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(ABSTRACT)

A literature search was conducted to determine to the type and
scope of decision methodologies employed in selection of a ship propulsion
plant by the commercial and naval shipbuilding communities as well as
methodologies used in other industries. The methodologies were catego-
rized and evaluated by the author with regard to ability to accommodate
multi-attribute decision-making involving attributes of a qualitative and
quantitative nature inherent in propulsion plant selection.

An alternative decision methodology employing the analytical
hierarchy process (AHP) combined with selection criteria and sub-criteria
unigque to the shipbuilding industry was proposed which offers improvements
in consistency and quality of judgements and accountability over current
methodologies. A case study involving a 700 foot RoRo vessel design was
developed to demonstrate how the alternative methodology could be applied.
A three level decision hierarchy was developed to evaluate four propulsion
plant alternatives involving gas turbine, low speed diesel and medium
speed diesel prime movers.

The results obtained using the proposed methodology were
analyzed and sensitivity analyses were prepared assessing the range of
sub-criteria weights assigned by the author over which the plant selection
would be valid.

A description of the investigation, selection criteria and

sub-criteria, benefits, and recommendations for future efforts 1is

included.
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INTRODUCTION
1.1 Objective

Current decision-making methodologies wused to select
propulsion plants for commercial vessels are qualitative in nature or rely
upon a single measure of effectiveness, namely life-cycle cost or
selective elements of life-cycle cost. The inability to quantify certain
propulsion plant attributes in terms of cost or difficulty in obtaining
life-cycle cost data during the preliminary design phase of a vessel can
lead to the omission of these attributes in the decision-making process.

The objective of this project and report is to present an
alternative analytical decision-making methodology capable of accommodat-
ing both gqualitative and gquantitative propulsion plant attributes and
demonstrate application of this methodology using a case study. The case
study is representative of early design phases where engineering, logistic
support, and life-cycle cost attributes of the plant are difficult to
quantify and at best may be qualitative in nature. Where cost data is
presented, it is provided solely for purposes of demonstrating how
guantitative and qualitative plant attributes can be accommodated by the
proposed methodology and is not intended to reflect results derived from
rigorous life-cycle cost models. The treatment of life-cycle cost models
and the development of such a model for the case study are beyond the

scope of this project.

1.2 Background

The selection of a ship’s propulsion plant is perhaps the most
important design decision made by vessel owners, design agents and
shipbuilders in terms of delivering a ship that will have a high
percentage of operational availability and low life-cycle cost. These two
major factors generally determine the economic health of corporations
whose primary means of generating revenue is transporting cargo and petro-
leum products, harvesting of fish stocks, and conducting other commercial
endeavors as reliably, inexpensively and quickly as possible. Oftentimes,
the selection of a ship’s propulsion plant is based solely on minimizing
life-cycle cost. Life-cycle cost 1is comprised of the following: (1)
research and development costs (planning, market analysis, feasibility
through detail design, and development of engineering models and mock-
ups), (2) production and construction costs (industrial engineering and
process analysis, manufacturing, production, testing, and initial logistic

support), (3) operation and support costs (logistic support, crew



salaries, consumables such as fuel, lube o0il and other service fluids,
spares, maintenance, insurance and taxes), and (4) retirement and disposal
costs (disposal of non-repairable items and hazardous wastes over the
vessel life, removal of salvageable machinery and vessel scrapping). The
development of life-cycle cost estimates typically involves projecting the
above costs on an annual basis over the life of the vessel using
appropriate cost escalation factors and summarizing these costs using time
value of money principles.

Unfortunately, some plant attributes such as operational
flexibility, ease of operation, risk, availability of experienced
operating and maintenance crews and others may be intangible or difficult
to quantify within the framework of life-cycle cost and are typically
neglected by current decision-making methodologies. When such attributes
are considered by decision-makers, they are typically used selectively to
reinforce an existing decision for plant selection. Hence, the consider-
ation of non-monetary and low priority tangible and intangible attributes
is not part of the decision-making process, but rather an afterthought or
a means of providing additional justification after a decision has been
made.

The willful or inadvertent omission of plant attributes may
have little bearing on decision-making when significant differences in
life-cycle costs are expected between propulsion plant alternatives.
These significant cost differences can serve as an initial screening
mechanism by owners which may have difficulty in justifying significant
capital expenditures for alternatives where 1little or only moderate
improvements in vessel operations or flexibility can be attained.
However, this may not necessarily be the case when life-cycle costs vary
minimally between plant alternatives. In these latter cases, the final
decision for plant selection may ultimately depend upon an evaluation of
intangible and tangible attributes which would have otherwise been
neglected.

Currently, most ship owners and government agencies, such as
the Military Sealift Command (MSC), Naticnal Oceanic and Atmospheric
Administration (NOAA), and Maritime Administration (MARAD), which operate
vessels designed in accordance with commercial standards, base the
selection of the propulsion plant upon life-cycle cost using present worth
analyses and internal rate of return (IRR) analyses, as well as past

practices employed for similar vessels.



The basis for decision-making is therefore almost entirely
upon cost attributes, which when coupled with decision methodologies which
do not adequately evaluate tangible and intangible attributes as a system,
can lead to the following potential problems:

. Adoption of new technologies which can result 1in financial,
acquisition and engineering risks which may not be represented in
current decision-making methodologies.

. Lack of operational flexibility. For example, it is desirable for
vessels involved in transport of crude oil to be able to operate for
extended periods of time at low speeds during periods of rising
crude oil prices so as to bring the product to market at the most
opportune time. Likewise, fishing vessels spend extended periods
trawling at low speeds; however, these vessels operate at signifi-
cantly higher speeds when proceeding to the fishing grounds or when
returning to port with their catches. Lack of attention to
operational flexibility could lead to very poor plant performance,
and in extreme cases an inability of the vessel to perform as
originally intended.

. High 1levels of plant automation to reduce crew manning with
resulting increases in crew skill levels, training requirements or
expensive vendor support services necessary to operate and maintain
the automation systems.

. Lack of crew availability and qualified shipyard repair facilities.
This is particularly troublesome in the U.S. given its shrinking
merchant fleet, reduced interest in the marine industry by students
which may cause future labor shortages, and future shipyard closings
given current trends in defense spending.

In addition to these potential problems, current decision-
making methodologies do not allow sufficient interaction between
management, engineering and purchasing sectors of a company in a arriving
at an optimum plant selection. Hence, a decision-making methodology which
can permit evaluation of tangible and intangible management, engineering
and financial attributes would improve the state-of-the-art 1in the
industry, prevent sub-optimization and serve as a vehicle for expressing

the cumulative priorities of the vessel owner.

1.3 Approach
A review of the literature published since 1980 was first

conducted to determine the type and scope of decision-making methodologies



used in the marine industry. The literature search focused on references
and journals published by the Society of Naval Architects and Marine
Engineers (SNAME), the predominant authority on commercial ship design and
construction standards in the U.S. 1In addition, journals and references
published by the American Society of Naval Engineers (ASNE) as well those
published by the industrial engineering, systems engineering and
operations research communities were researched for insight as to the
decision-making methodologies employed by the naval community and other
industries. ;
Based on the literature search, the decision-making methodolo-
gies currently employed by shipbuilding industry and those employed in
other industries which appear adaptable to the subject were evaluated. An
alternative methodology to that currently employed by the commercial
shipbuilding industry was selected which represented significant gains in
the ability to synthesize tangible and intangible attributes into a
decision model. A case study involving a propulsion plant trade-off was
then developed to demonstrate how the methodology could be applied
effectively and the results analyzed.

As part of the trade-off study, minimum ship design require-
ments were defined to constrain the number and type of plant alternatives,
and the selection criteria was defined in terms of both tangible and
intangible attributes. Propulsion plant alternatives were then developed
to a level of detail which would permit evaluation of the alternatives
with respect to the selection criteria established by the author. 1In this
regard, machinery arrangement sketches, weight estimates, endurance fuel
calculations, equipment lists, and estimates of selective life-cycle cost
elements were prepared to a feasibility level of detail. Finally, the
plant alternatives were evaluated using the selected decision-making
methodology, and an optimum plant selected on the basis of the selection
criteria.

The results obtained using the selected decision methodology
are discussed and conclusions are drawn regarding the application of the
proposed methodology to the commercial shipbuilding industry. Specific

recommendations for further research are also identified.



REVIEW OF LITERATURE
2.1 Summary of Literature in the Commercial Shipbuilding Industry

The results of the literature review involving the commercial
shipbuilding industry indicate a large degree of attention given to
identifying attributes which should be considered in performing propulsion
plant trade-off studies. However, noticeably absent in much of the
literature is the methodology by which selection criteria and attributes
could be prioritized, alternatives ranked, and attributes and ranking
synthesized into a coherent decision model.

Harrington [12]) indicates that the selection of a ship
propulsion plant entails matching of the prime mover, transmission system,
propulsor, other shipboard systems, and hull so as to achieve the required
system performance, a satisfactory configuration and an equitable life-
cycle cost. Harrington identifies twelve factors which should be consid-

ered in preparing propulsion plant trade-off studies, namely:

(1) Reliability - Of all the factors, reliability is considered the most
important, particularly in light of the increasing complexity of
marine equipment. Failure of propulsion machinery results in
costly and irritating service interruptions which may make other
factors such weight, space and first cost appear almost insignifi-
cant in the eyes of the owner. Harrington does not define reliabil-
ity in quantitative terms; however, he does suggest that concerns
regarding reliability may be offset through use of equipment which
has undergone extensive shore side testing prior to marine applica-
tion and application of conservative service and design margins

suitable for the vessel‘s function.

(2) Maintainability - Maintainability includes preventive and corrective
maintenance, both of which have direct bearing upon manning,
required skill levels and operating costs. Harrington does not
define maintainability in quantitative terms; however, he does
suggest that various modes of equipment failure be studied to
identify those which have significant adverse effects and methods be
identified which reduce the likelihood or consequences of occur-

rence.

(3) Space and Arrangement Requirements - The space required for the

propulsion plant detracts from that available for carrying cargo or



(4)

(5)

(6)

performing other ship functions. Design efforts typically focus on
constraining the dimensions of the machinery space to some volume
required to support minimum access requirements for machinery
maintenance and operation. Harrington recommends that machinery
arrangement sketches be prepared as part of any plant trade-off
study to help quantify the machinery space area, volume and overall

configuration.

Weight Requirements - The priority given to propulsion plant weight
can vary significantly depending upon the type of vessel. The
weight of propulsion machinery for tankers represents lost cargo as
the cargo capacity for this type of vessel is typically limited by
draft restrictions. Cargo and fishing vessels typically have
chronic stability problems due to the extensive amount of cargo
handling and trawling gear located high on the ship. As a result,
the weight associated with propulsion machinery may be advantageous
to some degree given its location low in the ship which improves
stability. 1In general, however, efforts typically focus on reducing

machinery plant weight where possible.

Type of Fuel Required -~ Marine fuels include gas oil, diesel fuel,
and residual fuel, the selection of which depends upon whether gas
turbine, diesel engines, or boilers are selected. The type of fuel
used for combustion will not only have a direct impact on fuel
costs, but will also have an impact upon the ship’s fuel handling
equipment such as fuel heating, purification, separation and
treatment systems, operating and maintenance costs, and component
life. Harrington suggests that life-cycle cost estimates take into
account maintenance factors and other aspects associated with the

type of fuel consumed if meaningful results are to be obtained.

Fuel Consumption - Different types of propulsion plants have
inherently different thermal efficiencies and specific fuel
consumption rates (lbs/hp-hr). 1In addition, the fuel consumption
associated with fuel burning auxiliaries, such as ship service
diesel generators and auxiliary boilers which may vary significantly
with plant selection, must be taken into account in fuel cost

estimates.



(7)

(8)

(9)

(10)

Fractional Power and Transient Performance -~ Consideration must be
given to the service requirements imposed upon the propulsion plant.
Some vessels, such as tankers and cargo vessels, operate at or near
full power most of the time, except while maneuvering into and out
of port. Other vessels, such as fishing and oceanographic research
vessels, may cycle between operation at low and high speeds. In
these latter instances, economic and reliable performance at low

speeds may be just as important as at high speeds.

Interrelations with Ruxiliaries - Auxiliary systems are required to
serve the propulsion plant, and support cargo handling, ship
handling and hotel services. The auxiliary systems include
distributive electrical, HVAC and fluid (steam, feed, condensate,
cooling water, lube oil, fuel, compressed air, inert gas, distilled
and potable water, bilge, ballast, firefighting, sewage and
hydraulic) systems and deck machinery. Clearly the type of propul-
sion plant selected would have significant impacts upon the design
and life-cycle costs of these auxiliary systems. As a result,
analysis of interrelations between propulsion and auxiliary

machinery is essential in the plant selection.

Reversing Capability - The means of stopping and reversing a ship is
closely related to the type of prime mover and drive train selected.
In addition, a vessel’s response time to engine orders from the
navigating bridge may be just as important, particularly for fishing
vessels, cable laying vessels, dredges and tugs. Thrust reversal
may be achieved using reversing diesel engines or astern elements in
steam turbines. However, in the cases of non-reversing diesel
engines and gas turbines, a reversing reduction gear or controllable
pitch propeller is required to achieve thrust reversal. The method
of reversing will have a direct impact upon the selection, mainte-
nance and life-cycle costs of the prime mover, drive train and

propulsor.

Operating Personnel - Manning levels and required skill levels
necessary to operate and maintain a propulsion plant are of major
importance given the continued decline of the U.S. merchant marine.
With fewer personnel entering the marine industry, crew availability

has declined and labor costs have risen sharply, especially for



union crews. Plant trade-off studies must consider the impact that
the plant selection will have on the future availability and cost of
operating and maintenance crews. Where future difficulty is
expected in these areas, Harrington suggests abandoning a particular
plant alternative in lieu of one which can be manned more easily and

cost effectively.

(11) Rating Limitations - Harrington indicates that there are practical
limits which may constrain the power ranges in which various types
of propulsion plants are feasible. These limits may be driven by
material, production or market considerations which result in a
number of discrete ratings for prime movers. Efforts to exceed
these discrete ratings may result in development efforts which tend

to increase risk and cost.

(12) Costs - Three types of costs should be considered in plant trade-off
studies: initial or installed costs, recurring costs associated with
fuel consumption, and contingency costs which Harrington considers
to be associated with reliability. Of the three types of costs,
initial costs are considered to be the most volatile due to the
influence of material and labor costs, past production experience,
manufacturer’s backlog and others which depend upon the current

state of the industry.

Harrington suggests that the above twelve factors be applied
in propulsion plant selection, however, the methodology for synthesizing
these often diverging factors into a decision-making model 1is not
addressed. Harrington concedes that the fundamental issue is economics,
and recommends that present worth analyses be performed in order to select

the most advantageous alternative.
Taggart {27] identifies the major considerations which should

be employed by designers early in the "design spiral" to arrive at a
propulsion plant selection. These considerations include horsepower
range, specific fuel consumption, specific weight (kg/hp), initial and
life-cycle costs, maintenance and repair requirements, lube oil consump-
tion rates, and maximum-to-continuous power ratio. Taggart recommends
that the above parameters be used as a means of establishing minimum and
maximum requirements which can be used to initially screen propulsion

plant alternatives. Once the propulsion plants have passed the initial



screening, then life-cycle costs should become the deciding factor in the
plant selection.

Lewis [15] suggests that the selection of the propulsion plant
for a given vessel take into account weight, space requirements, first
cost, reliability, length of life, flexibility and quietness of operation,
cost of upkeep, cost of fuel consumed, and suitability for the type of
propeller to be used. Munro-Smith [16] is even less definitive than
Taggart and Lewis and suggests that the selection of the type of
propelling machinery is based upon reliability in service and the cost of
operation and maintenance. Munro-Smith discusses the chronology of
advances achieved for each type of propulsion plant as well as some of the
salient features unique to each type of plant.

In addition to the above references, numerous articles
describing the design and construction of various vessels were reviewed to
gain insight into the manner in which major design trade-offs were
performed by designers and vessel owners.

Stott [26] prepares a comparative analysis of fuel and lube
oil consumption and costs for steam and diesel plants with ratings of
approximately 36,000 shaft horsepower. Stott’s analysis concludes that a
simple non-reheat steam plant and a low speed diesel plant have comparable
performance regarding fuel and lube oil costs. If a more complex and
efficient reheat steam plant is considered, then such a plant would have
better performance than a low speed diesel plant. An independent review
cf the author’s analysis was included in the reference and criticizes
Stott for focusing primarily on comparing fuel and lube o0il costs when
other factors have significant influence upon the type of propulsion plant
selected including initial capital investment, projected machinery payoff
time, type of service the ship will encounter, reliability and maintain-
ability, machinery space volume required, and operating costs.

Davis [10] documents the concept design of the Navy'’s new
fleet oiler, T-AO, which is manned by civilian crews and designed to
commercial standards. As part of the concept studies performed for the
vessel, Davis addresses 15 distinct major trade-off studies that were
performed by the design team, including twin versus single screw,
controllable versus fixed pitch propellers, shaft driven generator versus
diesel generators only, slow speed versus medium speed propulsion engines,
electric heat versus steam, heavy fuel versus diesel fuel, and analysis of
three sustained speeds (18, 19 and 20 knots). Davis does not identify the

decision methodology or selecticn criteria which was used in these trade-



off studies, however, the author states that selections or actions were
taken to reduce acquisition or operating costs. This measure of merit was
not used uniformly as the design team ultimately selected a twin screw
propulsion plant indicating that reliability had greater priority over
acquisition and operating costs.

Gow [11] states that the propulsion plant for the Seattle
Harbor Craft was selected on the basis of the propulsion engines being
able to deliver full power to the propellers as well as providing power to
engine driven fire pumps, machinery space volume and required access, use
of proven technology, efficiency, and plant weight. No specific decision
methodology appears to have been employed, but rather options were
eliminated primarily on the basis of unproven technology or high machinery
space volumetric requirements until a single option remained.

During the design phase of the coastal tanker MT Eagle Sun,
Terry [28] states that propulsion engine selection was limited to General
Motors EMD series based on their commonality with other vessels in the Sun
Fleet. The constraints placed on the engine selection by the owners indi-
cate that familiarity by operating and maintenance personnel and the
owner’s experience with the subject engines were given higher priority
than life-cycle cost.

In the case of a cruise ship designed for service in the
Hawaiian island chain, Boylston [5] states that the vessel can be operated
at speeds ranging from 3 to 15 knots depending upon the itinerary
selected. As a result of this wide range in plant power levels and the
high electric loads associated with hotel services, a diesel electric
propulsion plant was selected. The plant consists of AC generators driven
by medium speed diesel engines which are capable of supplying power to AC
propulsion motors and ship service electrical loads. Although this plant
tends to have higher acquisition costs than other alternatives, Boylston
indicates that this plant offers the greatest reliability and flexibility
of operation, and would allow on-board maintenance without 1loss of
service. It should be noted that Boylston does not substantiate the above
conclusions quantitatively, nor does he address other plant alternatives
investigated.

Landsburg [14] states that the selection of the propulsion
plant for future U.S. vessels is dependent upon such factors as reliabili-
ty, maintenance required, machinery space configuration, weight con-
straints, availability of fuel, fuel consumption, reversing capability,

manning and persconnel skill levels, desired range of operating speeds,

10



cargo vs. passenger needs, and cost of installing, operating and
maintaining the plant. Landsburg suggests that all these factors be
weighed to obtain the most efficient power plant possible.

Schaffer (24]) discusses the development of a small waterplane
area twin hull (SWATH) vessel designed for disposal of explosive ordnance.
Schaffer indicates that the major compcnents of the vessel’s propulsion
system were selected after an assessment of the overall system performance
objectives. These objectives included operational limitations, mainte-
nance philosophy, power density, and life-cycle costs. Based on the
application of these objectives, the candidate engines were ultimately
limited to Detroit Diesel units.

Paetow [17] documents German R&D efforts which included
involvement from shipowners, shipbuilders, institutes, universities,
industry model tank establishments, classification societies and trade
unions to develop a ship of the future. R&D efforts commenced in 1981 and
were completed in 1983, with subsequent design and construction of two
prototype container vessels for Norasia/Dohle begun in 1983. The
objectives of German R&D efforts were to identify design alternatives
which would reduce fuel costs through technical measures on the ship and
machinery plant, and reduce crew size to 12 persons without increasing
individual workload and without any loss of safety for ship and crew.
Nine working groups were established to investigate specific areas of
vessel management, operations, safety and maintenance, and perform design
trade-off studies in their respective functional areas. Paetow states
that the primary influencing factor in the decisions made by the groups
was to optimize for overall economy including both operational costs and
building costs.

As is evident from the above, the preparation of design trade-
offs in the commercial shipbuilding industry is, for the most part,
extremely subjective, highly undisciplined, and is primarily goal oriented
toward reducing acquisition and/or life-cycle costs. More disciplined
analytical approaches to preparing trade-off studies have been proposed by
Arnold, Zumwalt and Smith.

Arnold [3] describes a computer model, SHIPCOST, developed for
the World Bank to evaluate vessel and voyage costs. The model includes
sub-routines to calculate variable operating costs, lay-up costs, cost of
depreciation, and capital cost using newbuilding prices and vessel resale
value. The model has been used for port development projects to estimate

the cost of vessel time in port. The cost is then used to compute the
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savings in port time which will result from the investment in new berths,
better cargo handling equipment or infrastructure which reduces the time
a vessel spends in port. Arnold indicates that SHIPCOST can also be used
to provide quick estimates of marine transport costs which can then be
used to determine the economic viability of transporting cargo, and to
determine the combination of vessel size, operating speed and port cargo
handling rates which will result in the lowest transport costs.

Zumwalt [32] proposes using an analytical approach to the
preliminary selection of a mobile offshore drilling unit (MODU). The
alternatives considered by Zumwalt include semi-submersible, jack-up and
drill ship type MODUs in small, medium and large configurations. 2Zumwalt
establishes a selection criteria and sub-criteria which includes perfor-
mance (loading capabilities, environmental design limits, performance
record, operating weather capabilities, drilling capability, personnel
factors, and logistics handling capabilities), operating costs (capital
recovery costs, maintenance and repair costs, personnel costs, insurance
costs, consumables costs, and mobilization costs) and program time (well
control equipment handling time, drilling time, and underway time). Using
the above selection criteria and sub-criteria, Zumwalt assigns a weight to
each criterion and multiplies this weight by the calculated or assigned
attribute value for each alternative. The alternative with the highest
score was deemed the most suitable. 2Zumwalt removed some subjectivity
from the analysis by normalizing calculated attribute values. Zumwalt’s
approach imposes substantial discipline and accountability in performing
trade-off studies; however, it lacks the flexibility to assign individual
weights to the attributes which comprise the selection criterion.

Smith [25) proposes a systems approach to ship design combined
with optimization techniques. Smith categorizes decision-making as either
evaluation and/or refinement. Design by evaluation involves the selection
of the best alternative from a set of alternatives, while refinement
refers to the development of an optimal definition of a feasible
alternative. Smith combines both of these features into his methodology
through "merit functions", which are the products of selection criteria
weightings and rankings of the alternatives relative to the selection
criteria, and a linear optimization software package called seguential
linear programming multi-level (SLIPML).

Smith’s model is comprised of two modules which the author
terms selection decision support and compromise decision support that can

be employed individually or concurrently. The former module operates in
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a manner similar to the approach suggested by Zumwalt and allows the user
to define the selection criteria, assign a priority or weight to each
criterion, and rates each alternative relative to the selection criteria
by normalizing derived values. The compromise decision support module
formulates the selection criteria defined by the user as goal constraints,
while the set of system constraints and bounds define the design space.
Using SLIPML, the model compromises numerous design variables until
deviations from the goal constraints are minimized given the priorities
assigned to these goals by the user. Smith demonstrates application of

the model through three case studies involving a barge design.

2.2 Review of Literature in the Naval Shipbuilding Industry

Efforts in the naval community during and after the Reagan era
military build-up have achieved mixed results in implementing analytical
decision methodologies applicable to ship design trade-offs. The most
significant advances in this area have occurred in the late 1980s and may
have been in response to budgetary pressures placed on the Navy to reduce
and eliminate various shipbuilding programs.

Covitch [9] states that much of the design effort for naval
ships is devoted to repeat ship designs. Repeat ship designs may offer
reduced technical risk and design cost, and shorter delivery periods than
new ship designs provided the operational requirements of the parent ship
and repeat design are very similar and the time interval between the two
designs 1is short. These advantages are particularly significant when
dealing with new technologies and materials as in the case of the Navy'’s
coastal minehunter (MHC) as reported by Hepburn [13]. The MHC uses proven
technology and fabrication techniques developed for the Italian Lerici
Class minesweepers via technology transfer agreements with Italian
shipyards. BAs a result, significant development and engineering costs
have been avoided in the program.

An analysis of the Navy’s major ship design programs by
Covitch from 1970 to 1983 indicate that 53% of the designs built were
repeat designs. Given the prevalent adoption of repeat ship designs
during the 1970s and early 1980s, it may be conjectured that adoption of
sophisticated, analytical decision methodologies was not considered a
priority for the Navy during that time period.

Reed [22] recommends that design trade-off studies be
conducted using the ship design philosophy which must define the

attributes to be considered and their priorities for making selections.
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In the case of the Navy's destroyer design designated as DDGX in 1881, a
"matrix approach" was established for performing trade-off studies during
the conceptual and preliminary design phases. For each study, a
determination was first made as to which attributes were appropriate for
consideration and their relative priority in relation to the ship design.
The design attributes considered by the DDGX design philosophy included:
combat capability, acquisition cost, passive survivability, energy
conservation, future growth flexibility, ship displacement (weight),
manning, operability, habitability, risk and standardization. Reed
indicates that the priorities for the above attributes were established by
the ship’s Top Level Requirements document; however, the method in which
these priorities were applied to reach a specific recommendation are not
identified.

In certain cases, the Navy has constrained the ship design to
suit a particular propulsion engine manufacturer. In the case of the
Navy‘s Yard Patrol Craft, Compton [8] reports that the selection of the
propulsion engines was limited entirely to the Detroit Diesel 7l1-series
engines due to the familiarity of operating and maintenance personnel,
dependability and logistics simplification. The importance placed by the
designers and operators of the Yard Patrol Craft Class upon these
attributes was sufficient to rule out other attributes which would more
typically have been considered as part of most propulsion plant trade-off
studies such as performance, life-cycle cost, machinery space volume and
weight.

Rains [20] proposes a novel approach to ship design based on
propulsion plant power limitations. The current design approach is to
select the required payload and ship performance parameters such as
minimum sustained speed and range. The type of prime movers, transmission
system, generators and sub-systems are also selected. An iterative
analysis is then used to determine ship size, weight, number of engines,
hull dimensions and other characteristics. Ship stability is then
checked, and ship cost is determined. Rains proposes that the propulsion
plant and electrical plant be chosen first once the sustained speed is
selected. Then the hull design, propulsors, transmission systems and sub-
systems may be selected to maximize payload. Rains evaluates twenty
different technologies using this approach with his sole measure of
effectiveness being maximization of payload which he defines as combat

system weight and volume.
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Rains [18] suggests that the selection of a destroyer design
should be based on a balance of ship size and displacement, first cost and
yearly cost which he identifies as the measures of effectiveness. Rains
uses a series of trade-off examples or case studies wherein the combat
system selection, ship cruise and sustained speeds and range, structural
design, power plant design and main engine ratings are varied, and the
sensitivity of the measures of merit to these parameter variations is
determined. The approach suggested by Rains appears well suited to
identifying highly favorable and poor options as represented by the
extreme values of measure of effectiveness; however, the means by which
multiple measures of effectiveness and their priorities can be synthesized
is not addressed in the case study approach adopted by Rains.

Rains [19, 21] also proposes the use of the systems methodolo-
gy combined with mission simulations to assist in evaluating new ship
designs. Rains characterizes the systems methodology into eleven distinct

steps, namely:

1. Selecting the mission of the system to be evaluated.

2. Defining the boundaries of the system to be studied.

3. Defining the limits of technology or sub-systems to be considered.

4. Establishing optimization criteria and measures of effectiveness.

5. Identifying parameters available for optimization.

6. Modelling system and mission performance.

7. Preparing system designs and performance analyses to determine
measures of effectiveness.

8. Analyzing and selecting the optimum combination of system parame-
ters.

9. Comparing results with standard or existing systems.

10. Designing the system in more detail based on optimum parameters
selected.

12. Drawing conclusions and providing recommendations.

Rains’ technique involves developing various ship alternatives
to perform a selected mission, namely: strike warfare and amphibious
assault. Ship task groups are then established to carry out the mission
using the characteristics of the ship alternatives. The task groups are
put through a simulated mission including enemy attack and offensive
maneuvers, and the losses resulting from enemy action and the performance
of the group in carrying out its mission is computed for various enemy
threats. Rains establishes various measures of effectiveness depending

upon whether a wartime or peacetime mission is invoked. For the wartime

15



scenario, the measure of effectiveness is defined as the percent of
mission completion divided by the total mission cost. For the peacetime
scenario, two measures of effectiveness are defined: ship capability per
unit first cost and ship capability per unit of life-cycle cost. Like
Rains’ earlier work, the technique serves as a useful mode of screening
alternatives which may bear significant improvement or adverse impact upon
established measures of effectiveness.

Chou [7] and Andert [1]) have proposed using artificial
intelligence (AI) based techniques for ship design; however, Chou has
proposed coupling AI techniques with the points allocation method and the
analytical hierarchy process (AHP) to develop a decision support system
for naval ship design.

Anderts’ approach is to develop an expert system which would
allow users to select ship types and weapon systems based on a selected
mission scenario, operating environment and threat scenario. Chou’s focus
is more general in scope and primarily addresses the architecture required
to develop a decision support system. This architecture includes software
modules for graphics generation, expert system, alternative evaluation,
database management, and analytic spreadsheet generation. In addition,
Chou suggests the architecture should have the ability to import data from
hull, combat, propulsion, weight and costing models currently in use by
the Navy.

Chou’s alternative evaluation module employs the AHP software
AUTOMAN which allows decision makers to build a decision model, establish
a selection criteria, prioritize the relative importance of the selection
criteria, rank the alternatives, and determine overall ratings of the
alternatives by combining the rankings of each alternative with the
criteria weights. As an example of how the decision support system may be
applied, Chou uses a three-tier hierarchical decision model to assess two
ship designs. The first tier consists of cost, combat capability,
propulsion performance and risk. The second tier consisted of acquisitiocn
cost, operating cost, anti-surface warfare capability, electronic warfare
capability, anti-submarine capability, anti-air capability, mobility,
speed, energy saving, technical innovation, and reliability, maintainabil-
ity and availability. The third and final tier consists of the two ship
design alternatives. Chou’s approach is to ultimately integrate the
CAD/CAM wutilities employed in the ship design process to create a
concurrent engineering design environment whereby mission requirements

initiation, design and construction can be addressed simultaneously.
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The use of analytical decision models has also been advocated
for evaluating proposals from prospective shipbuilders. Zacks [31] states
that procurement contracts must be awarded based on best value to the
government and not solely to the lowest bidder. Zacks suggests that such
factors as technical competence, past performance, management capability,
life-cycle costs, and product quality must be also be evaluated as well as
price if the government is to truly derive overall benefits from its
award. In order to evaluate these factors, Zacks proposes that the
government source selection authority use a simplistic numerical rating
and weighting system whereby attributes are ranked between O and 10 for
each offeror, and then the ranking is multiplied by the relative weight (0
- 100%) assigned to that attribute by the source selection authority. The
results are tallied for each offeror, and the offeror with the highest

overall score is deemed the most suitable.

2.3 Summary of Literature in Other Industries

Canada and Sullivan [6] identify various decision analysis
techniques 1including sequential elimination, graphical, weighting of
attributes using uniform, rank sum and rank reciprocal weights and the
analytical hierarchy process (AHP). Sequential elimination and graphical
techniques, however, are not considered appropriate for propulsion plant
trade-off studies due to their inherent inability to handle weighting of
multiple attributes.

Weighting of attributes has been applied in various forms by
the commercial and naval shipbuilding industries as identified previously.
The procedure involves quantifying the relative importance of each
selection criterion or attribute using numerical formula methods such as
uniform weights, rank sum weights or rank reciprocal weights. Next, each
alternative is assigned a numerical rating or value, from an arbitrary
scale, regarding the degree to which each alternative satisfies each
attribute. The normalized attribute weight is multiplied by the
evaluation rating to calculate a weighted evaluation which when summed
with other weighted evaluations results in an overall score for each
alternative. Weighting techniques may be improved using pairwise
comparisons of attributes and internal consistency checks as recommended
by Canada.

Canada states that AHP has gained widespread acceptance in a
variety of industries and has been applied in transportation planning,

pertfolio selection, corporate planning, and marketing. 1In addition, AHP
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has been used in studies evaluating flexible manufacturing systems as
documented by Varney [29] and Arbell [2]. AHP was developed by Saaty [23]
and works within the framework of three principles common to most problem
solving, namely decomposition, comparative judgements and synthesis of
priorities.

The decomposition principle involves establishing the
structure of the hierarchy. A top down approach is typically used whereby
the focus or broad overall objective of the problem is identified. Next,
the criteria which has some bearing on the focus is identified followed by
sub-criteria which in turn has some bearing on the criteria. The process
continues from the general to the particular, ultimately ending with the
identification of alternatives.

The principle of comparative judgements requires setting up
matrices to carry out pairwise comparisons of the relative importance of
the various criteria with respect to the focus. The process of comparing
elements is continued down the hierarchy whereby the set of elements in
each level are compared with respect to their importance on the level
above. Ultimately, the alternatives are also evaluated using pairwise
comparisons with respect to each element or sub-criteria immediately above
in the hierarchy. For purposes of quantifying these pairwise comparisons
in the matrices, a scale of 1 to 9 is used by Saaty and defined as

follows:

Scale Definition

1 Element X is equally important or preferred as Element Y.

3 Element X is weakly more important or preferred than Element
Y.

5 Element X is strongly more important or preferred than Element
Y.

7 Element X is very strongly more important or preferred than
Element Y.

9 Element X 1is absolutely more important or preferred than
Element Y.

The numbers 2, 4, 6 and 8 may be used to represent compromises
among the preferences. Reciprocals of the above values are used in the
event Element X is less important or preferred than Element Y.

From the pairwise comparison matrices, a set of local
priorities is generated which expresses the impact of a set of sub-
elements on an element in the level immediately above in the hierarchy.

In matrix operations, the local priorities are determined by calculating
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the eigenvalue of the matrix and then normalizing it to sum to 1.0 or
100%. However, prior to accepting the scales or rankings used in the
pairwise comparisons, a determination of consistency is made via
calculation of the consistency ratio. This ratio is a function of the
maximum eigenvalue and the size of the matrix and is called the consisten-
cy index. The consistency index is compared against the random index
which is a function of similar values obtained had the pairwise comparison
been made randomly. If the ratio of the consistency index to the random
index is no greater than 0.1, then the consistency is generally considered
acceptable. If greater than 0.1, then the quality of the judgements
should be improved by modifying the manner in which questions are asked in
the pairwise comparisons or by more accurately structuring the hierarchy.

Once consistent pairwise comparisons of elements and alterna-
tives have been made, synthesis of priorities may be applied. Priorities
from the second level of the hierarchy down are determined by multiplying
local priorities by the priority of their corresponding criterion in the
level above. The second level elements or criteria are each multiplied by
one, the weight of the focus or overall objective, thus giving the global
priority of that element.

The step by step procedures for developing the AHP model,
making pairwise comparisons, checking for consistency and matrix algebra
are well documented by Saaty and Canada and are beyond the scope of this
paper. These procedures have been coded and compiled into an interactive
software package known as AUTOMAN by Weber {30].
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3.1

MATERIALS AND METHODOLOGY
Decision Methodologies
The literature search revealed that approaches to decision-

making range from application of gualitative series of design rules or
guidelines to sophisticated analytical methods. These approaches and

methodologies can be categorized as follows:

1.

Unsupported Decisions = Unsupported decisions are representative of
efforts from Davis, Gow, Boylston, Schaffer, Compton and others, and
typically address the design of a particular vessel and major
decisions made by the design team. The trade-off studies, as
documented in the literature, appear highly undisciplined, do not
fully address relevant selection criteria or efforts by designers to
prioritize individual criterion and rank alternatives, and lack
useful quantitative data regarding alternatives. In some of the
literature, it can be argued that a particular propulsion plant was
selected and that a trade-off study followed afterwards to support
the selection made by the designers. The approaches described in
this category are of very limited use in terms of developing a
decision methodology, however, they do reinforce the author’s view
that the commercial marine and naval shipbuilding industries do not

employ effective and accountable decision methodologies.

Trade-off Rules/Guidelines - Trade-off rules/quidelines, such as

those proposed by Harrington, Taggart and Lewis, are not necessarily
a formal methodology, but rather a series of qualitative recommenda-
tions regarding selection criteria and attributes which should be
considered by designers involved in performing propulsion plant
trade-off studies. Of these authors, Barrington offers the most
comprehensive guidelines; however, none of the authors suggest a
method of applying and synthesizing these guidelines into a coherent

decision model of a quantitative nature.

Single Attribute Decision Models - These models employ a single

measure of effectiveness in evaluating alternatives and have been
used widely by Rains in assessing combatant designs. Typically, the
measure of effectiveness employed involves some ratio of performance
divided by acquisition or life-cycle cost. These models serve as an

effective means of screening numerous designs so that more detailed
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trade-off studies can be performed using a more manageable number of
alternatives which warrant further investigation. In addition,
single attribute decision models can serve as a starting point for
later goal programming and optimization techniques such as those
proposed by Chou; however, such techniques are beyond the scope of
this paper. The inherent weakness of this type of model is its
inability to support decision-making involving multiple attributes

of varying importance to the decision maker.

Weighted Evaluation Technigues - When analytical decision techniques
capable of handling multiple attributes are employed in the
shipbuilding industry, weighted evaluation techniques are by far the
most common. Zumwalt, Smith, Reed, Zacks and Canada discuss
application of these techniques. These techniques involve identify-
ing the selection criteria or attributes, assigning weights or

priorities to each criterion based on the perceptions of the

decision maker and then normalizing these weights so that the sum of
the weights equal 1.0 or 100%. Next, each alternative is rated
using an arbitrarily scale which represents how well an alternative
satisfies the selection criteria. The weight of each criterion is
multiplied by the alternative evaluation rating to obtain a weighted
evaluation. The weighted evaluations associated with each of the
alternatives is tallied, and the alternative with the highest or
lowest, depending upon the scale adopted by the decision maker, is
deemed the most suitable for the application.

This technique and the mathematics involved are fairly simple
and could explain its popularity. However, Canada warns that
consistency in weights and ratings must be checked and pairwise
comparisons should be implemented to improve the accuracy of the
technique. 1In this regard, none of the authors cited above which
have employed this technique, with the exception of Canada, have
checked for consistency and/or implemented pairwise comparisons in

their models.

Analvtical Hierarchy Process - AHP is relatively unfamiliar to the

commercial and naval shipbuilding industry; however, AHP has
achieved widespread acceptance in other industries. Its potential
applications in the shipbuilding have been suggested by Artze [4]
for purposes of shipboard propulsion plant selection and subsequent-
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ly by Chou for naval ship design issues. The procedures involved in
this technique are discussed in detail in Section 2.3, and its
primary advantage 1s its ability to quantify and check the consis-

tency of judgements made by the decision maker.

3.2 Evaluation of Decision Methodologies

Unsupported decisions and single attribute decision models, as
categorized above, would not be considered appropriate for purposes of
conducting propulsion plant trade-off studies. The former is highly
subjective, qualitative in nature and lacks accountability regarding
selection criteria priorities and alternative ratings. The latter, while
certainly more gquantitative in nature, can not support decisions in an
environment involving multiple attributes of varying importance, such as
those identified by Harrington, which are characteristic of propulsion
plant trade-off studies.

Trade~off rules/guidelines are qualitative in nature and can
not by themselves constitute a methodclogy for decision-making; however,
they do serve as an excellent starting point for identifying the selection
criteria unique to the shipbuilding industry which should be addressed by
the decision model. Consequently, the trade-off rules/guidelines must be
combined with more analytical techniques, such as weighted evaluation or
AHP, to permit synthesis of priorities and alternative ratings as defined
by the decision maker. Weighted evaluation techniques and AHP are similar
in that both are quantitative techniques that can accommodate multiple
attributes relevant to decision-making. However, this is the extent of
the similarities between the two techniques.

Weighted evaluation techniques employ relatively simple
mathematics to determine the overall ratings of the alternatives as
discussed previously. However, the ease of use of weighted evaluation
techniques oftentimes comes at the expense of consistency and quality of
judgements as many techniques do not include procedures for checking
consistency or for making pairwise comparisons which improves the quality
of the judgements.

AHP requires the decision maker to structure a complex problem
into a logical hierarchy which facilitates communication of the problem
and recommended solutions. AHP employs matrix operations to determine
priorities and pairwise comparisons to improve the accuracy and quality of
judgements. Further AHP, provides a means of quantifying and checking the

consistency of judgements. These latter qualities make AHP superior to
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weighted evaluation techniques. A disadvantage of AHP, however, is the
complexity of the mathematics it employs which may give the decision maker
a false sense of precision, particularly in light of the fact that many of
the judgements may be subjective.

Given the advantages of AHP over other techniques, it is
proposed that the trade-off rules/guidelines, as recommended by Harrington
and others, be combined with AHP to develop an effective decision model.
The following section demonstrates how this approach may be applied to

conducting propulsion plant trade-off studies.

3.3 Methodology Demonstration
The application of AHP to propulsion plant trade-off studies

involves the following general procedures:

1. Establishing requirements and simplifying assumptions to guide and

bound the scope of the trade-off study.

2. Defining the AHP model hierarchy by identifying selection criteria,

sub-criteria, and propulsion plant alternatives.

3. Developing relevant design data to support judgements by decision
makers.
4. Performing pairwise comparisons of selection criteria, sub-criteria

and alternatives relative to the level above each in the hierarchy.

5. Performing matrix operations as delineated by Saaty to determine

local priorities using normalized eigenvalues.

6. Checking judgements assigned in pairwise comparisons against random

values to verify the quality and consistency of the judgements.
7. Synthesizing priorities by multiplying pricorities in corresponding
levels of the hierarchy to obtain an overall score for each

alternative.

8. Conducting sensitivity studies to determine the range of criteria
weights or priorities for which the alternative selected is valid.
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In order to demonstrate how this methodology can be applied,
an example case study has been developed. 1In this case study, Company XYZ
is a large marine transportation corporation based in the U.S. Its
shipping fleet consists of mostly "Roll On-~Roll Off" (RoRo) vessels which
are designed to transport 20 and 40 foot containers. The containers are
driven aboard the vessel by tractor trailers via large stern and side port

ramps leading from the vessel to the pier. Once aboard, the trailers and

containers are driven to the appropriate deck and separated. Large
forklifts then 1lift the containers and methodically stack them one upon
the other. After stacking, the containers are lashed to the deck and

prepared for the journey by the ship’s crew. RoRo vessels offer many
advantages with regard to cargo loadout over traditional break bulk cargo
ships. With modern port container facilities, a RoRo vessel may be
completely offloaded within a 24 hour period while a break bulk cargo ship
would require from 7 to 10 days. RoRo vessels, however, are limited to
ports with container facilities and carry less cargo than other types of
vessels of the same size due to the internal ramp arrangements. The
benefits associated with RoRo vessels far outweigh their disadvantages and
the disadvantages associated with break bulk vessels such as higher port
fees due to longer port periods, higher labor costs, greater likelihood of
delays due to union strikes and cargo pilferage. For these reasons,
Company XYZ has decided to replace two of its break bulk vessels with RoRo
vessels.

The new vessels will be designed to transport meat, fish and
fruit in refrigerated containers from Australia and New Zealand to ports
in northern Europe including Germany, Denmark, Sweden, Norway and Finland.
Based on this operating scenario, it was determined that the vessel must
be capable of a sustained speed of 24 knots at 90% of the maximum
continuous rating of the propulsion plant (10% reserve for adverse wind
and sea conditions and plant degradation over the vessel’s life) and have
an endurance fuel capacity of 12,000 nautical miles at sustained speed.
It was further assumed that the vessel would be operated by American
crews, certified by the U.S. Coast Guard and American Bureau of Shipping,
and built to American commercial standards.

Based on these requirements, various naval architectural and
economic studies were performed to determine the optimum hull form which
would allow access through the Suez Canal, could be served by a large
number of port facilities, was hydrodynamically efficient and could carry

sufficient cargo to meet the company’s minimum attractive rate of return
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on its investment. The studies converged on three different hull forms
specifically designed to accommodate the installed power available from
four propulsion plant alternatives. Hence, a hull form was developed to
accommodate a particular engine power rating. However, because an engine
rating of a plant alternative may be higher than that of another, a more
wide bodied hull form was developed specifically for the plant with the
higher power rating resulting in greater cargo carrying capacity.
Ultimately, this approach not only leads to the selection of the optimum
propulsion plant, but also a starting point for hull optimization studies.
The hull forms have the following range of principal characteristics:

Length Overall 700.0"

Length on Waterline 675.0'

Maximum Beam 105.5°

Design Draft 33.13° - 34.3’

Full Load Displacement 42,099 - 43,224 Long Tons
Speed 24 knots

Delivered HP at 24 Knots 43,168 - 50,620
Propeller One @ 27'dia., 5 blades

Note: The Delivered HP is the power transmitted by the propeller and does
not include power transmission system and bearing inefficiencies.
Sustained speed must be achieved at 90% of the plant’s maximum
continuous rating (MCR).

Ship prime movers include various candidates such as gas

turbines (marinized aeroderivatives of jet engines), steam turbines and
medium and low speed diesel engines. However for purposes of narrowing
down the number of feasible plant alternatives, the following assumptions

are made:

1. For budgetary purposes and to limit the scope of this paper, only
single screw configurations are considered practical.

2. Steam prime movers are not considered due to their inherent

inefficiency and high operating and support costs.

3. Only commercially available, non-developmental egquipment are

considered.

25



4. The number of personnel required for operation and maintenance of
the propulsion plant remains constant regardless if a diesel engine

or gas turbine prime mover is selected.

5. Prime mover power ratings are based on the manufacturer’s published
MCR.
6. Fixed pitch propellers are used in conjunction with reversing diesel

engine candidates due to higher propeller efficiency and simpler,

lower cost shafting.

7. Controllable pitch propellers are used in conjunction with gas
turbine candidates to facilitate reversal of thrust direction and to

simplify the design of the reduction gear.

8. The ship’s operating profile is as follows:
5% of time - 0 - 5 knots
10% of time - 15 - 20 knots
85% of time - 20 - 24 knots

Based on the above, the number of propulsion plant alterna-
tives was limited to four, and each plant alternative was assumed to
propel one of three possible hull forms. The hull form selected for a
particular propulsion plant was based on the best match of installed
horsepower and required delivered horsepower to ensure the vessel would

not be excessively over powered.

3.3.1 AHP Model Hierarchy

As discussed previously, development of the AHP model begins
by first establishing the focus of the model. For these purposes, the
focus of the model is to select the most suitable propulsion plant based
on the operating scenaric envisioned.

Next, the major attributes or criteria which influence the
focus must be identified. While there are many criteria which can affect
the focus, the nature of these criteria can best be organized into three
major categories with attendant sub-criteria as shown below. It should be
noted that all elements of life-cycle cost should be gquantified in a
comprehensive trade-off study. However, for purposes of demonstrating how

the proposed methodology can accommodate both tangible and intangible
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plant attributes, only selective elements of life-cycle cost are developed

quantitatively while other elements are categorized in broad gqualitative

terms.
1) Procurement Criterion
(a) Domestic Sources
(b) Manufacturing Lead Time
(c) Acquisition Cost which includes research/development costs and
production/construction costs.
(d) Operation/Support Cost
(e) Risk (Performance, Cost and Schedule)
(£) Cargo Lift
2) Technical Criterion
(a) Installed Shaft Horsepower (SHP)
(b) Required Machinery Box Volume
(c) Propulsion Plant and Ship Weight
(d) Type of Fuel Required
(e) Endurance Fuel Requirements
(f) Auxiliary System Impacts
(9) Documented Performance History
3) Support Criterion
(a) Maintenance and Overhaul Intervals
(b) Commercial Support Network
(c) Vendor Training Support
(d) Operating Experience

(e) Crew Availability
The sub-criteria is then applied to the four propulsion plant
alternatives. These alternatives include: two gas turbines driving a
controllable pitch propeller via a combining reduction gear, a single low
speed diesel engine driving a fixed pitch propeller directly, two medium
speed diesel engines driving a fixed pitch propeller via a combining
reduction gear, and four medium speed diesel engines driving a fixed pitch

propeller via a combining reduction gear.

3.3.2 Discussion of Criteria and Sub-Criteria

3.3.2.1 Procurement Criterion
The procurement criterion includes those factors which

influence the propulsion plant selection from a programmatic, cost or

schedule perspective. This criterion is comprised of the following sub-

criteria:
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(a)

(b)

(c)

(d)

(e)

Domestic Sources - While not required by Company XYZ‘s contracting
policy, preference is given to engines and machinery manufactured
domestically including those built under licensing agreements. Use
of domestic sources ensures better communication between buyer and
vendor during construction and hopefully will encourage domestic

vendors to transport cargo on ships owned by Company XYZ.

Manufacturing Lead Time - The construction contract performance
period is estimated to require 36 months. Based on an advanced
planning study which allowed for purchase order preparation,
procurement and shipping time, a manufacturing lead time of 22
months is the maximum that can be permitted for plant components.

Acgquisition Cost - The acquisition cost includes costs related to
planning, market analysis, design, manufacture and construction of
the propulsion plant, and initial spare parts for a two year period.
In addition, acquisition costs presented herein account for ship-
wide cost differences directly related to the specific propulsion
plant, such as supporting auxiliary systems (seawater, jacket water
cooling, fuel, lube o0il, exhaust, starting air, ventilation, and

electric plant), foundations, superstructure, tankage, etc.

Operation and Support Cost - This cost includes expenses associated
with fuel consumption and lube oil consumption and is presented on
an annual basis. Costs related to planned and corrective mainte-
nance actions, logistic support, spare parts, taxes and insurance
are not quantified, but rather presented in a qualitative manner
under Support Criterion. Since manning is assumed to be constant
regardless of the plant alternative, labor costs associated with

plant operators is neglected in the analysis.

Risk - As used here, risk involves uncertainty with regard to a
candidate plant‘s ability to meet technical goals, budgetary
constraints or schedule constraints. Minimization of risk is the

preferred approach in this program, however schedule risk can be
tolerated better than budgetary or technical risk since the new

vessels are destined for replacement of functioning vessels.
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(f)

Cargo Lift - Cargo lift is the amount of cargo which can be carried
safely at the design waterline. As discussed previously, cargo is
transported in 20 and 40 foot containers, however, for purposes of
simplification, cargo is expressed in long tons (2240 lbs.) rather

than a maximum number of 20 and 40 foot containers.

3.3.2.2 Technical Criterion

The technical criterion includes those factors which influence

the propulsion plant selection from a performance perspective such as fuel

consumption, type of fuel required, and machinery weight and volume. This

criterion is comprised of the following sub-criteria:

(a)

(b)

(¢)

(d)

Installed SHP - The installed shaft horsepower is the full power
available from the engines after taking into account the efficiency
of the reduction gear and thrust bearing. Plant alternatives with
a low installed SHP and capable of achieving 24 knots are preferred
since it would result in lower acquisition, operation and support
costs. However, hull forms with a lower installed SHP have finer

lines with an attendant reduction in cargo carrying capacity.

Required Machinery Box Volume - The volume required for the
propulsion plant and supporting auxiliary systems detracts from the
total volume available for cargo. The volume required for machinery

is lost revenue and should be minimized.

Propulsion Plant and Ship Weight - Similar to machinery box volume,
the weight associated with the propulsion plant must be calculated
on a ship-wide basis. Total ship weights are estimated for each
propulsion plant alternative and categorized using a shipyard work
breakdown structure consisting of hull structure and foundations
(SWBS 100), propulsion plant (SWBS 200), electrical plant (SWBS
300), navigation and interior/exterior communications systems (SWBS
400), auxiliary systems (SWBS 500), outfitting (SWBS 600), and
special equipment/systems (SWBS 700).

Type of Fuel Required - The type of fuel a prime mover burns
directly affects the cost of the fuel, type of fuel treatment system
required, engine maintenance intervals and also the number of ports

capable of meeting refueling needs. Gas turbines can only burn
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higher distillate grades including marine diesel fuel (DFM). Medium
speed diesel engines can burn DFM and heavy fuel oil. Low speed
engines typically start and maneuver using DFM and then switch to
heavy fuel oil when operating at relatively constant load. Plants
capable of burning heavy fuel o0il are preferred since the cost of

DFM is approximately three times more per long ton than heavy fuel.

(e) Endurance Fuel - Endurance fuel is the amount of fuel which must be
carried onboard in order to operate the vessel at sustained speed
for 12,000 nautical miles. It includes the fuel consumption
associated with the propulsion engines, diesel generators, auxiliary
boilers and other miscellaneous consumers of fuel. Plant alterna-
tives requiring less endurance fuel are preferred since less tankage

is be required, and more space and weight may be allocated for

cargo.

(f) Auxiliary System Impacts - The auxiliary systems for this analysis
include those systems which support the propulsion plant such as
seawater cooling, jacket water, lube o0il, fuel, high and 1low
pressure air, steam, ventilation and electrical systems. Propulsion
plant alternatives requiring less support from auxiliary systems are
preferred to minimize acquisition and operation and support costs

associated with these systems.

(g) Documented Performance History - Engines and machinery with
significant in-service experience are preferred over new engines or
machinery with a 1limited number of shipboard installations.
Numerous installations with a total of 50,000 operating hours or
better typically represent a mature product 1line with a well

established vendor support network in place.

3.3.2.3 Support Criterion

The support criterion includes those factors which influence
the propulsion plant selection from the standpoint of maintenance, vendor
support and training. As presented herein, propulsion plant attributes
related to support critericn are defined in a qualitative manner. This

criterion is comprised of the following:
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(a)

(b)

(c)

(e)

Maintenance and Overhaul Intervals - Frequent intervals for mainte-
nance and overhaul result in vessel down time, higher labor and
spare part costs and may require significant vendor support. Major
maintenance actions which may be scheduled to coincide with typical
vessel drydocking {(every two years) will ensure a vessel is kept in
trade as long as possible. For evaluation purposes, manufacturer
recommended maintenance actions and frequencies are identified
qualitatively for each plant alternative rather than through use of

cost estimates.

Commercial Support Network - Vendor field offices and repair
facilities are critical to ensuring spare parts are delivered
quickly. In addition, underway repairs and overhauls are typically
required and performed by the vendor’s technicians. Vendors with
field offices in Australia and along the trade route to northern
Europe are preferred since it would reduce downtime should a major
machinery casualty occur. The cost impacts resulting from potential
delays in obtaining support from the vendor are extremely difficult

to quantify and are treated in a qualitative manner.

Vendor Training Support - Vendor training facilities such as
simulators, technical manuals, operation and maintenance training
courses and training aids minimize mistakes and improve the skill
levels of the crew. Cost impacts related to the number of future
personnel requiring training and costs incurred as a result of human

error are difficult to quantify and treated in a qualitative manner.

Operating Experience - Company XYZ uses union crews whose engineer-
ing officers have received training from maritime academies, union
schools or the U.S. Navy. Most merchant and Navy seamen are quite
familiar with low and medium speed diesel engines; however, only
Navy crews typically have operating experience with gas turbines
since it is the standard plant aboard most modern U.S. combatants.
As a result, merchant crews will require extensive training to

operate and maintain a gas turbine propulsion plant.
Crew Availability - Due to crew turnaround, it is not unusual for

crew vacancies to occur. Per U.S. Coast Guard regulations, all

required engineering officers must be aboard in order for the ship
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to sail. If significant training is required before a crew member
can assume his post or if a limited number of trained personnel are
available, a vessel may be forced to remain at the pier resulting in
significant delays and lost trade. Therefore, propulsion plant
alternatives for which a good availability of operators exist would
be preferred. Future labor trends and salaries are difficult to

quantify in terms of costs and are treated in a quantitative manner.

3.3.3 Discussion of Propulsion Plant Alternatives
3.3.3.1 Gas Turbine Propulsion Plant

The gas turbine plant alternative consists of two General
Electric LM 2500 gas turbines driving a controllable pitch propeller via
a reduction gear as shown in Figure 3-1. Each gas turbine is rated for
26,250 brake horsepower (BHP) at 3600 rpm and is connected to the
reduction gear pinion via a flexible coupling and clutch.

The reduction gear is a two stage unit with a gear ratio of
38.71:1 and is furnished with integral hydraulic clutches, shaft brakes,
a thrust bearing and jacking gear to periodically rotate the gear in port.
The bull gear is connected to the controllable pitch propeller via a
flange and hollow shafting. The hollow shafting contains hydraulically
operated linkages which pivot the propeller blades in the flow stream
thereby controlling the pitch and amount of torque absorbed. Controllable
pitch propellers are required for gas turbines because the direction of
rotation of these engines can not be reversed. Maneuvering and thrust
reversal is achieved by varying the speed of the gas turbine over a small

range and changing or reversing the propeller pitch.

3.3.3.2 Low Speed Diesel Propulsion Plant

The low speed diesel plant option consists of a single Sulzer
Model 12RTA84C diesel engine driving a fixed pitch propeller as shown in
Figure 3-2. The engine is a reversing type rated for 62,400 BHP at 100
rpm. The low operating speed of the engine permits a 1:1 match with the
propeller thus eliminating the need for a reduction gear. The engine is
furnished with an integral thrust bearing, vibration damper and jacking
gear. The engine is connected directly to the propeller shaft via a flange
and solid shafting. Maneuvering is achieved by varying the speed of the
engine, and in the case of thrust reversal, the engine must be stopped,
reversing cams for fuel injectors and valve gear shifted and the engine

restarted in the reverse direction.
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3.3.3.3 Medium Speed Geared Diesel Propulsion Plants

Two different plant alternatives have been developed for the
same hull form and differ primarily in the number of engines and the gear
arrangement.

The two engine plant alternative consists of two Colt-
Pielstick Model 18PC4.2V reversing type engines driving a fixed pitch
propeller via a reduction gear as shown in Figure 3-3. Each engine is
rated for 29,320 BHP at 400 rpm and is connected to its respective pinion
via a flexible coupling and clutch. The reduction gear is a single stage
unit with a gear ratio of 3.92:1 and is furnished with integral pneumatic
clutches, shaft brakes, a thrust bearing and jacking gear. The bull gear
is connected to the propeller via a flange and solid shafting.

The four engine plant alternative consists of four Colt-
Pielstick Model 10PC4.2V reversing type engines driving a fixed pitch
propeller as shown in Figure 3-4. Each engine is rated for 16,290 BHP at
400 rpm and is connected to a pinion in a similar manner to that described
above. The reduction gear is also a single stage unit with similar
accessories as those of the two engine plant alternative, however, it has
four power inputs and a gear ratio of 3.84:1.

Maneuvering for the medium speed geared diesel plant options
is achieved by varying the speed of the engines. In the case of thrust
reversal, all the engines must first be declutched and then stopped. Once
stopped, the reversing cams for the fuel injectors and valve gear is

shifted, and all the engines restarted in the reverse direction.

3.3.4 Evaluation of Criteria, Sub-Criteria and Plant Alternatives
3.3.4.1 Summary of Propulsion Plant Attributes

In order to evaluate the attributes of each of the propulsion
plant alternatives, supporting design data applicable to each sub-criteria
was developed. It should be noted that the purpose of the design data is
only to demonstrate how AHP may be used to select a propulsion plant, and
is not necessarily intended to reflect accurate ship design data or all
elements of life-cycle cost. The data is both guantitative and gqualita-
tive in nature and was derived from total ship feasibility studies which
included a rough machinery arrangement, notiocnal equipment list, cargo
capacity analysis, ship speed/power estimate, fuel endurance estimate and
selective cost estimates for each plant alternative and associated hull
form. The results of these studies relative to the sub-criteria are

presented in matrix form in Section 9.1.
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3.3.4.2 Application of AHP
As discussed previously, AUTOMAN is an automated version of

AHP and uses interactive software to allow the user to define the AHP
model hierarchy, comparatively rank criteria, sub-criteria and alterna-
tives and perform sensitivity studies. As in the manual application of
AHP, the first step in using AUTOMAN is to enter the AHP model hierarchy.
The hierarchy entered in the software was identical to that presented in
Section 3.3.1 and is shown in Section $.2. The following sections discuss
the underlying rationale used in making the comparative Jjudgements
required by AUTOMAN. Section 9.2 contains the judgements by the author
and the results obtained using AUTOMAN.

3.3.4.3 Ranking of Criteria

In many organizations, acquisition and operating & support
costs are derived from separate sources of funding often controlled by
different entities with similar goals. However, often these goals are
achieved at the expense of the other entity. For instance, low operation
and support costs typically require higher acquisition cost to obtain more
reliable or maintainable machinery. As a result, life-cycle cost elements
have been divided into these two categories to better suit the organiza-
tional environment and priorities of the decision-maker.

As the author’s experience is primarily derived from a design
environment where acquisition cost is given primary importance, the
procurement criterion is considered the most important by the author for
purposes of this case study. The technical criterion is considered second
in importance since there is some flexibility in plant performance
shortfalls that the company is willing to accept provided these shortfalls
do not significantly degrade the commercial viability of the vessel. The
support criterion is considered the least important of the three for
purposes of this case study since it involves more intangible and
qualitative aspects and for reasons discussed previously. Certainly, a
decision-maker that has purview over operating and support costs would
have placed a much greater emphasis on support criterion and less upon
procurement criterion. In an ideal environment where organizational and
funding impediments are not in place, then both acquisition and operating
and support costs would have been combined with disposal costs and

evaluated as a single measure of merit, life-cycle cost.
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3.3.4.4 Ranking of Sub-Criteria
The sub-criteria which comprise the procurement criterion is

judged as follows in order of decreasing importance:

1) Acquisition Cost.

2) Cargo Carrying Capability.
3) Operation and Support Cost.
4) Risk.

5) Manufacturing Lead Time.

6) Domestic Sources.

For reasons cited previously, acquisition cost is considered
the most important sub-criteria by the author. Cargo carrying capability
is considered next in importance based on the assumption that all the hull
forms considered could carry sufficient cargo to meet the company’s hurdle
rate. Thus, selection of a plant with a particular hull form will match
or improve the company’s revenue expectations.

Operation and support cost is considered third in importance
due to the author’s perspective and the intangible or gqualitative nature
of the corresponding data used in this case study.

Risk, manufacturing lead time and availability of domestic
sources are more difficult to quantify or their bearing on the construc-
tion schedule is uncertain. As a result, their order of importance is
extremely subjective and is based on past experience in other ship
construction programs.

The sub-criteria which comprise the technical criterion is

judged as follows in order of decreasing importance:

1) Endurance Fuel Requirement

2) Type of Fuel Required

3) Required Machinery Box Volume

4) Propulsion Plant and Ship Weight
5) Documented Performance History
6) Auxiliary System Impacts

7) Installed Shaft Horsepower

The endurance fuel requirement 1is considered the most
important sub-criteria because it is a measure of the overall efficiency
of the entire plant. However, almost equally important is the type of
fuel burned since it affects fuel costs as well shipping schedules should
fuel availability be limited.

The amount of volume required by the machinery box is

considered third in importance since it directly affects the volume
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available to carry cargec and therefore revenue expectations. While
propulsion plant and ship weight also affect cargo carrying capability,
the amount of cargo carried is significantly more sensitive to propulsion
plant volume than weight, and accordingly is ranked fourth in importance.
As discussed previously, the hull forms associated with the propulsion
plant alternatives are assumed to meet or exceed the company’s hurdle

rate.
Fifth in importance is documented performance history which is

a measure of the maturity of a machinery product line and vendor support
network. BAfter performance and revenue considerations, plant gquality and
vendor support is next in importance.

Auxiliary system impacts are considered sixth in importance
since they affect plant performance, machinery box volume and operation
and support costs, but are assumed to be less important than other factors
due to the scope of differences between the auxiliary systems associated
with each plant.

Finally, the 1least important of the technical criteria is
installed SHP because it means little in this analysis except to assist in
assessing the degree of margin available to operate at speeds in excess of
24 knots.

The sub-criteria which comprise the support criterion is

judged as follows in order of decreasing importance:

1) Crew Availability

2) Maintenance and Overhaul Intervals
3) Operating Experience

4) Commercial Support Network

5) Vendor Training Support

Crew availability and maintenance and overhaul intervals are
of almost equal importance since they influence vessel downtime and
therefore commercial viability. The effects of the remaining three sub-
criteria on the support criterion are more difficult to quantify and

ranked arbitrarily based on intuition.

3.3.4.5 Ranking of Propulsion Plant Alternatives

Based on the propulsion plant design data presented in Section
9.1, pairwise comparative judgements of the plant alternatives relative to
each sub-criterion were made by the author using AUTOMAN as shown in

Section 9.2. In all cases, the consistency of judgements was checked
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using the consistency ratio defined by Saaty, and at no point did this
ratio exceed 0.10 as recommended by Saaty.
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4.0 RESULTS

Based on the pairwise judgements shown in Section 9.2, the gas
turbine plant option has the highest overall rating, 0.361, given the
author’s subjective allocation of priorities. Ranked almost equal are the
medium speed geared diesel plant employing two engines and the low speed
diesel plant which have overall ratings of 0.252 and 0.251, respectively.
Ranked last is the medium speed geared diesel plant employing four engines
with an overall rating of 0.134.

The decision to select the propulsion plant alternative with
the highest overall rating is valid only over a discrete range of
weighting values assigned subjectively to each sub-criteria by the
decision maker. In order to determine the upper and lower bounds of this
range, sensitivity analyses involving acquisition cost, cargo lift and
operation and support cost were performed and are shown in Figures 4-1
through 4-3, respectively. These sub-criteria were selected because
cumulatively they represented over 65% of the total share or influence on
the plant selection.

It can be seen from Figure 4-1 that the selection of a gas
turbine propulsion plant over other alternatives is valid if approximately
13% to 100% share or influence on the plant selection is assigned to
acquisition cost. In the event less than 13% share 1is assigned to
acquisition cost by the decision maker, then the low speed diesel plant
would be the preferred choice.

With regard to cargo 1lift, Figure 4-2 indicates that the
selection of the gas turbine propulsion plant over other alternatives is
insensitive to the percentage share assigned to cargo lift by the decision
maker.

In the case of operating and support (O&S) cost, the selection
of a gas turbine propulsion plant over other alternatives is valid if
approximately 0% to 28% share or influence on the plant selection is
assigned to O&S cost as shown in Figure 4-3. 1In the event more than 28%
share is assigned to O&S cost by the decision maker, then the low speed

diesel plant would be the preferred choice.
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5.0 DISCUSSION

In the case study presented, a gas turbine propulsion plant
was selected based mostly upon the significant priority assigned to
acquisition cost over other attributes. As discussed previously, the
significant priority assigned to acquisition cost by the author reflects
the front-end budgetary concerns typical of a design environment operating
in the context of separate organizational entities responsible for
acquisition costs and operating & support costs. In other situations,
vessel owners would have placed much higher priority upon operation and
support cost, or in ideal organizational and funding environments, would
have grouped these costs and treated them as life-cycle cost. As the
sensitivity analysis in Figure 4-3 demonstrates, when the priority
assigned to O&S cost exceeds 28% share or influence on the plant
selection, the low speed diesel propulsion plant becomes the preferred
choice. This is consistent with container ship and tanker design trends
of the 1980s and 1990s which reflect overwhelming adoption of low speed
diesels due to their inherent efficiency and ability to burn low cost
residual fuels with resulting lower life-cycle cost.

The case study presented demonstrates how industry respected
propulsion plant trade-off design rules/guidelines, as recommended by
Harrington and others, can be combined with the analytical methodology of
AHP to develop an effective decision model. This approach to performing
propulsion plant trade-off studies represents significant improvements to
methods currently used by the commercial and naval shipbuilding industries
which employ single attribute decision models emphasizing a single measure
of effectiveness or weighting of attribute techniques. Specifically, the
methodology demonstrated in the case study offers the following advantages
over current techniques:

1. It requires the decision maker to construct a decision hierarchy of
the selection criteria, sub-criteria and alternatives. 1In so doing
logic is imposed upon the solution process, relationships between
and within hierarchy levels are examined more closely, and communi-
cation between decision makers is improved.

2. It permits modeling of multiple tangible and intangible attributes
of varying importance to the decision maker within the framework of
a single model.

3. It employs simple pairwise comparisons which promotes clear thinking
and logic by decision makers thereby improving the quality of

judgements.
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4. It employs a means of quantifying the consistency of judgements.
The methodology calculates the consistency ratio which compares
judgements made by the decision maker against random judgements. 1In
the event this ratio exceeds 10%, then it is highly recommended that
the judgement be re-evaluated or the model be restructured to
improve the quality of judgements.

5. It offers a means of readily accounting and tracking priorities and
rankings of decision-makers.

The advantages of the proposed methodology, coupled with the
ease with which it may be employed, is expected to result in a decision
model for propulsion plant selection which better synthesizes management,

engineering and purchasing priorities and prevents sub-optimization.
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6.0 CONCLUSION

An alternative decision methodology to that currently employed
by the commercial and naval shipbuilding industries for propulsion plant
selection has been proposed and demonstrated. The proposed decision
methodology combines guidelines and rules regarding plant selection
criteria from well respected marine engineering sources with modern
analytical decision modeling techniques as embodied in AHP.

The proposed methodology offers significant advantages over
current techniques, the most important of which is its ability check and
quantify the consistency of judgements made by decision-makers. This in
itself does not guarantee good judgement, but it does guarantee that
judgement is applied consistently and flaws in applied logic are avoided.
In addition, the proposed methodology imposes logic upon the solution
process by requiring the decision-maker to develop a decision hierarchy,
permits modeling of both qualitative and gquantitative attributes, and
improves quality of judgement by employing simple pairwise comparisons.
Finally, the manner in which decisions are made is highly accountable, and
the priorities and rankings of decision-makers can be easily tracked.

The disadvantages to the proposed methodology is a perceived
precision arising from the matrix operations used to compute local
priorities. Users of AHP must bear in mind that the ranking inputs by the
decision makers are highly subjective and inexact. Additionally, the use
of AHP in group settings is cumbersome, and requires either individuals to
work independently and then average the overall ratings for the alterna-
tives, or averaging of judgements from individuals prior to inputting into
the decision model. As the latter approach uses team averaged values,
there is no guarantee that these values would pass the consistency test
required by AHP. Alternatively, the Delphi Method [6] may be employed in
group settings whereby decision-makers express their rankings anonymously
through an intermediary. The intermediary acts as a control center in
analyzing the responses of each round of ranking assignments and feeding
back results to decision-makers in subsequent rounds. After each round of
ranking assignments, the results are analyzed statistically and distribut-
ed to decision-makers for analysis in subsequent rounds. The decision-
makers then have an opportunity to change their ranking assignments in
light of the group response. If a response submitted by a decision-maker
departs significantly from the group median, the respondent who furnished
it may be asked to rationalize his position. This cycle continues until

the group responses indicate convergence.
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The benefits of the proposed methodology were proven recently
by the author during propulsion plant trade-off studies performed for
NOARAR’s Low Endurance Fisheries Research Vessel (LEFRV). The decision
methodology proposed in this paper was accepted by NOAA’s management and
engineering staff which assisted in establishing the plant selection
criteria, sub-criteria, and ©priorities given mission, budgetary,
procurement and other constraints. The author and a design team
representing propulsion, auxiliary, electrical and control system
disciplines and vessel operations in turn developed propulsion plant
alternatives, defined the alternatives tc a level of detail to permit
evaluation and ranked the plants based on the selection criteria and sub-
criteria established by NOAA. The results of the decision model and the
sensitivity analyses performed by the design team provided accountability
from a management perspective and allowed NOAA to re-evaluate other plant
alternatives should priorities be modified in the future.

As a consequence of preparing this project and report, the
author offers several recommendations. Life-cycle cost elements have been
addressed selectively in both quantitative and qualitative terms for
purpeses of demonstrating the proposed methodology. It 1is highly
recommended that robust propulsion plant 1life-cycle cost models be
developed as part of any propulsion plant trade-off study. The elements
of life-cycle cost should not be analyzed selectively, but rather treated
as a system; however, it is understood that this may be difficult to
achieve given organizational and funding environments.

The topic of formal decision methodologies is not addressed in
most undergraduate engineering curriculums, yet engineers spend most of
their careers justifying decisions. Some treatment of decision methodolo-
gies should be given in an undergraduate curriculum. In addition, the
development of the decision model involves the participation of manage-
ment, engineering, and operations personnel. It is imperative that the
selection criteria, sub-criteria and priorities be established early in
the ship design phase by these often diverging entities to ensure
efficient use of design team resources. In this regard, means of
alleviating problems in applying the proposed methodology in group
environments, such as the Delphi Method, should be investigated further.
Finally, research should be conducted linking decision methodologies with
current ship design and costing models used during early design phases to
provide an interactive and efficient manner of assessing future ship

designs.
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7.0 SUMMARY

A literature search was conducted to determine the type and
scope of decision methodologies employed in selection of a ship propulsion
plant by the commercial and naval shipbuilding industries. In addition,
decision methodologies employed by other industries were investigated.
Based on the results of the literature search, the decision methodologies
were categorized and evaluated with the goal of improving current
methodologies adopted by the industry.

Based on the author’s evaluation, an alternative decision
methodology was proposed and demonstrated using a case study for a RoRo
vessel design. The results obtained using the alternative decision
methodology were analyzed and compared to current methodologies which
emphasize life-cycle cost or selective elements of life-cycle cost in the
plant selection. Conclusions regarding the alternative decision
methodology and its suitability were drawn, and recommendations for future

efforts were identified.
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AUTOMAN Inputs and Results
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TABLE 8-2
RANKING OF ALTERNATIVES BY OVERALL RATING

Model: PRPLNPLT--SHIPBOARD PROPULSION PLANT SELECTION

RANK ALTERNATIVE RATING

FOELEREEEECEE R e e e e et e e e e e e e e e e

=>1  GAS TURB  0.361
2 mspp2pSL o0.252 [[[[[[[I[TTPITEEEEErEEE e
3 LseD DSL  0.251 [[[[[[[IITIPIETEREREEEPEEEET T T

4 MspD4DSL  0.134 [[[[[I[[TI[III]T]
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TABLE 8-3
MODEL STRUCTURE, WEIGHTS, SHARES AND INCONSISTENCY RATIOS

PRPLNPLT--SHIPBOCARD PROPULSION PLANT SELECTION

Model:
RATING
CATEGORY l CRITERION WEIGHT SHARE INCONSISTENCY
PROCURE ACQ $ 0.456 0.338 0.081
CARGOLFT 0.257 0.191 0.016
Weight = 0.594 0&S $ 0.167 0.124 0.018
Inconsistency = 0.099 RISK 0.064 0.047 0.000
LEADTIME 0.034 0.025 0.01e6
DOMESTIC 0.022 0.016 0.000
TECH ~ END FUEL 0.297 0.054 0.003
FUEL TYP 0.313 0.057 0.000
Weight = 0.145 PLT VOL 0.171 0.031 0.013
Inconsistency = 0.084 WEIGHT 0.097 0.018 0.067
HISTORY 0.063 0.012 0.062
AUX IMPA 0.040 0.007 0.077
INST SHP 0.018 0.003 0.000
SUPPORT ~ CREW AVA 0.577 0.043 0.000
MAINTEN 0.261 0.020 0.074
Weight = 0.212 OPS EXP 0.076 0.006 0.000
Inconsistency = 0.094 SPPT NET 0.054 0.004 0.000
TRAINING 0.031 0.002 0.000
= 0.081}

*Pairwise comparisons with inconsistency values > 0.1 should be redone.
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TABLE 84
RATINGS BY CRITERION AND OVERALL RATINGS OF ALTERNATIVES

PRPLNPLT--SHIPBOARD PROPULSION PLANT SELECTION

Model:
CATEGORY: RATINGS

CRITERION GAS TURB LSPD DSL MSPD2DSL MSPD4DSL
1: ACQ $ 0.594 0.145 0.212 0.049
1: CARGOLFT 0.390 0.068 0.390 0.152
1: O&S S 0.084 0.617 0.199 0.100
1: RISK 0.300 0.100 0.300 0.300
1: LEADTIME 0.095 0.249 0.095 0.560
1: DOMESTIC 0.250 0.250 0.250 0.250
2: END FUEL 0.069 0.545 0.193 0.194

: FUEL TYP 0.100 0.700 0.100 0.100
: PLT VOL 0.526 0.065 0.344 0.065

2: WEIGHT 0.638 0.053 0.195 0.114
2: HISTORY 0.572 0.296 0.043 0.089
2: AUX IMPA 0.677 0.082 0.172 0.070
2: INST SHP 0.250 0.250 0.250 0.250
3: CREW AVA 0.045 0.318 0.318 0.318
3: MAINTEN 0.074 0.129 0.549 0.248
3: OPS EXP 0.045 0.318 0.318 0.318
3: SPPT NET 0.375 0.375 0.125 0.125
3: TRAINING 0.250 0.250 0.250 0.250

OVERALL

RATING 0.361 0.251 0.252 0.134
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Model:

PROCURE
TECH
SUPPORT

ACQ S
CARGOLFT
0&S $
RISK
LEADTIME
DOMESTIC

END FUEL
FUEL TYP
PLT VOL
WEIGHT

HISTORY

AUX IMPA
INST SHP

CREW AVA
MATNTEN
OPS EXP
SPPT NET
TRAINING

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LsSPD DSL
MSPD2DSL
MSPD4DSL

PAIRWISE COMPARISON DATA FOR WEIGHTING CATEGORIES

TABLE 9-5

AND CRITERIA AND FOR RATING ALTERNATIVES

Comparisons between
PROCURE TECH
5.000

Comparisons between
ACQ S CARGOLFT
3.000

Comparisons between
END FUEL FUEL TYP
1.000

Comparisons between
CREW AVA MAINTEN
5.000

Compariseons between
GAS TURB LSPD DSL
5.000

Comparisons between
GAS TURB LSPD DSL
5.000

Categories
SUPPORT
8.000
3.000

Criteria within Category:

0&S $ RISK
5.000 7.000
3.000 5.000

5.000

Criteria within Category:

PLT VOL WEIGHT

3.000 4.000
3.000 4.000
3.000

Criteria within cCategory:

OPS EXP SPPT NET

7.000 8.000
5.000 7.000
2.000

Alternatives rated by Criterion:

MSPD2DSL MSPD4DSL

4.000 7.000
0.500 5.000
5.000

Alternatives rated by Criterion:

MSPD2DSL MSPD4DSL

1.000 3.000
0.200 0.333
3.000
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PROCURE
LEADTIME DOMESTIC
9.000 9.000
8.000 8.000
7.000 9.000
3.000 5.000
3.000
TECH
HISTORY AUX IMPA INST SHP
5.000 7.000 2.000
7.000 7.000 9.000
5.000 5.000 7.000
3.000 3.000 7.000
3.000 7.000
5.000
SUPPORT
TRAINING
9.000
9.000
3.000
3.000
ACQ $
CARGOLFT



Model:

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LspPD DSL
MSPD2DSL
MSPD4DSL

PAIRWISE COMPARISON DATA FOR WEIGHTING CATEGORIES

TABLE 8-5 CONTINUED

AND CRITERIA AND FOR RATING ALTERNATIVES

Comparisons between
GAS TURB LSPD DSL
0.143

Comparisons between

GAS TUREB LSPD DSL
3.000

Comparisons between
GAS TURB LSPD DSL
0.333

Comparisons between

GAS TURB LSPD DSL
1.000

Comparisons between

GAS TURB LSPD DSL
0.143

Comparisons between
GAS TURB LSPD DSL
0.143

Comparisons between

GAS TURB LSPD DSL
7.000

Alternatives rated
MSPD2DSL MSPD4DSL

0.333 1.000
4.000 5.000
2.000

Alternatives rated
MSPD2DSL MSPD4DSL

1.000 1.000
0.333 0.333
1.000

Alternatives rated
MSPD2DSL, MSPD4DSL

1.000 0.200
3.000 0.333
0.200

Alternatives rated

MSPD2DSL MSPD4DSL

1.000 1.000

1.000 1.000
1.000

Alternatives rated
MSPD2DSL MSPD4DSL

0.333 0.330
3.000 3.000
1.000

Alternatives rated

MSPD2DSL MSPD4DSL

1.000 1.000

7.000 7.000
1.000

Alternatives rated

MSPD2DSL MSPD4DSL

2.000 7.000

0.167 1.000
6.000
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Criterion:

Criterion:

Criterion:

Criterion:

Criterion:

Criterion:

Q&S §

RISK

]

».

LEADTI

DOMESTIC

END FUEL

FUEL TYP

PLT VOL



Model:

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

TABLE 9-5 CONTINUED

PAIRWISE COMPARISON DATA FOR WEIGHTING CATEGORIES
AND CRITERIA AND FOR RATING ALTERNATIVES

Comparisons between
GAS TURB LSPD DSL
7.000

Comparisons between
GAS TURB LSPD DSL
3.000

Comparisons between
GAS TURB LSPD DSL
5.000

Comparisons between
GAS TURB LSPD DSL
1.000

Comparisons between
GAS TURB LSPD DSL
0.143

Comparisons between
GAS TURB LSPD DSL
0.333

Comparisons between

GAS TURB LSPD DSL
0.143

Alternatives rated

MSPD2DSL MSPD4DSL

5.000 6.000

0.200 0.333
2.000

Alternatives rated

MSPD2DSL MSPD4DSL
9.000 6.000
7.000 5.000

0.333

Alternatives rated
MSPD2DSL MSPD4DSL

7.000 8.000
0.333 1.000
3.000

Alternatives rated
MSPD2DSL MSPD4DSL

1.000 1.000
1.000 1.000
1.000

Alternatives rated

MSPD2DSL MSPD4DSL

0.143 0.143

1.000 1.000
1.000

Alternatives rated
MSPD2DSL. MSPD4DSL

0.200 0.333
0.200 0.333
3.000

Alternatives rated

MSPD2DSL MSPD4DSL

0.143 0.143

1.000 1.000
1.000
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by

by

by

by

by

PRPLNPLT--SHIPBOARD PROPULSION PLANT SELECTION

Criterion:

Criterion:

Criterion:

Criterion:

Criterion:

Criterion:

Criterion:

WEIGHT

HISTORY

AUX IMPA

INST SHP

CREW AVA

MAINTEN

OPS EXP



Model:

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

GAS TURB
LSPD DSL
MSPD2DSL
MSPD4DSL

TABLE 9-5 CONTINUED

PAIRWISE COMPARISON DATA FOR WEIGHTING CATEGORIES

AND CRITERIA AND FOR RATING ALTERNATIVES

PRPLNPLT--SHIPBOARD PROPULSION PLANT SELECTION

Comparisons between Alternatives rated by Criterion:
GAS TURB LSPD DSL MSPD2DSL MSPD4DSL

1.000 3.000 3.000
3.000 3.000
1.000

Comparisons between Alternatives rated by Criterion:
GAS TURB LSPD DSL MSPD2DSL MSPD4DSL

1.000 1.000 1.000
1.000 1.000
1.000
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