84.3
10 11,066 B87.5 12,495 86.8 13,170 8l.4
11 11,044 87.3 12,561 87.2 13,044 80.7
12 11,022 87.1 12,523 87.0 12,3960 80.2
13 11,002 87.0 12,489 86.8 12,881 79.7
14 10,985 86.8 12,456 B6.5 12,819 79.3
15 10,970 86.7 12,337 85.7 12,756 78.9
16 10,955 86.6 12,309 85.5 12,672 78.4
17 10,940 86.5 12,282 85.3 12,612 78.0
18 10,825 86.4 12,258 85.1 12,558 77.7
19 10,910 86.2 12,234 85.0 12,505 77.3
20 10,887 86.1 11,990 83.3 12,445 77.0
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Part A of Figure 15 shows that the bids of four of the five firms
that bid on all 17 IST's followed about a 95 percent cumulative average
cost curve. One of the fim's bids closely followed a 90 percent
slope. In this case the first-ship cost was higher than the other
four. Part B of Figure 15 indicates that a 94 to 95 percent slope
adequately describes the curves of all three suppliers who bid on
all combinations of 20 DE's.

An interesting discontinuity occurs in the all-17-IST and all-20-
DE bids of some of the firms. On a "winner-take-all" basis, the
average cost per ship declined sharply--more than would be expected
if the firms were bidding on a marginal-cost or progress-curve basis.
There could be several explanations of this phenomenon. The firms
could have sensed that the Government planned to buy from a single
supplier and only bid carefully on the "winner-take-all" basis.

They may have forecast economies of scale. The intelligence from
other companies may have dictated certain pricing policies. Many
other reasons can be given, but one point is quite clear: The ship-
builders themselves believe that there are economies from volume
production and a 90 to 95 percent cumulative average progress curve
applied to the entire cost of the first ship adequately describes
the pricing policies of the firms. What is difficult to sort out is
the extent to which the producer in this case consciously explored
rate as well as volume effects. This is of no great interest to the
buyer at this point, however.

5.1.2.4 Experience of Foreign Firms. Virtually all foreign ship-

builders interviewed by the study team indicated that labor man-hours
per ship decline significantly as the number of ships of the same de-
sign are produced. The typical resﬁonse of managers of conventicnal
European shipyards was that the man-hours began to flatten at about
the fifth ship, and that the fifth-ship man-hours were about 60 to 65
percent of the first ship. This places the learning curve in the
neighborhood of an 80 to 85 percent slope. Some managers of conven-
tional Japanese yards indicated that their progress curves were rela-
tively flat and attributed the flatness to (1) the standardization of
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their shipbuilding technique regardless of the type of ship and (2)
the lengevity and skill of the production workers. It should be
recognized, however, that few foreign yards have had the experience
of long production runs of the same design of ship that US ship-
builders had during World war II.

fﬂfﬂ With respect to new mechanized yards such as Arendal, it is clear

/ that two kinds of learning or progress should be considered. Pirst,
there is the man-hour reduction attributable to learning how to use
the new facility itself, i.e., the yard "shakedown" period. Second
there is the learning associated with the production of the ship.

”i;endal experienced some difficulty in reaching expected man-hour
levels with the first run of ships. However, by the time that the
production run of thirteen 70,800-DWT tankers began, most of the diffi-
culties had been ironed out. As a result, the first ship of the new
run was produced at a substantially lower number of man-hours than
would normally be expected by a conventional yard. Unfortunately,

the owners of the tankers added extras to subsequent tankers in the

run so that Arendal's actual progress curve does not represent that

of a completely standardized tanker. However, Curve C in Figure 16

represents an estimate of the shape based on information provided

to the study team. The curve follows about a 30 percent slope after
the second ship.

Curve A represents an approximate progress curve for a good con-
ventional yard producing 70,800-DWT tankers. It is assumed that the
first ship would require 800,000 man-hours and the yard has an 85 per-
cent progress curve. Curve B indicates an estimate of what the nature
of the curve would have been if Arendal's shakedown period were in-
cluded in the production run. The first two or three ships probably
would have taken more man-hours than a conventional yard. However,
we would expect that by the fifth ship, the curve would have reached
the same position as Curve C, for by this time each of the two building
docks would have processed two ships. The following table shows that
under these circumstances the cumulative average man-hours per ship
(and, therefore, cunulative total labor cost) would be higher than
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for a conventional yard up until the fifth ship. From then on the

average Jlabor cost would be lower.lz

Cunulative Average Man-Hours

Ship Conventional Yard Arendal-Type Yard
1 800 900
2 740 300
3 700 807
4 668 725
5 654 658
6 623 602

12. The actual shape of Curve B is, of course, a matter of con-
jecture. The important point is that a distinction should be made
between whether the production run is the first run of the new yard
or & subsequent run. Clearly, if both Curve A and Curve C are for
post-shakedown production runs, Curve C will always yield a lower
labor cost (assuming equal wage rates). This, of course, is the
advantage that the Arendal plant offers and the advantage that a new
US yard would have over a conventional US yard provided capital costs
are not prohibitive.
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Productivity of Labor and Industry

Productivity Changes in Selected Wartime Shipbuilding
Programs’

Summary

PROGRESSIVE reductions in unit lubor l'«:qllll‘(.'lll‘l(?ll'(s and mtths
time required for delivery at virtually all slnpyun{b ;\ C-m'll'mpoorfanu
factors in meeting the cnormous wartime (Icmun(” or :sn)ps«ls(s wu‘
types. The most substantial reductions in labor ufquu'(fzmcn : icn
recorded in yards building large numbers of ships (1) umt(l)rm i‘efagn
Liberty ehips delivered in December 1944 required, on the nﬂe ;;e‘;
only 45 pereent of the number of man-hours mxfl h‘tflic) Iln;))r: thm%l‘-\
percent of the time from keel laying to dell\'erl} needed fc r?ts {;r
vessels, delivered in December 1941, Similarly, labor rcqu]reggnm or
Victory ships were reduced by 50 percent and tl;m; I:Pfql‘l“:eiolivu'ie;
18 percent between February 1944, the month of t 13 s 4‘( iy 3,
a.mFDecember 1944. Labor requirements for destroy or—gsator') s
built for the Navy dropped 45 percent from Aprg 1‘94 l?sgr :;‘r{
1944 and rose somewhat thereafter as the program (iufume‘ (SO ‘é;sseh
Man-hour requiremer(}itslz for two types lofltglxil;{gs and for carg
3 s showed less-pronounced declines. ‘

sz‘;;ﬁ;stilzp:f unit labor n?quiroments for Amdxvldunl_yz‘xrdseiﬁzs?;g
that, in all yards for which data were obtainable, nwgl)vcin p reentoge
increase in output tended to result in a constant p(,‘x)‘c; n x:‘;ggm reise
in labor requirements. Average declines of 16 to 2 pe (} R
number of man-hours required per ship 1‘1(‘,0(')Inpiun.1u e}u;)z o
of output in representative vards building Llw)(‘lll.»y ?1(1‘“, o
ships, tankers, nlnd Is}nndm‘d (‘zu'gou\(;(;lssicrlls.uu}\rlit‘txéno%u(ie(ﬁnc .
there was considerably more vara 1e » of decine L

ween programs, but in all cases the pexcqmz};?g reduction ]
Sitgtl?igcunz), rﬁngil;é fi;‘]()lzil 10 to 26 percent for individual yards es

ime production doubled. o ‘ o
t Apﬁnrcmly, differences the types of \_v»ql are nl(::n];;(;f:.l(i_:m“
important in determining the extent of 1'04!11(!1!«»1.\ 111;}\11‘111— o
ments as differcnces between individual yards. ,m.l,m, nqu!n'l\l‘i
stantial pereentage reductions were nade h}_’ rnul)vmn(x;,;i:; e
large numbers of vessels of standardized design by

production techniques.
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PRODUCTIVITY OF LABOR AND INDUSTRY 1

Wartime Growth of Shiphuilding

One of the outstanding war-production achievements was the per-
formance of the shipyards. At the outset of the war, the shipbuilding
industry was poorly prepared to undertuke the tremendous volume of
ship construction which would be required. 1n 1936 the shipbuilding
industry of the United States produced only 9 merchant ships, totaling
about 108,000 dead-weight tons.  With the passage of the Merchant
Marimne Act of 1936 and the formation of the United States Maritime
Commission in 1937, a stimulus was given to shipbuilding in the form
of direct operating and construction subsidies. The volume of ship-
building rose gradually until in 1939 it reached the modest total of
28 vessels of 340,000 dead-weight tons. During the war, however,
the volume of shiphuilding assumed enormious proportions. The
naval programs greatly expanded, and the dead-weight tonnage of mer-
chant ships constructed increased to a penk (1943) of almost 1,900
ships totaling 19 million tons—more than 50 times the 1939 tonnage.

The shortage of shipping capacity was critical during the early
period of the war, and it was imperative that a larger number of
vessels be built speedily., The required volume obviously could not be
obtained without a radical departure from conventional methods of
ship counstruction.  Accordingly, a few stundardized types were
selected to make up the bulk of the shipbuilding program. Concen-
tration on these vessels made it possible to apply mass-production
methods to ship construction. Components were prefabricated in
fairly large quantities back of the ways, frequently on subcontract,
and put together into large subassemblies, which were then incorpo-
rate(Finto the vessel. Since work could thus be done simultaneously
on different parts of the ship, the time needed between keel laying
and completion was sharpty reduced. Moreover, the amount of labor
required per vessel was also cut substantially, and this factor became _.
of increased importance as labor supplies grew stringent. The Liberty
ship is, of course, the outstanding example of mass-production ship-
building, but similar techniques were used for other programs—
Victory ships, tankers, and even destroyer-escort vessels,

Scope of Study, and Nature of Basic Data

Average labor requirements and average time requirements (keel
laying to delivery) are presented here for selected types of vessels
included in the shipbuilding programs of the U. S. Maritime Commis-
sion and of the Navy Department. The programs represented con-
stitute the major part of the Maritime Commission programs—Liberty
ships, Victory ships, selected C1, C2, and C3 cargo vessels, and se-
leeted types of tankers.  Liberty ships comprised the greater part of
the Maritime Commission war prograun to December 1944—approxi-
mately 57 percent of all ships delivered. At the end of the period
rovered by the indexes, however, the Liberty-ship program was near-
e completion, and Vietory ships were assuming greater importance.
.. The indexes and avernges here given do not melude all vessels de-
ivered, but coverage is generally high for the periods represented.
Daty on man-hours ave not availuble for all types of v.ossels; the cargo
vessels and tankers are represented by selected types for which sufli-
vlent data could be obtained. The index for Liberty ships ineludes the
one principal type (whicli constitutes over 97 percent of total deliver-
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Quite Coastt,l ed o real changes in yard efficiency. The vards of the
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oast yards.  Part of the index decrease, therefore may be due t..
l‘%t t increases in subcontracting as new yards hegin construction.
; :rlS nolt likely, however, that subcontracting influences the trei.:
gnihicantly in any program, In one program—Victory ships— the
proportion of suhcontmcting is constant and need not be considerd

Labor and Time Requirements for Individual Programs
LIBERTY SHIPS

of &e[%lgert -ship program was begun in 1941 under the jurisdiction
to me oS, aritime Commission. The Liberty vesscls were design]
United q‘t‘;‘w‘;m:;ff'!:y ‘;;‘,mﬂndl for (iargo-(‘ﬂrrlving capacity for th-
rd S S Pus allies. In order that arge-scule production

Qﬂl@i’g@ence without delay, relatively simple plans “,(,mludnp“.‘,
» The time worked Ly “ather ermployroy
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those ~F a type of vessel previously construeted for Beitish account.

The vty vessels are of 10,800 dead-weight tons, are propelled by
triple- . pansion reciproeuting steam engines, and have o speed of

11 knots.  Welding replaced riveting as m s of hull construetion.
The standardizution of design made possible not only mass produe-
tion but prefabrication of parts and considerable subcontracting.

The first, Liberty vessels, delivered in December 1041, required an
average of 1150,000 man-hours to build, "and¥236 days elapsed be-
wween keel laving wnd delivery (table 1), As ¢xperience was gained,
however, outstanding progress was made in redueing both man-hour
and time requiremer By December 1944, man-hour requirements
had been reduced to 515,000, & decline of 55 percent. The decrease
in average building time was even more marked. In December 1944,
average building time was less than 50 days—approximately a fifth
of the building time of the vessels delivered in Decomber 1041, Of
course, there was some variation among yards.  For vessels delivered
in December 1944, man-hour requirements ranged {rom 411,000 to
683,000 and construction time from 35 to 64 days.

TasLe L.—Man-Hour and Time Requirements for Liberty Vessels Delivered from
1

December 1941 to December 1944
Indexes (December
Man-h b 1041 =100)
Number Number |-i80-flours ayS per
Month of yards | of vessels '&" :ﬁs'd k“ﬁ“{’t De
included | included nihou- | keel laying y*
sands) to delivery | Man-hours| vessef—
per vessel | keel Inying
to delivery
1M1 December .. 2 2 1,140.6 2386 100.9 100.0
M2 January 2 3 1,073 6 242 M6 w2 s
February. 5 12 078.8 20 554 97. 0
Muarch. 5 1% 953.0 219 %3.1 92.8
April 5 28 B89 o 758 8.3
AMay . 8 43 8861 156 77.3 64,1
June 8 A1 HA.T7 124 721 52.5
Juty. 9 51 804. 2 1o 70.1 46.8
Angust 10 56 T8 9 54 69.7 3.6
September 10 fi7 7(3. 1 7i 61.3 30.1
Oetotnr | il 63 876.2 67 5.0 K4
November H R £22.5 A7 54.3 4.2
December . 1 52 &7 56 85.2 7
1#43: January . oL 1 B 7.4 hel 53.0 225
February . e e j2 7 857, 4 £2 57.3 26. 4
Mareh . - 12 102 110 59 533 25.1
Aprid oo 14 “ 1o 618.0 58 53.9 “7
\I‘u)l . R 14 120 RS 58 5302 4.4
fune P R iH 115 570.9 58 1.8 2.8
July e 14 104 5452 54 47.8 22.8
Augst 13 1o 5336 47 48.5 19.9
September 11 HE 510.2 42 44.5 8.0
Oectober 1 g S16.1 43 45.0 18.1
Novenrbe e 85 511.2 42 446 i7.8
December. 10 113 486. 1 40 42. 4 i7.1
1944: January i kil 502.3 43 43.8 18.4
February . . 12 7T 499.3 e 435 21.2
March | 12 83 . 3 85 48 4 23. 4
April. 12 7 538.0 &4 46.9 22.8
.‘\Y'ay il Lis] SHET £5 47.2 .2
June. . 9 54 530.0 52 48,2 219
July 9 50 579.3 61 50.5 257
August L 47 592.3 [i3 517 27.8
September 8 42 5607 58 40.5 247
Oetober ¥ 56 546.7 57 1.7 4.2
Novemnbe 71 45 542.8 53 47.3 2.4
December.. 7 | ‘40 515.4 49 45.0 “.6

P EC2-8-Cl only; modified Liherty ships excluded,
674163—46——8
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The most substantial decline in both labor and time requirenents
occurred dwring the early phases of the program as vards took ad-
vantuge of stundardized design, improved assembly techniques, and
] ; mass-production methods to reduce labor requirements and expedite
deliveries.  Between December 1941 and December 1942, man-hours
per vessel decrensed 45 pereent, and days per vessel 76 pereent. There-
after, unit lubor and time requirements contibued to decline until
1 December 1943, the record month, but the declines were small in com-
: parison with those of the preceding year—23 percent for man-hour
requirements and 28 percent for time requirements. The increases
] after December 1943 may be attributed to the tapering off of con-
struction as contracts were terminated and some of the yards converted
to Victory-ship production. Chart 1 shows the average man-hour
requirements for the Liberty-ship program as well as for tankers,
1 Victory ships, and destroyer-escort vessels.
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] Although Liberty ships provided a large amount of cargo capacity
to meet emergency needs, they had certain disadvantages. Speeds
were low—11 knots—and the vessels were less durable than other
types. It was recognized that, for both reasons, Liberty ships would
1 have little postwar value. During 1943, therefore, the Maritime Com-
4 mission replaced part of the Liberty-shi program with a program for
the Victory ship—a faster type and equal to the Liberty vessel in dead- v
weight caﬂmcity. The Victory ships were designed to provide ap- e
proximately 10,800 dead-weight tons and travel at a rate of 15 knots L
upward. These vessels are expected to be a major factor in the post- i e s
1 war merchant fleet of the United States. o
: Victory ships are of three principal types: VC2-5-AP2, VC2-S-AP3, P
_ and VC2-S-AP5. The VO2-S-AP2 and AP3 types are primarily T I
bulk-cargo vesscls. The former type is somewhat the slower of the o
two, with a rate of 15% knots compared with 17 knots for the AP3. b
The third type, VC2-S-AP5, represents conversions to military use
&8s combat transports, but it is possible that some of these vessels
: may be converted to postwar use as merchant ships.? o
J The plans to substitute Victory for Liberty ships initially entailed :
the expenditure of ndditional labor per vessel. In February 1944,
when the first Victory ship was delivered, Liberty ships required an
average of approximately 500,000 man-hours. The first Victory ship,
of the AP3 type, consumed more than 2); times that amount—
1,285,000 man-hours (table 2). However, this total was only 12
percent above the average for the initial Liberty ships, and it was
reduced sharply in successive months. The AP3 vessels delivered in
March 1944 required only 982,000 man-hours, or 24 percent less than S0
the first vessel; by Seplember 1944, labor requirements had been s
reduced to 844,000 man-hours per vessel. Unit man-hour require- -
ments for the AP2 vessels were roughly similar to those for the AP3, ) LT
declining from 927,000 in September 1944 to 765,000 in December o
1944 The lnbor requirements for the AP5 type were considerably
higher than for the other two types—1,813,000 in August 1944 and |
1,104,000 in December 1944. 4 4
! The Adaptability for Postwar Service of U. 8. Maritime Commission “C”-Type and Victory-Type f

8hins, & paper presented Agil 47, 15, by Vice Admiral Howard L. Vickery before the New York Metro- )
Mfun Bection Qoetett of Nauval Arehitamte snd Masins Krslonaes
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te of decline in average lubor requirements was even more
pr('ﬂ)}z)eu;li;efi for Victory shipsg than for Liberty ships. A 1nbo'r-
requirement index covering all three types of vessels dechuu% 50
percent from February 1944 to December 1944. During the u»l:(u-
parable stage of the LiBerty-shnp program, December 1941 tol()ct‘u l‘i
1942, the labor-requirements index dropped 41 percent. Almost »
the yards selectede?or building the Victory ships had gained experience
constructing Liberty vessels and had made good records. hau half
Time requirements for Victory ships were initially less t f)m’ m‘
as great as for the first Liberty vessels—approximately 10.(4 ‘,n’\;',
The index of time requirements declined only 18 percent duxur:; ‘lu!
first 11 months of the construction program. At the end lo x;.:{
eriod, time requirements remained substantially lnghc»r than
Eiberby vessels, varying from 80 to U0 days for different ty pes. .
The increases in the indexes in August 1944 are due to @]vuv wik
drawal of a yard with relatively low labor and time rcquu'onl‘:\u-\{
The downwaid trend was resunied in September, but the ;;l}'(. i
time requirements remained relatively high through _UC.(('J :{-)C l
several yards which made initial deliveries of the mxhtu;)\ ype o
August, time requirements increased slightly after the first vess
were completed, even though labor requirements declined. 1l Vietors
The ships included in the indexes represent 95 percent of s} J 1 o
ships delivered through December 1944. Each index inc udes,
segments linked in August 1944 to provide & continuous series.

CARGO VESSELS OF SELECTED TYPES

The C2-type vessels represent, in geno;ml, the Iong—l:ung? ;;ﬂa‘:
vessel program of the U. 8. Maritime Commission. dboulu‘rs ore
types were built before the war for commercial uses ane lo‘t[“v- S
developed during the war. In addition to designing v Ob?(!lb ! OL‘»xl'mn‘ of
time uses, the Maritime Commission is charged, under t 1 9“” the
the legislation creating it, with the responsibility of designing -

¢ The first acgment, for February to August 1944, consists of simple relatives of ave;ﬁelw;w;';’l‘:‘,ﬁ,

K It e .
2 type produced; the sccund segment, for August 1944 e e
;:lqm:::in:::,v;ﬁirz!ll't:do::’u& labor or time requiirements for 1w o clhusses of vessels (V S-Ablend Lo
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ressels w0 that they muy serve as nuxilinges i time of war,  Thus,
meny wartinte comversions have been made.  For example, C3 types

# bave become aireraft carriers, destroyer tenders, seaplane tenders,

passenger and eargo yessols, attack transports for the Nuavy, and
roop trnsports for the Army. Many minor modifications have
wen made from time (o time t6 meet the needs of the operatnrs,

The C2 tvpes are cenerndly considered as potential postwar com-

3 retitors of the Vietory ships. They have speeds approximating that

of the AP2-tvpe Victory ship but have somewhat greater bale ca-
pacity. Aceording to Vice Admiral Hownrd L. Vickery, “the C2 is
sdaptable to general cargo trades, particularly packnge freight,
shereas the Victory ship eould be considered better suited to routes
shere dead-weight or bulk cargoes ure to be found.”* The CIB
wpe and the earlier C1A have undergrone fewer wartime conversions
owing to their smaller size, lack of flexibility of operation, and slower
speeds in comparison with other types. They will, of course, be
wailuble for postwar use. ’

No summary mensure of labor requirements per ship can be pre-
pared for these cargo vessels becuuse of the multiplicity of types,
ntermittent jdeliverics and unavailability of man-hour statistics
for a number of the vessels,

TusLe 3.—/Index of Man.-Hours Per Ton Jor Cargo Vessels of Selected Types ! Delivered
Jrom April 1943 10 December 1944 N

Index Index
Num. | Num- (Apri 1944 Yg;:xm» Num- | (Apri] 1944
ber of | her of = 00 of T ol | berof | w1 of
Month yards [ vessely | man-honrs Month yards | vessels | man-hours
in- in- per ton rin- in- pet ton
cluded | clnded | (light dis- cluded | eluded | (light dis.
placement) placement)
43 Aprit 2 3 } 120.0 1 1644: March_ . 5 16 0L 7
May . 2 4{ 121.6 Aprib_ . 7 16 100.0
Jane. .. 3 4 199 May [ 1 0. 1
Tate | - June. . 4 9 Wy
S i 3 Wi July 5 0 %91
September 3 4 134 | Aupust 2 3 92.9
ctotxr 3 3 1018 , September 3 5 89. 2
November | q i 1264 |} October 2 3 105 1
December | ’ IR 1263 ; November. ‘ 6 958
! H i Deeerbior, 2 3 9. ¢
MLy , s s [
February. . | 50 166, 4 ”

'CIB. C1-3-AY1, C1-8- D1, C2-3-AJ1, C2-5-B1. (2§ E C4-5-a2.

A rough measure of labor requirements—an unweighted index of
fan-hours per ton (light displacement)’—is present¢:§ in table 3 for
L1¥pes of “other cargo” vessels, and average labor requirements for 4
Ithe 7 types are shown in table 4. Labor requirements for the 7
————

foutnote 3.

1 displscenment is a measure of the weight of the vesse] jtself, | ., the displacement of the vessel

Lopcte with sil iteins of outfit, equipment, and machinery on board hut exchidiag all cargo, fisel, water,

TS, passengers, dunnage, and the crew and their effects. Dead-weight tonnage, which ix used more

;’N*nliy to represent shipbuildine output, jc s messure of carrying eapacity, It is the difference between

.’hkm displacemnent and the full-load dizplacemeont of 8 vessel. It represents the total weieht of eargo,
- ®BLeT, S1orey, passengers, and erew and theireffects that g ship can carry when st her maxitrum sllow-
draft. The indicstions Are that labor requirements are more directly associated with light displace.

than with dead-weicht tuhngge.
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selected types declined more gradually than for Libertv and Victory
ships.  The ships are not standardized to the same degree; and only
relatively small numbers of cach type have been delivered. Further-
more, the index does not cover the entire constrnetion period, 25
percent of all ships of the sceleeted types delivered through Decembier
1944 having been completed hefore April 1043, the first month shown
in the index. Tt is Possible that the greatest declines in unit labor
requirements and building time occurred during the early stages.
&'evertholcss, even during the period of the index (April 1043 -
December 1944), the unit labor reguirements for each of the soven
selected types of vessels deerensed significantly. The index of labor
requirements per ton declined 28 pereent from April 1043 to December
1944. The rise from October to November 1943 is due to the en-
trance into the index of a type with higher labor requirements per ton.

TasLe 4.—Man-Hour Requirements for Four Ty, of Cargo Vessels Delivered from
April 1913 to Decem

Man-hours per vessel (in thousands)

Month
Type A Type B Type C Type D

1255
1,164
1171
1,130,

-3
9
81

394
2

.6
2
8
0
8

October. .
November.
December. ..

The data on which the averages and index are based include 63
percent of the vessels of the 7 selected types and 32 percent of all
types of “‘other cargoes’ delivered during the period covered.

COMPARISON OF CARGO VESSELS UNDER THREE PROGRAMS

Table 5 shows the average number of man-hours required per ton
(light displacement) for each of the three cargo programs—Liberty
ships, Victory ships, and other cargo vessels. Tonnage provides only
& rough basis for comparison, as the different vessels vary in design.
Labor requirements per ton migzht also be expected to vary. Never-
theless, the figures indicate that the greatest cconomies have been
achieved in the case of the mass-production progrums—Liberty ships
and Victory ships. The average lubor requirements per ton are lower
for Liberty ships than for “other cargoes” in every month shown.
The labor requirements per ton for Victory ships exceed the labor
requirements per ton for ‘“‘other cargoes’ for the initial months of the
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Vietory=ship program.  Cargo ships delivered in Febriare 1944 po-

quired 215 man-hours per tc

By December 1944, however,

were 165 mun-hours per ton,

Tt

i, owi

el fo

werens \’l'("m‘y

o

ships required 207,

labor requirements for Victory ships
“other cargoes,” 189 man-hours.

= Man-Hours Por Ton Jor Cargr Fossels of Selected Types, Liberty Ships, and
Fictory Nups Delivered from Aprit 1913 o I)wwu/

er 1YL

f NMun-hours per ton dight dis.

|

Placement) }
i
’ [T 11
Month Carpn | rg‘
essels, “ Liberty | Vietory h
selected § 0 ships ships [
types [I
245 1828 ]
245.6 3 B
2403
July . 2474
August |
September,
October. ...
November
December.. ..
IH4: January | 189, 1
February 215.0

Month

144 Marcho ...
Aprid . .
May T
June.._ ool

July.....
August . B
September.

October.
Novembe:
December. ...

Man-hours per ton (light dis-

placement)

Liberty § Victory
selected ships ships
types!t

i

1643 5.2
159.2 2259
160.3 1658
156.8 163.3
1714 200. 1
175.3 4.6
168.0 2%, 8§
181.7 1918
160.6 100 4
162.8 185.0

1C1B, C1-8-AY1, C1-8-DJ, C2-3-AJ1, C3-8-B1, C3-8-El, C3-8-A3,

TANKERS OF SELECTED TYPES

The tanker program was one of the U. S. Maritime Commission’s
most vital programs. When the European war

States had 430 oil tankers. By

sction, but U. 8. shipyards }
fleet (including Army ‘and N

began, the United

June 1, 1945, many had been lost in

1ed made up the losses and the tanker
avy) contained 1031 tankers— 648 had

been built under Maritime Commission contract,

18 over, many tankers will be availabl

Table 6 shows man-hour and time re
tankers, which together represe
from June 1943 to December

general hull  charaeteristics

and

1944,

approximate

Now that the war

o for our postwar merchant fleet.
quirements for two types of
nt 81 pereent of all tankers delivered
The two types have the same

equality in dead-

weight tonnage (16,600 and 16,500 dead-weight tons). Each is pow-

ered by single-screw steam-turbine elec

tric engines. One type is of

all-welded construction. The other utilizes riveting in the seams
of side-shell plating and upper-deck plating.”

The index of lnbor requirements for the two types of tankers shows
8 decrease of 38 percent between June 1943 and December 1944.

Fluctuations in the time-requir

the lubor-requirements index,
the same direction.®
——

ements index are greater than those in

but the two indexes generally move in

! New Developments in Tanker Design, by E. L. Stewart, In Marine Engineering and Shipping Re

Yiew, December 1945 (p. 186).
! The indexes and averages were obtained b
by the total numiber of vessels of that typedeli

¥ weighting average labor or time requirements for each t’%(f)e
vered or scheduled for delivery through December 1944, %]

Index period covers the esrly stages of the cunstruction program, and only 15
o Decemnber 1044 were delivered prior to the first month shown, Coverage Is

o the selected Ly s und 7% percent of all types deliverod June 1943-Decoin ber 1

ercent of the vessels completed
high —87 percent of the vessels
V44,

i
-

.
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TaLg 6.—Man-Hour and Time Requirements for Tankers of Selecied Types ' Delivered
Sfrom June 1943 to December 1914

Indeves (June 1943
i =i}
Nome | Nmwe ! Mane [ Daysper
ber of & by 7 hours per .
Month yards | ships | vessel | kecl Tay- Days per
fu- f 0 dne c {intheu- | ing ro | Man- vessel,
cluded  cluded ! osaudsy delivery hours per| Keel Isv-
! { P vessel ing tode-
! ! livery

3! 7 Lo2int 165 JALUNI] 100. 0

4 3] L2403 Tos Wil e

i 12 1,i52.8 141 w7 85. v

31 ] L2140 136 100.3 824

3 { 15 Lidsl 21 .3 8L 5

4, 15 Lo ¢ e 86.7 70.3

4 * 20 0. 6 13 9.4 68. 4
s i 10 1,093.8 140 90 4 849
1o 4 133 81,7 133 8t 1 81,1
4 13 8911 115 73.6 68. 9

4 15 .2 134 4T 81.1
4 21 816.3 120 67.5 72.6

4 19 981 102 65.9 61.8

4 19 767.0 96 63. 4 584

3 16 TIRT 101 84.3 6L 4
4 18 8190.8 102 67.7 61.7
4 133 790. 4 100 653 0.9
4 3 7913 ' 5.4 60.3
4 px) 746.7 95 617 57.9

i T3-BE-Al, T28E-A2
DESTROYER-ESCORT VESSELS

The destroyer-escort program was developed to meet the need for a
naval vessel which would combine muancuverability with the speed
necessary to protect convoys. The vessels carry torpedo tubes, depth
charges, and heavy-caliber machine guns.  They arc of three types—
1,150, 1,275, and 1,400 tons light displacement.  The plans are uni-
form, although modifications have been made from time to time.
Yards participating in the destroyuer-escort program have been able
to take advantage of mass-production methods to reduce cost, time,
and tabor requirements.  Considerable prefabrication of hull sections
has been practiced. ,

The indexes for destroyer-escort vessels (table 7) include (_)nly
vessels built in private shipyards. Al vessels of 1,150 tons (l)ght.
displacement) are omitted, as they were built in Navy yurds. The
indexes represent vessels of 1,275 und 1,400 tons und include 98
percent of all vessels of these tvpes built in private vards during
the period from April 1943 to December 1944, inclusive?  Vessels
built at the beginning of the program ave included, and consequently
the full reduction in time and labor requirements is evident.

The 45-percent reduction in avernge labor requirements for
destroyer escorts delivered during the initial stages of the program
(April 1943 to January 1944) was slightly larger than the decline for
Liberty ships during the first 10 months of thut program. It will be
noted that average labor requirements for destroyer escorts rose
from January to April 1944 and then resumed a downward trend.
The rise was due to a change in desigu involving a different method of

* The indexes are basod on unwul’hu-d aversges of labor und time requirements.  Inastiuch 88 the unit
bad e et S T (S dtakh e POy S i
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propulsion.  As xperienee was gained in building the new desion,
unit uhor requirenments dechned ngnin. The inerease in the number

of days necessary to complete vessels delivered after January 1944

is attributable to the fact that destrover escorts no longer retained a
high priority. Thus there was a tendeney for yards to schedule
work on niore nrgent programs and to complete” destroyer escorts
during periods of diminished activity,

-

TasrLe T.—Man-Hour and Time Requirements Jfor Destroyer-Escort | essels Delivered
Srom April 1943 to December 19431

M Indexes
(May 1943100
Num- | Num- ;f.:)n' Deaysper -
ber of | herof P”“ vessel,
Month Yiillrds vessels | (L00p | eellay-t oo I Daysper
1- in- (in thou- ing to hotrs vessacl,
cluded { cluded delivery keel Jay-
sands) per ing to
vessel delivery
2 3 13111 202 2.0 102§
4 7 1,425. 8 285 1.0 100.0
6 12 1,260 257 R6. 0 20. 2
8 i5 L1129 21 78. 1 811
8 U 5.9 207 67.8 7268
7 25 044. 8 18 66.3 8.8
8 a3 902 4 177 63,3 821
9 38 8352 183 58.8 87.2
9 34 807.68 166 5.7 8.2
B 23 1.3 146 503 51.2
8 24 780, 0 170 54.7 5.8
8 15 B41. ¢ 188 591 8.0
9 20 RAZ 7 192 5.8 87. 4
¥ 22 B06. 8 208 5.8 73.0
9 16 788.9 213 53.9 4.7
8 1] 773.7 24} 5.3 84.8
5 9 828.8 243 58,1 853
4 ¢ S38.8 237 8.8 83 2
October. 2 i 790. 4 185 55. 4 A9
Novembe: 2 4 9505 n3 65.7 RiK
Pecember.........

! Ineludes vessels built in private shipyards only,
Reduction of Labor Requirements in Individual Yards

The averages and indexes of labor requirements per vessel sare
influenced by many different factors, and the reduction of labor
requirements does not always appear as a steady, uniform process.
Substantial changes in the indexes of labor requirements may occur
from month to month because of the entry or withdrawal of yards
having comparatively high or low unit labor requirements, since
relatively few yards build any one type of vessei. As man-hour
requirements tend to be higher in yards entering into production of a
specific type of vessel than in those which have built a considerable
number, declines in Iabor requirements for any program are retarded
during mouths when many new yards make imitial deliveries. As a
result, the indexes may be subject to apparently erratic fluctuations,
particularly for those types of vessels built by only a few yards.

The declines in labor requirements within individual yards with
continued construction of standardized vessels have been remarkably
steady, however. The general downward trend of average man-hour

* The number of man-hours required for groups of vessels delivered by indlvidual yards producing
Hbeny ships, Victory ships, and destroyer-escort yessels are shown in Bureau of Labor Btatistios Bullstin
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requirenients for the various programs is due primarily to improve.
ments 1 vard ceflicieney achieved as management and labor gained
experience i constructing suecessive vessels of standardized types,
Examination of the data for mdividual shipyvards showed that cuch
time a vard doubled its output, man-hour requirements per vessel
tended to dechine by o constant percentage. The pereentage deerease
varied from vard to vard, but the average declines were almostidentical
for the ditferent tyvpes of vessels considered.

Adequate statisties were available for 10 yards which built Liberty
ships, 4 which construeted Victory ships, 2 whieh built “other eargoes,”
and 4 whicl turned out tankers.  The experience gained by any ship-
vard, and hence the reduction in labor requirements, depends pri-
marily on the number of vessels construeted, and not on the number
of months the yard has been engaged in construction. Averages of
labor requirements were prepared for successive groups of five vessels,
and an analysis was made of the trend of man-hours per vessel as
successive groups were completed.

1t was found that, in each yard, the pereentage deeline in man-hours
per vessel tended to be constant for a specified percentage change in
output; for example, with each doubling of output, labor requirements
would decline by the same percentage. If 1,000,000 man-hours were
assumed to be required per vessel for the first group of five ships
delivered, the number might be reduced by 20 percent to an average of
800,000 for the second group and by an additional 20 percent to 640,000
for the fourth group. When the data are shown on ratio scales, as
in charts 2 and 3, a constant percentage decline in man-hours per
vessel appears as a straight line'?

In the 10 yards which built Liberty vessels, the reductions in man-
hours per ship with cach doubling of cumulative output ranged from
12 to 24 percent. , Chart 2 shows changes in man-hours per vessel
for two typical yards. An average line, representing the composite
experience of the 10 yards, is shown in chart 3. It shows a 19-percent
decline in man-hours per vessel with each doubling of output.

Yards with high lnhor requirements for the initial vessels tended to
deerease labor requirements more rapidly than yards with low labor
requirements for the first group. The divergence among the trends
for the different yards thus becomes smaller after the initial group has
been completed.  For the first group of ships, the highest trend value
of labor requirements was 2.0 times as great as the lowest; by the
tenth group (vessels 46-50), however, the relative difference had been
narrowed to 1.7. The divergence again increases at high levels of
production experience.  The rates of decline and the levels of labor
requirements did not appear to be related to the size of the yard nor
to the date construction began.
micb built fewer than 80 Liberty vessels through December were omitted. Three of these
yards experienced percentage rates of decrease 1n unit Jabor requirernents greatly outside the range for the
10 yards included,

4 Ap alternslive approach was atterpted, fo which each group of vessels included, not five ships, hut 8
number equal to the pumber of ways in the yard. ‘The assumption implicit in this analysis is that experi-
ence gained in the course of construction of any vessel could not generslly be applied to the next vessel
sc}wduh'd for dehver{,esmu«- this vessel xvnuz’hl already l»'c 1}5‘uranwg mnxp}h»(u;n‘ 'l‘hjx experience mu]fi, how-
ever, be applied to the pext round of vessels on the ways. I this assumption is correct, the divergence
among the trend lines for the scparate yards would be smaller when “way turn-over” was used 835 8 measure
of production experience than when number of vessels was used. There was no substuntial differeney
between the results obtained hy the two methods and the “way turn-over™ analysis wus therefore shan-
doned. In any yard, lY,l:: pvrf' nurn't‘h-clim;}q labor rmum‘nwm..s isthe xame {uy n‘duuhlrlqng of oulput as for
s doubling of “rounds,” since eac round” includes an identical number of vessels. The relative leveds

for different yards sre affected, however, by the use of “*way turn-over” or *rounds” completed, rather than
by nuinber of vessels 83 & measure of pmduc( jon experience.
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REDUCTIONS IN MAN-HOURS PER VESSEL
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Similur dat were compiled for four vards producing AP2 wd A
Victory ships, A these vards had hud experience in the constrg,
tion of Liberty ships. Chart 3 shows their composite experience w ],
Victory ships. 1t will be noted that the Inhor FOQUITCRIONES wiey,
below the average for the 10 Liberty-ship vards.  The four vards cor,.
sidered, however, had better-thun-average records in L;l)('l'l\‘—.\htp
construction, and the average line for the Victory ships almost con,
cides with that for Liberty ships built in the same yards.  The expers-
ence gained in Liberty-ship construction doubtless was of great bene-
fit in the Victory program, and the relative levels of labor require-
ments for Victory and Liberty vessels do not necessarily reflect the
relative complexity of the two types of ships.  The rate of decrease
with each doubling of output wus almost the sume in the case of
Victory ships and Liberty ships built in the same four yards—16 per-
cent for Victory ships and 18 percent for Liberty ships.

Estimates of changes in labor requirements within vards building
“other cargo” types could be made for only two yards. The multiplic-
ity of types, the small numbers of some types constructed by any one
yard, and the lack of complete data preclude any comprehensive
analysis for the “other cargo” types. The average decrease in labor
requirements for the two yards for which data are available, however,
compares favorably with the reductions for Liberty and Victory
shigs—-—22 percent with each doubling of output.®®

8 in the casc of cargo vessels, the yards building tankers experi-
enced a constant rate of improvement with each doubling of output.
The average decline in man-hours per vessel accompanyiug a doubling
of deliveries was 21 percent for the four yards for which sufficient
data are available.

The rate of decline in lubor requirements as production doubled was
rather uniform from one program to another—19 percent for Liberty
ships, 16 percent for Vicetory ships, 21 pereent for tankers, and 22 per-
cent for “other cargoes.”  "The rauge within two programs was wide,
however—-12 to 24 percent for Liberty ships and 10 to 26 percent for
Victory ships (AP2 und AP3).  The fange within the tanker program
was narrower, 19 to 22 percent. In all yards for which data ure
available, the rate of unprovement was significunt and steady.
Apparently, similar substantial improvements might be expected
any yard building large numbers of vessels of standardized design.™

e uniformity of the percentage reductions in Isbor requircinents
among yards cugaged in different progrums is particularly striking
in view of the considerable differences in the extent of reduction of
average labor requirements when cach program is considered in
successive months.  As was indicated above, larger month-to-month
declines in labor requirements occurred for the iberty and Victory
programs than for the “other cargo” vessels. Nevertheless, two
yards which produced substantial numbers of identical types of cargoe
vessels achieved reductions in labor requirements eomparable to
those of yards constructing Liberty and Victory vessels. The decline
in Labor requirements for the “other curgo” program as a whole
was smaller than those for Liberty and Victory ships because few
yards produced substantial numbers of identical “other cargo’ vesscls.

WThe two yaris produged different types of cargo vessels.  The rates of decline [n man-bours per vess!

were 18and 28 peroent. N
W A similar analysis (or varlous types of alreraft was shown In Wartime Prodnctivite Chanon. fo th 4er

e s O o . L
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Suntbarly, the decline inmuchours per vessel for the tanker program
as a whole was sialler than for Liberoy and Victory vessels, despite
the faet thut equvalent improvements were achievid by vards with
comparable production experience. This difference appears 1o arise
from the fact that the average number of days required from keel
Iying to delivery has been greater for tankers than for Liberty or
Vietory ships. Ina T-yvenr period, a vard constructing Liberty vessels
eun complete many more vessels than o yard building tankers aud
henee achieve a Targer redwetion in Inbor requirements. T, any
techniques which muke possible reductions in time between keol
laying and delivery in themselves afford opportunity for more rapid
reductions in lnbor requirements from month to month.

Postwar Shipbuilding

The close of the war brought immediate, sharp cut-backs in the
shipbuilding programs of both the Nuvy and the Maritime Commission.
Production may be resumed on some naval eraft that were under
construction at the time of the cut-back, and reductions in the war
program of the Muritime Commission may be partially offset by
construction of cargo and tanker vessels for peacetime use, particu-
larly during the period while many of the merchant ships are serving
their purpose as troop transports. The Liberty-ship program had,
of course, been completed by the time of the Japanese surrender.

The prospects of postwar shipbuilding are indefinite. It is certain
only that the wartime volume of shipbuilding will be drastically
reduced. Even il plans to serap or to hold the Liberty ships in stand-by
status are carried out, there will remain a large volume of merchant
tonnage available, much of which can be converted to peacetime use.

It will not be possible to use uniform plans or mass-production
methods in the future to the extent practiced by yards which built
the Liberty ships. The degree to which mass-production methods
can be applied will depend not only on the number of ships of a fixed
type built but also on whether a few large yards or a greater number
of smaller yards are to have rosponsihimy for meeting the postwar
demand for ships.

Some production methods and practices developed during the
war will undoubtedly have postwar utility. Many yards have greater
crane eapacity than they had before the war. These yards will be
able to perform many welding jobs off the ways, later hoisting the
welded part onto the hull. The wider use of welding in place of rivet-
ing may be expected. The lightweight metals, such as aluminum,
have recently been used for boats, pilot houses, davits, and outer
casings for simokestacks, etc.  The use of these metals tends to reduce
the ratio of superstructure weight to total weight and to increase the
ratio of cargo weight to the total; greater stability and economy result.
The continued use of light metals will presumably depend on relative
prices.

Becenuse of the experience gained during the war period, labor
and time requirements in the future will doubtless be less than before
the war for comparable types of vessels, but they are not likely to ap-
proach the wartime record. The great improvements in man-hour
and time requirenents that have occurred should be viewed primarily
as contributions to the successful development and completion of

A etemn s Ay




APPENDIX D

CG47 CLASS RETURN COST DATA



SWBS

i1
12
13
14

2

>
J'4

23

4
82
43
m
15
%
47
48

51

53

54

DESCRIPTION

TOTAL SHIP

HLL

Hull Structure
Superstructure
Sonar Dome
Hull Detail}

PROPULSTON

Power Trans Svs
Prop Fluid Sys
Controls

ELECTRICAL

Power Gen

Equip 1nstall
Fower Light Hookup
Cable Commodity

COMMAND & CONTROL

Ship Control Sys
Interior Comso
Exterior Como
Countermeasures
Tact Data Svs
Radar

Fire Control
Sonar

AUXILIARY SYSTEMS

gnvironmental Cont
Fluid Svs

Hull Aux Mach
Mach Piping Instl

CRUISER HISTORIAL DATA

SHIP - (G 47
(FY78$)
LABOR KRS HATL 4
9.92.3 (157.1
808.9 1,43
514.9 6.30
129.0 3.81
2.5 2%
139.4 1.97
186.1 27.08
82.2 22.88
118.9 400
5.1 0.21
760.4 2.2
.0 7.41
509.9 18.64
2165 0.86
0.0 1.35
205.0 11,34
6.9 0.16
9.7 1.03
2.7 0.03
8.5 0.00
12.9 0.00
2.4 0.00
3.8 0.00
13.1 10,13
868.2 2.81
318.8 6,07
516.8 10,94
2.5 2.61
0.0 1.20

RO
SHIP - (6 48

LABOR KHRS HATL $M
6,281.1 21,0
735.0 18.30
471.0 11,70
17.3 2.70
14.2 2.00
132.6 1.90
149.1 29.30
1.7 25.20
4.1 410
3 0.08
589.2 15.00
25.1 6.50
391.5 5.10
170.6 1.20
0.0 2.10
142,4 11.80
4.5 0.11
8.2 0.49
2.7 0.00
0.6 0.00
7.3 0.00
1.7 0,00
15.6 0,00
11,2 1,20
765.6 20.90
759.2 5.79
477.7 9. 71
8.6 .10
0.0 2.40

e !

(6 49/50/32/53
(COMBINED SHIFS)

LABOR KHRS MATL $M
22,633.9 576.0
2.870.0 0,00
1.828.8 0.00
455.1 0.00
511 0.00
335.2 0.00
511.1 0,37
178.8 0.00
320.6 0.37
1.6 0.00
2,163.8 09.00
J44.9 0,00
1.494,9 0.00
323.9 0.00
0.0 0.00
573.5 0,00
21.4 0.00
144,1 0.00
87.3 0,00
98,3 0,00
40.2 0.00
57.4 0.00
73.7 0,00
St 0.00
2,875.8 0.08
989.4 0.01
1,833.6 0.07
1447 0.00
0.0 0,00

CG 49/50/52/53

{NIT AYG)
LABOR FHRS ATL 8K
5,658.5 (1440’

n7.5 0.00
157.2 0.00
113.8 0,00
12.8 0.00
133.8 0.00
127.8 0.09
“.7 0.00
80.2 0.09
2.9 0.00
541.0 0.00
84.2 0.00
3737 0.00
81.0 0.00
0.0 0.00
1439 0.00
5.4 0.00
3.0 0.00
2.8 0.00
2.6 0.00
10.1 0.00
14.4 0.00
18.9 0.00
12.8 0,00
719.0 0.02
247.4 0.00
458.4 0.02
1.2 0.00
0.0 0.00

LABOR KHRS

12.747.2

1,987.7

1.268.9
269.1
3t.4
418.3

344.3

125.3
213.8
5.2

1,382.9

218.7
919.8
2444

16.6
103.7
54.0
69.0

13.0
4.8
38.4

1,967.9

£03.9
1,264.4
99.5
0.0

/,

é

L VET

C6 54/55/36
(SHIPS COMBINED)

MATL M

415.9

0,00

0.00
0,00
0,00
0.00

0.00
0.00
0.00
0,00
0.00
0.00
0,00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0,00
0.00
0.00

0.00
0,00



[
82
63

I
72
73
74

8!

83

91
92
93
94
93
9%
97

DUTFIT & FURNISH

749.3

Hull Dutfitting 503.6
Store Rooms-Storage 21.6
Equip & Furmishing 25.1
insulation & Protection 193,0
ARMAMENT 7.8
Buns & Mounts B.7
Aemo Hand & Stow 3.2
Missile/Rocket Hand 2.7
Torpedo Hand & Stow 6.2
Misc Ord Matl 0.0
INTEGRATION ENGINEERING 2,337.9
Engineer Design 1,429.2
Project Eng 529.7
Prod Plan & Cont 579.0
CONSTRUCTION SERVICE 1,480.7
Ship Service 540.8
Launching/Drydocking 23.5
Molds,Teaplates,Jigs 94.8
Inspection 23%.6
Manutacting Spt 577.5
Vendor Serv 7.5
Inventory Stores 0.0
OTHER SUPPORT
SYSTEM TEST & EVAL 1451
Tech Eval Equip Fac 0.0
Contractor Tests 132.4
Accep Test/Final Test 12.7
PROJECT MANAGEMENT 1,268.3
Project Mgt 142.3
Prog Plan & Control 1,126.0
SYSTEM ENGINEERING 409.7
Test Eng 108.7
System Eng 208.4
04 £ng 43.1
Models & Mockups 49.6

2.%
0.00
0.40
2.20

3.78

0.00

0,00
1,20
0,04

16.29

8.05
8.24
0.00

8.18

0.05
0.26
0.15
0.16
1.83
1,77
L7

0.69
0.12
0.02

3.58

1.90
1.67

0.08
0,13
0.07
0.05

b46.2

442.4
24.5
26.8

152.4

68.6

10.8
30,1
20.1

0.0

925.6

340.0
158.2
427.4

1,053.5

31,2
1.0
47.9

165.3

454.1

4.1
0.0

121.9
0.0
116.2
5.7

673.5

0.64
0.00

1.60
0.55
0,00

b.09

0.11
0.14
0,18
(4,08)
3.46
0.82
3.46

1.57
0.14
0,03

2.00

0.82
.19

0.33

0,23
0.05
0,04
0.01

2,473.4

1.584.7
107.9
99.7
b41.1

252.1

8.1
12,0
75.8
26.3
0.0

4,117.5

1.923.9
605.3
1,588.3

3,881.0

1,335.2
3.2
129.4
637.5
{,J47.6
0.9
0.0

428.1

0.1
400.6
27.4

1,303.3

294.7
1,008.6

574.0

177.9
2713
109.9

14.9

0.01
0.00
0.00
0.0

0.00

0.00
0.00
0.00
0.00
0,00

0.00

0.00
0.00
0,00

0.0t
0.00
0,00
0.00
0.22
0.00
0.00

0.00

0.00
0.00
0.00

0.66
0,00

0.06

0.06
0.00
0.00
0.00

608.4

396.2
21.0
24,9

160.3

9.5
8.0
19.0

b.6

0.0

1,029.4
481.0
151.3
397.1

970.3

ot
[
~
@

159.4
436.9
0.0
0.0

107.0
0.0
100.2
6.9

325.8

73.7
252.2

143.5

44,5
67.8
27,5

3.7

0.00
0.00
0.00
0.00

0.00

0.00
0,00
0.00
0,00
0,00

0.00

0,00
0,00
0.00

0.06

0.00
0,00
0.00
0.00
0.06
0,00
0.00

0,00

0.02
0.00
0.00
0.00

1,590.1

1,067.6
70,9
8.8

182.8

137.5

20.2
35.8
4.6
14.9

0.0

1,298.8

227.9
145.7
925.2

0.0
278.8
26.0

430.5

17.7
32,7

178.6

93.2
1.3
74.0

0.0

0.00

0.00
0.00
0.00
0.00

0.00

0.00
0,00
0.00
0.00
0.00

0.00

0.00
0.00
0.00

0,00

0.00
0.00
0.00
0.00
0,00
0.00
0,00

0.00

0,00
0.00
0,00

0.09

0.09
0,00

0.00

0.00
0,00
0.00
0,00



TRAINING SERVICES
DATA, TECH & MANUAL
FITTING QUT FOR DELIV
CONTRACTOR SUPPORT

Planning Yard Svc
Post Del Supt
Hisc

SHIP MATERIAL

BATH SHIPS

T0TALS

SHIP CONTRUCTION

SYSTEM TEST/EVAL

5YS ENG/PROJ MGT

DATA MGT

SPARES/REPAIR PARTS

29.1 0.02
259.7 1.93
52.9 15.87
93.2 0.03
1.4 0.04
84,1 0.00
1 0.03

//2"&

C6 5t

LABDR KHRS MATL M
9.581.2 60.3
5,916.0 44,70
198.8 0.12
3,828.1 14,00
38.3 0.00
9.0 .50

11.4 0,05
103.3 2.10
8.2 1.4
79.4 0.54
0.0 0.00
62.5 0.12
16.9 0.42

&4

LABOR KHRS MATL M
7,430,0 4.7
4,892.3 40,10

155.3 0.04
2,3711.9 6,59
10.5 0.00
0.0 0.00

18.7 0.00
170.6 0.00
145.3 0.00
115.5 0.01

0. 0.00
87.9 0.01
2.6 0.00

0.2 574.57

£y 55
£5 0

LABOR KHRS ATL N
51125 73.8
3,027.3 71.70
128.9 0.06
48,5 2.08
7.8 0.00

0.0 0.00

4,7 0,00
92.7 0.00
16.3 0.00
8.9 0.00

0.0 0.00
22.0 0.00

6.9 0.00
0.1 143,64

/7/ &S
TG 61
LABOR KHRS MATL $8
4.343.7 72.3
3.899.4 71.40
92.4 0.03
3504 0.85

1.5 0,00

0,0 0.00

2.0 0,00
8.4 0.00
105.4 0.00
6.1 0.04
0.0 0,00
5.6 0.04
10.53 0.00
2.0 415.80

gt

LABOR KHRS MATL $M
4.450.0 77,0
3,688.7 73.20

121.4 0.04
632.5 1.74
7.4 0.00
0.0 0,00




SKES

I
12
13
14

3

-
74

33

41
42
43
44
45
44
47
48

51

e
a2

33

DESCRIFTION

TOTAL SHIP

HULL

Hull Structure
Superstructure
Sonar Dome
Hull Detarl

PROPULSION

Power Trans Sys
Prop Fluid Sys
Controls

ELECTRICAL

Power Gen

Equip install
Power Light Hookup
Cable Commodity

COMMAND & CONTROL

Ship Contrel Svs
Interior Comso
Exterior Commo
Countermeasures
Tact Data Sys
Radar

Fire Control
Sonar

AUXILIARY SYSTEMS
Environmental Cont

Fluid Sys
Hull Aux Mach

CRUISER H

54/55/56 (6 57759
{UNIT AVG) (SHIPS COMBINED)

LABOR KHRS MATL $M LABOR KHRS MATL $N
4,249, 138.6 7,832.1 122.2
b62.6 0.00 1,098.3 0.00
423.0 0,00 719.8 0.00
89.7 0,00 165.3 0.00
10.5 0.00 15,5 0.00
139.4 0.00 177.8 0,00
114.8 0.00 178.0 0.00
4.8 0.00 66.8 0.00
.3 0,00 109.6 0,00
L7 0.00 1.3 0,00
451.0 0.00 721.9 0.00
72,9 0.00 167.4 0,00
306.6 0.00 417.4 0,00
B1.5 0.00 137.3 0.00
129.1 0.00 247.8 0.00
3.5 0,00 10,9 0,00
34,6 0.00 67.0 0.00
18.0 0.00 8.7 0.00
23.0 0.00 45.2 0.00
8.6 0.00 16.2 0.00
1.0 0.00 22.5 0,00
15.6 0.00 27,9 0.00
12.8 0,00 20.2 0,00
656.0 0.00 840.3 0.00
201.3 0,00 267.3 0.00
421.5 0.00 518.5 0.00
13.2 0,00 4.5 0.00

C6 57/59
(UNIT AvG)

LABOR KHRS

3,916.2

549,2

359.9
B2.7

88.9

361.0

83.7
208,
68.7

~

~
]
Ll R - U Y}

420,

~

133.7
269.3
27.3

Vs

LABOR KHRS

2,157.3

249.4

173.7
26.7
1.4
47.6

14,3
13,0
0.4

4.2
17.7
15.4

9.1

0.4
0.9
0.1
6.3
0.9
0.3
1.0
0.1

130.5

105.0
9.5

MATL M

91,10

0,00

0,00
0.00
0.00
0.00

0,00

0.00
0.00
0.00

0.00

0.00
0,00
0.00

0.00

0,00
0.00
0.00
0,00
0,00
0.00
0.00
0,00

0,00
0.00

0.00
0.00




54

b1
62
63

7
n
73
74

81

83

91
92
93
94

96
97

Mach Piping Inst}
DUTFIT & FURNISH

Hull Outfitting

Store Rooss-Storage
Equip & Furnishing
Insulation & Protection

ARMAMENT

Buns & Mounts

Ameo Hand & Stow
Missile/Rocket Hand
Torpedo Hand & Stow
Misc Ord Matl

INTEGRATION ENGINEERING

Engineer Design
Project Eng
Prod Plan &k Cont

CONSTRUCTION SERVICE

Ship Service
Launching/Drydocking
Molds,Templates,Jigs
Inspection
Manufacting Spt
Vendor Serv
Inventory Stores

OTHER SUP
SYSTEM TEST & EVAL
Tech Eval Equip Fac
Contractor Tests
Accep Test/Final Test
PROJECT MANAGEMENT

Project Mgt
Prog Plan & Control

SYSTEM ENGINEERING

Test Eng
Systea Eng

355.9
3.6
22.9

127.6

6.7
18.6
13,5

3.0

0.0

432.9
76.0
48.6

308.4

864.9

317.8
16.1

124.0

400.7

0.0
0.0

1016
0.0
92.9
8.7
143.5

39.2
104,2

39.5

MB

0,00

0.00

0.00
0.00
0.00
0.00

0.00

0.00
0.00

0.00
0.00

0.00

0.00
0.0
0,00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0,00

0,00
0.00
0.00
0.00
0,00

0,03
0.00

0,00

0.00
0.00

0.0
1,039.6

803.1
L2
22.2

183.1

12.8

39.4
8.3
0.0

856.3

1.2
101.7
643.5

2,080,5

bbb, 4

9.2
42.6
228.0
842.1
252.3

0.0

169.4
0.0

157.2
12.2

74,0
224,46

108.6

o
[N

0.00

0.00
0.00
0.00
0.00

0.00

0.00

0.00
0.00
0.00

0.00

0,00
0,00
0.00
0.00
0.00
0.00
0,00

0.00
0.00
0.00
0.00
0.00

0,00
0,00

0,00

0.00
0.00

0.0

519.8

40t.6
15.6
1.1
91.6

6.4
15.5
19.6

4.2

0.0

428.2

35.6
50.9
321.8

1,020.3

3332
4.6
21.3
114.0
421.1
126.2
0.9

84.7
0.0
78.6
6.1
149.3

37.0
112.3

4.3

505.3

90.0
74,1
341.2

701.0

268.5
4.0
7.2

108.2

304.3
8.7
0.0

90.35
0.0
84.0
6.5
152.9

43.3
109.6

50.8

35.7
2,0

0.00

0.00
0.00
0.00
0.00

0,00

0.00

0.00
0.00
0.00

0.00

0.00
0,00
0.00
0,00
0,00
0.00
0.00

0.00
0.00
0,00
0.00
0,00

0.00
0.00

0,00

0.00
0.00




B4 Eng
Models & Mockups

TRAINING SERVICES
DATA, TECH & MANUAL
FITTING OUT FOR DELIV
CONTRACTOR SUPPORT

Planming Yard Svc
Post Del Supt
Kisc

SHIP MATERIAL

BATH SHIPS

TOTALS

SHIP CONTRUCTION

SYSTEM TEST/EVAL

SYS ENG/PROJ MGT

DATA M6T

SPARES/REPAIR PARTS

4.7 0,00

0.0 0.00
0.7 0.00
6.1 0.00
3.1 0.00
5.4 0.01
0.0 0.00
1.9 0.01
0.00
0.7 138,60

cg/ 64
LABOR KHRS MATL $M
4,071.8 76.2
3,525.7 75.28
121.2 0.03
422.9 0.88
2.0 0.00
0.0 0.00

43.8
0.0

3.8

74.0

0.0
54.8
7.9

0.0

0,00
0.00

0.00

0,00

0.00

0.00

0.00

0.00
0.00

122.22

21,9
0.0

0.7

0.0

23.1
0.0

0.0

0.0

0.00
0.00

0.00

0.00
0.00
0,00

0.00
0.00

91.10




