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THE OUTFIT PLANNING PROBLEM:

PRODUCTION PLANNING 1IN SHIPBUILDING

Shipbuilding as currently practiced in U.S. commercial
shipvards employs little quantitative modelling or
analysis in production planning. This paper presents

a brief discussion of the shipbuilding process and
focusses on one major component which is referred to

as outfittinz, The outfit planning problem is described
in detail and then formally modelled as a generalization
of the resource constrained project schedulling problem.
The valua of the approach as well as barriers to its
adoption are also discussed.
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1. INTRODUCTIOXN

For a number of years, the U.S, shipbuilding industry as a whole has
been recognizad as not competitive with the best foreign shipbuilders.
Because shipbuilding is considered a vital industry, commsrcial shipyards
therefore receive a substantial subsidy, which is administered by the

Maritime Administratioa (Mardd) of the Department of Commerce. In addition,

MarAd supports various research projects through the Shipbuilding Research
Program, which are ained at improving shipbuilding im U.S. shipyards.

In the past, MarAd's research emphasis has been technologically or
design oriented, e.z., welding technolozy, cntting technology, prbpeller <
design, hull form design and so forth. More recently, there has been a
growing realization that important problems also exist in production meth-
odology, including work methods, production standards, production planning

and production control. This paper addresses a particular problem ia pro-

duction planning and control in shipyards, and presents some of the findings
of a MarAd sponsored research project,

The problem considered in this paper is called the outfit planning

problem. Outfitting refers to the fabrication and installation in a ship
of everything that is not considered hull steel, i.e., everything except
the hull itself, the decks, and the bulkheads. In many instances, outfitting
represents as much as 5075 of the cost of the ship and also as much as 50% 1
of the elapsed time for production. Clearly, any improvement in the out~
fitting process would have a significant impact on the shipbuilding industry.
The priamary contributions of this paper are:
1. To describe this important class of production planning

problems;

2. To present a formal model of the problem;
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3. To examine the impact of shipyard's adopting the solution

approach.

1.1 The Shipbuilding Process
Shipyard production activities can be broken into two distinct groups:

the steel phase activities, which encompass all the activities associated

with fabricating and assembling the hull, up to and including complete ship

erection; and the outfit phase activities, which are associated with the

acquisition, fabrication and installation in the ship of everything else.
Conceptually at least, the outfit phase activities could all come after
the steel phase activities were completed. As a practical matter, of course,
this would not be a feasible production method because of the expease of
opening up closed compartments to land equipment or to install outfit
material such as piping. This extreme oversimplification does, however,
capture much of the traditional concept of outfitting as a "successor func-
tion” [6]. That is, production often has been treated as two distinct
phases with very little interfacing of the steel and outfit activities.
Although various production methods are practiced in U.S. shipyards,

the most common method is hull block construction. The ship is divided

geographically into components, or blocks. A typical ship might consist of
100 blocks. The steel components of the block are assembled in a block
v s3embly area, and the block perhaps weighing as much as several hundred
tons, is then lifted onto the ways for final erection.

Shipbuilding can be viewed in terms of the material flows and primary
production facilities. As shown in Figure 1, ship production occurs in

three primary facilities with two major categories of supporting facilities

1 Reference {1] provides a good summary of current practices in U.S,
shipyards.
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plus outside vendors. The steel shops represent facilities where the steel
forming activities take place. This includes welding of stiffeners and
bracing to large steel plates. Similarly "other shops™ include all the
facilities associated with fahricating sheet metal, ducting, wire, piping,
equipment, etc.

In this model, the "asseably area" represents any configuration of
facilities where steel and/or other materials are brought togather and
processed prior to actual ship erectiom, i.e., prior to going ou the ways.
The ways ar=a is the facility where ship erection, i.e., hull assembly,
takes place. After hull assembly, the ship is completed at least to the
point of teing able to floa:. The "outfit pier" represents the stage of
ship production which follows float-off.

The consideration of facilities and material flows leads naturally
to the idea of differect production modes:

(1) fabrication: the production of individual pieces of steel,
sheet metal, ducting, piping, electrical cable,
etc.

(2) assembly: fabricated plates are assembly to form blocks;
also individual components may be assembly to
form units, e.g., equipment with foundatiouns,
valves with piping, etc.

(3) erection: the activity on the ways that resulté in the
completed hull.

(4) outfitting: the remaining production activities that take
place once erection is completed.

Steel phase activities cannot be performed after erection, by definition.

Outfitting phase activities, however, can be performed in any of the four




modes. 1f they occur before erection, they are preoutfit activities.

Note that the terms "steel phase” and "outfitting phase' have been
used to delineate activities by type. The four modes defined above, how-
ever, delineate activitics by the timing of performance and facilities
required. Thne distinction is an important one since there are options for
many activities with regard to producticn node.

There are two important aspects to production planninz as generally

practiced in hull block construction. The first is the work breakdown

structure, which determines the definition of the work packages, i.e.

the drawings, specifications, operations sheets, work sequences, and
material lists defining what to do and how to do it.

The traditional approach to defining outfitting work packages is
systems oriented, that is, the various ship systems (ventilation, elec-
trical, communication, hydraulic, etc.) are considered separately. While
this orientation follows naturally from the design phase, and simplifies
the collectioa of producticn cost data by system, it is not the best
orientation in terms of production scheduling and contfol. Ounly recently
has a product oriented work breakdown structure (PWBS) been proposed [9]
for U.S. shipyards. 1In essence, PWBS would yield work packages describing
all outfit work required for a particular area in a hull block.

The second important aspect is the structure cf the scheduling pro-

cess. Figure 2 illustrates the relationships between major.planning/
scheduling documents and demonstrates both the hierarchical structure of
the process and the bifurcation into separate steel and outfit schedules.
The dashed lines in Figure 2 indicate that the System Schedule is developed

subsequent to and is constrained by the Hull Block Erection Schedule and

the more detailed Block Assembly Schedule. This dependence is just one
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result of the traditional treatnznt of outfitting as a successor function.

2. THE OUTFL1T PLANNING PROBLEM

Current practice in planning and scheduling ship production inherently
limits the ability to integrate steel and outfit activities. Tt results
in the bulk of outfitting work being performed in the erected hull, either
on the ways, after a block is closed in, or at the wet dock or outfit piecr.
Working conditions in the hull are not ideal because of factors such as
difficult access, limited space ia which to work, difficulties in adequately
venting noxiocus fum2s, and difficult work positions (e.g., overhead welding).
The workplace is typically conagested, with high material flow costs, and
often hazardous conditions.

It is now widely recoznized that many of these problems can be relieved
to some degree by doing more outfitting activities earlier in the production
process, i.e., either in the assembly area or in the shop (vendor) area.

To do this, however, requires a much greater integration of steel and out-
fit planning than has been the rule.

The fundamentel problem is to identify economically desirable opportu-
nities for preoutfitting. This requires answering two types of questions.
The first is related to feasibility, i.e., "Is there sufficient time and
resource available to do a particular outfitting activity in the assembly
or shop area, and is it technically feasible?" The second question is one
of economics, "Is it more economical to preoutfit this activity?" What is
needed is a systematic way to answer these questioms.

Any such evaluation procedure must have two essential components. The
first is a flexible work breakdown structure which will identify outfit
activities with their geographical location in the ship. The second com-

ponent is a methodology for selecting the appropriate work breakdown and

N o




determining & rfeasible schedule.

Th> ficst corponant relates chiefly to work methods, while the second
relates chiefly to scheduling. The required work breakdown structure has
been used for rany years in the most competitive foreign yards aad is de-~
scribed in detail in [8] and [9]. It is summarized in the following par~
agraphs. Thz mathodology for selecting a particular production plan aad
developing a Ifcasible schedule has not yet been developed from a quantita-
tive point of view. Section 3 presents a model of the associated decision

problem, and Appendin ) contains a mathematical statement of the model.

2.1 Product Oriented Worx 3reakdown and Zone Outfitting

The PWES divides the shipbuilding process into three basic types of
work, hull construction, outfitting, and painting, and further classifies
each type of work as fabrication or assembly. Interim products are clas-
sified by resource requirezents and certain product features such as type

of systen (e.g., lighting system) and zone (any geog

o (=

raphical division of
the ship). It is noted that PWBS bears a close resemblence to group tech-
nology. It is quite flexible and allows activities to be summarized in
many different ways.

Zone outfitting is to outfit activities what hull block construction
is to steel activities, i.e., it is a logical method for organizing the
work to improve plannimg #nd productivity. Zone outfitting incorporates

three stages for outfitting: on:unit, on-block, and on-board.

Outfitting on-unit refers to the assembly of an interim product con-
sisting of only outfit materials. Examples are water distilling unit,
fuel o0il purifier unit, pipe passage unit, pump room flat unit, etc. Out-

fitting on-~unit impacts the shop-~related resources and the material hand-

ling facilities. It may require additional labor and materials for struc-

~
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tural support to units to perait their povement to the asserbhly or ways
area-s. Tt also has s0we impact on hull conscruction progress since the
unit nust be laaded. However, "on-unit ountiitting should be given the
highest priority ... becanss assembly is perforimed in shops which provide
ideal climate, lighting, and access" [&].

Qutfitting on-block rofers to the installation of outfit components,
or uaits, in a hull block in the asserbly arca prior to its erection on
the ways. OQutritting on-block is more difficult than outfitting on-ualt

because ir requires caveiul coordination betwesa the steel acrivities and
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the outfit acrivi that there ara usually two distinct planning
and scheduling functions) and may impact the duraction of a block's occu-
pation of an asserbly arez.

Outifitting on-beard includes any required outfitting activity which

has not bean perinrmacd in either of the two provious stages. Although

outfitting on-bozrd doscribes outfitting as usually practiced, it alco

O

allows for non-traditional activities such as the connection of outfit
units or outfitted blocks.

Figure 3 illustrates the possible material flows among the zone out-
fitting stages. Both on-unit and on-block outfittingvstages correspond
to the previously defined assembly mode of production, although either one
could occur in a shop faecility. Similarly, the on-board outfitting stage
can correspond to sither the erection mode or the outfitting mode as pre-
viously defined.

Clearly, a full implementation of the zone outfitting approach requires
an outfit planner to think in terms of interim products, rather than systexs.
Furthermore, zone outfitting requires close coordination between steel and

outfit schedules. Thus, zone outfitting and PWBS are mutually reinforcing

- ~
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approachies to ship proluctioa,
2.2 The Qutiit Planning Troble:
-
Becausc zone outfitting delines various atages for out{itting, it
admits alternatives Tor the exccetion of outfit activities. Thus, the full

exploitation of the zone coutiitting concept reguires that production manage-
nent be able to resulve a2ll the alternative choices availeble. The problex
of choosing amongz the many available outfitring plans, which is ref:rred

to here as the outfit plaaning problen, is not currently faced by produc-

tion maragement in U.S5. snipyards, simply because options are not considered.

The following parazraphs begine to suggest the types of options that do exist.

Although there are cptions in zone outfitting, not every activity can

be performed in all three of the ocutfittingy stages. Thare are soma2 outfit

(s

ch are oaly instzlled in the on-board stage e.g., furnishings

=

components wh
and other similar wmaterials which are subject to damage or pilferage are )
always installed in the oa-bozrd mode. These will be desigrated on-board

components. Of the remaining corponents, some are associated with distri-

buted systeus, e.g., wireways or ventilation ducting, rather than distinct

units, e.g., pumps, wmotors, valves, etc. These will be referred to as non-

unit components, since outfitting on-unit is not appropriate. Finally,

there are the outfit components which could be identified by or associated

with a specific unit. These will be referred to as free components, since

any stage may be selected (although on-unit outfitting is preferred).

Note that these designations are fixed to some extent by design prac-
tices. For example, a given system consisting of, say, a pump and piping,

may be conceived and designed in several ways. If it is treated simply as

a collection of separate components which must be installed in the ship,
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then the components will have the "pon-uvnit” designation. Alternativelyw,

it the coxponents are viewod as Integral parts of a single unit or set of

" - "

ualts, then they will have the "free' designation. Chirillo and Jonson
[8] give exnmples of outfit components thzt may be associated with unics,

although this practice is not typical in U.S. shipyards.
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Althoush a free t comwponent can be associated with a specific

e

unit, it need not be installed in the on-unit stage. The component mnay
instead be inmstalled on-block or even on-board. Non-unit componeats wmay
be installed either on-block or on-board, but not, of course, on-unit. As
indicated in the outfitiing stage definitions, units may be installed
either on-block or on-buard. Tha2se relationships are summarized in Figure
4 where a three-way distinction is made between the component type, its
production stage, and th2 production location.

Qutfit planning rsquires, for each outfit component, a selection of
outfit stage. The selection decisions are constrained by a number of factors.
In particular, it is common practice to take the hull block erection schedule
as fixed when planning the outfit activities. For example, each hull bleck
has a fixed deadline for its completion, and at that point in time it is
lifted onto the ways for erection. Thus, all on-block outfitting planned
for that hull block must be completed before its erection date. Similarly,
if a unit is to be installed in the block, all the associated on-unit out-
fitting must be completed in time to allow the unit to be moved onto the
block and installed before the block erection date. Furthermore, if the
block “closes in'" any previously erected blocks, any large components (main

engine, diesel generators, etc.) must be landed in these blocks prior to

closing in.

The hull block erection schedule is a constraint in outfit planning




because of convention. It is also possible to treat the hull block erection
schedule as part of the decision process, i.e., if it were justifiable, =«
hull block might bo delayed to allew more on-block vutfitting to be per-
formed. This practice dees not appear to be in use currently ian the U.S.,
and is not ceusidered in the developmeats to follow. [t is, however, commen
in Japanese shipyards, and may be adonpted by U.S. yards in the future.

Another constraint which may affect outfit planning decisions in many
yards is the available lifting capacity. Outfit units and outfitted hull
blocks rmust noat exceed the safe lifting capacity of the available equipment.
Size is a sizmilar considzration, i.e., units must be sized in light of the
available accesss.

The effect of outfit planning decisions on limited yard resources must
also be considered. Amonz the resources to be considered are labor and
material availabilitv and production or storage space. VWhen determining
outfit stages, care is reguired to insure that the resulting production
schedule does not call for more labor than is available in each affected
craft and grade. Likewise, since production typically requires space and
fabricated components or units may need to be stored temporarily, the
available yard facilities must not be overcommitted.

These resource allocation considerations are perhaps the most difficult
aspect of outfit planning, especially in situations where multiple ships
are in production simultaneously. The reason is that in order to quar-
antee feasibility of the mode selections, a feasible schedule must be
determined. The selection decisions and subsequent scheduling decisions

interact in a complex fashion and cannot be made independently.

There has been no discussion as yet of the specific criteria by which

the outfit plan is to be evaluated. Several criteria may be considered,




all motivated by econonic considerations. Considerable cost savings are

rty

’ indicated [6, 8] for outfittiny on-unit and on-block, relative to outfitting

on-board. Tiese cost savings result fron lower skill requirements, better .

material access, less congestion, better cuality control, etc. One cri-
terion, which should be minimized, is to:al cost of outfitting.

Anothar result of increassed on-unit and on-block outfitting would be
reduced delivery time. Reducing delivery time is favorable to both owner
and builder, since the owner has use of his ship sooner and the builder

receives final paymant soonzr. In addicion, they both benafit frox the

it

reduced ". . . interest cos3ts for the substantial accumulating investment

represented by construction progress ani for achieving maximum utilization
of expensive facilities such as a building dock” [8]. Thus a second cri-

terion, to be minimized, would be completion time. In particular circum-

stances, yet other criteria mignht apply. l i

The outfit planning problem can now be stated more precisely as follows:

Given: (1) a catalog of the outfit phase activities for which

i
i
|
|
there are outfitting options; 1
(2) for each such activitw, a list of the outfitting ;
options, including time, resource and precedence 1
requirements;

(3) the ship delivery schaedule and any fixed milestone

deadlines;

(4) 1labor availability by craft and grade;

(5) facility capacities and availabilities (lifting,
dovered space, yard space, etc.); and

(6) other constraining factors (material availability,

rate of cost accumulation, etc.).

S e s e etueee ol s e, - vy T " -t
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Determine: The outfitting option to be used for each outfit pliase
activity considered, aloang with the nccessary schedule.

The outtit planning problem is one of salecting froz a nuicber of inter-

related options, a set of options that will satisfy the given resource

constraints waile optimizing some criterion, such as outfit costs or deli-

3. MODPL FORMULATION

9

Modelling the problem involves the usa of activity network models such
as CPM or PERT {29, 30, 31, 32, 33]. For practical as well as acadenic
reasons (sea, e.g. [14%, 241), only deterministic, i.e., CP¥-like, models
will be considered.

The use of deterministic activity metworks, or DANs [16], to model ship
production requires som2 assumptions about the ship building process.

Al: Ship specifications, such as production drawings, can be
coaverted into well definad, distinct work packages, or
activities.

A2: Assunming unlimited production resources, the only rela-
tionship between the activities is one of sequence or
precedence. An activity, "A," precedes another activity,

"B," if "A" must be completed before "B” can be initiated.
These two assumptions permit graphical representation of the relationship
between production activities. The one used in this research is the activity
on node, or AON, representation [16].

Note that assumption AZ does not linit the relationships between activ-
ities to precedence only. Other types of relationships are possible, for
example, two activities may require the use of the same limited resource.

A3: Associated with each activity is information about its
duration (including resource-time options), about its

requirements for various resources, and about its due
date (or completion deadline) if appropriate.




In order to use the DAN model in planning, it must include certain
information ahout the activities or work packages beyond precodence rele-
tionships. At a minimum, each activity has a given duration and resource
consumnption. In addition, it is often the case that the activity duration '
depends on the rate at which resources care applied, i.e., there are resourcs-
duration options. Start and due dates are often imposed bzcause of special
considerations beyond just the work content of the project, e.g., a hull
erection schedule.
A4: The various resources required to perform the activities

are explicitly defined and the availability of the
resources ovar the planning horizon is specified.

The resources required by the activities can be of two types. Some

resources are consumed as they are applied to production, e.g., steel vhich

is applied to a particular hull block. Any subcontracted material falls E

into this category. This type of resource must be available when the asso-

ciated activity is schaduled. IJ‘

The other resource type is available at a certain rate rather than a
total amount. For example, a given labor pool in a particular craft trans-
lates into a fixed number of man hours per day of that resource. Of course, A
over the long run, the number of man hours can be changed by changing the
size of the labor pool. Thus, this type of resource is not "used up" in
the same way that materials are.

Resources of this type present more difficult planning problems. One
reason is that the cost of the resource depends on the rate at which it is
used, i.e., if the resource is not fully utilized in some period, there is

a wasted resource cost. Thus, one goal is to schedule the production activ-

ities so that resources of this type are always fully utilized.

The classical DAN models, such as CPM, are inadequate for the outfit-
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ting planning problem because they are based on the assuaption of a single,
unanbiguous delinition or the activities. Tn contrast, the esseace of the
outfirt planning problen is to select a particular activity definition (i.e.,
select production wodes) from among all the available alternatives. It ill
be necessary to extead the DAN models to incorporate this additional coa-

plexity and to devaleop the corresponding extensions to the analytic

methodologies.

3.1 An Actiwvity Netwerk Model of the Qutfit Planning Problen

eilowing discussion is the development of a conceptual

Ing}

The goal of the

model for rhe outfi

[}
"J

lanning problem which is consistent with an activity
network based agproach to plamninz and scheduling. It must be recognized
at the outset that the process being modelled exists only hypothetically
and that the model does not represent any ewxisting process. It is appar-
ently the case that, at the present time, very few U.S. shipyards employ
activity network based planning or scheduling procedures in production,
thus, the proposed mcdel constitutes a significant departure from currently
standard practice. On the other hand, it is also apparently true that
interest in this type‘of methodology is growing in many U.S. shipyards, so
that the proposed model is in line with longrr term trends in the industry

and is based upon some elements currently recognized in the industry.

3.1.1 Defining the Activities

Current practice in U.S. production planning (f1], appendix 4) calls
for work packages of 200-2000 man-hours, involving a single craft or trade,
For comparison, the Japanese practice [8] is to define work packages of
40-120 man-hours. The following developments are based on the premise that

activity descriptions can be made at the level of the smallest fabricated
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componcnt and thuen aggregated as necesszarv. Furthermore, an activity, as
discussed in the previous sectioa, may consumne diffcerent resources, i.e

oy
it may involve two or more craits. The orzanizational and operational
ramifications of this departure from standard practice will be explored
later.

In developing the model, it will bz wvseful to maintain the distinction
between oucfit compon2ants, which are associated with the outfit materials,
and the outfit activities, which are assocziated with production, i.e.,

fabrication, assembly and installation. The outfit componznts were cate-

gorized as on-board, non-unit, or free, and outfit activities were classi~

fied as on-unit, on-block or on-board. The guestion which follows fronm
-this classification schema is, "How are the activities corresponding to a
given outfit component defined?”

A fundanental assumption about outfit planning is:

. . . . . . A
A5: On-unit outfitting is preferred to on-block outfitting, L
which is preferred to on-board ocutfitting.

This assumption implies that if there were no resource conflicts, or time

constraints, outfitting would always be done as early as possible in the
production process. It is the resource conflicts and milestone event dead-

lines vhich lead to deviations from this "ideal" outfitting plan.

Free Outfit Components

The free outfit components present the greatest latitude in planning
production since they may lead to on-unit, or oun-block, or on-board produc-
tion activities, or to 2 combination. As a consequence, these are the
activities that present the most difficulties in formulating the DAN model

of outfit planning.

The "ideal” outfitting plan would call for maximum usc of the on-unit




t.—-.'

stage, with the resulting vaits being installed whenover possible. Thus,
the followiny assuvmption is made:

Ab6:  The outfit planning process creates for the free outfit
components, a catalog of maxirally outfitted units. Tor
each unit, all the required materials, fabricated pieces
and assembly work elements ecified. The set of i
outiit work elements for a given unit will be referred to
as the rmaximum outfit set for the unit.
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A particular unit froxm this catalop will generate many individual activi-
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call that the individual activities way be aggregated

at a later step in the planning process). For example, each individual

component of thes unit must be either fabricated or purchased, resulting in
the definition of =2ither a fabrication activity or a purchasing activity. L
Each subasseably operation likewise results in the definition of a distinct

activity.

An implizit raquirement is that the units in this catalog are non- P
overlapping, i.e., no free outfit component is a component of more than
one unit. Thus, the definitions of the units themselves are considered
as fixed at =2n earlier stage in the planning process. .The problem of
selecting from among alternative unit definitions is included in the pro-
posed model in certain fairly restrictive situations as seen later.

It may be the case that selection of the on-unit outfitting rather
than on-block or on-board "induces" additional work elements. For exanmple,
additional bracing may be required to prevent damaging the unit during
handling and moving. Any such induced work must be reflected in additional
activities in the DAN medel.

Since the ideal outfitting plan may not be feasible given the avail-

able resources and nilestone event deadlines, it is necessary to specify

the alternatives to be allowed within the outfit planning model.

i E,,;-'_ iya L
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A7: For each unit, there is a set of outfit components which
represents the least amount of oa-unit outfitting that can
¢ don+ and still be economically justifiable. The asso-
ciated set of outfit work elements will be called the
minipun outfitting set for the unit.
This assumption implies that 1if a particular unit is selected from the
catalog for on-unit outfitting, it need not be completely outfitted. How-
ever, it will include at least those outfit work elements contained in its
mininun outfitting set. Associated with the maximum and minimum outfit
sets are related seots of outfit components, designated as the maximum and
minimen outfit kits.
A given unit may be assenmbled in the on-unit mode. If so, it must
include &ll components in its minimum outfit kit and it may include any

additional components in its maxinoum outfit kit. Any work elements from

the maximum outfit s2t which are not selected for on-unit outfitting must

be performed at a subsequent stage, i.e., either on-block or on-board. The
outfitted unit itself also may be installed on-block or on-board. If
installed on-block, its assemblv and installation must be completed before
the block erection deadline. !
These possibilities can be incorporated in a CPM-like precedence dia-
gram as illustrated in Figure 5. In this example, nodes 1l-4 represent the
purchase, fabrication, or subcontracting activities for outfit components
in the maximum outfitting kit for some unit. The components corresponding
to nodes 2, 3 and 4 are in the minimum outfitting kit for the unit, i.e.,
at least these components must be included if the unit is selected for
fabrication.
A component, such as the one corresponding to node 1 in the figure,
which is in the maximum ocutfitting kit has the following characteristic. }

It is a component which could be included in the unit fabrication and, in |




sjuouodwo) 3133InQ 901 10J TIpoW AITATIDY  °§ 2an31g

1tun uo Ity uo
. sjuauodwo) s3uduodwo)
pauog-ug s Teuo1ado ; 1vI300ssy
91 oTquISSY 9 ITqUISSY €
yoorg-up | .\
11
Jo7q~-u 3
patoy-un AP0T-UQ q
o1 s
pavog-ud N20TH-ug <
1 rv — 6
wO13I20a
_ : w01y NS, S

3

nILOG-1{)

//I/Iv HIO[ -0
N\

HO0Tg-UG ¢
DINOA-L) ey




23

fact, it woulld be dosirable to include it. However, if there are frustrating
civcunitan~es, for fxiapls, insu’7icieat fabricatioa lead tire or insuffi-
cient resources (lebor, equipuent, or material), then such a component may
be Lleft off tie unit, 1t is, in a s2nse, an auxiliary compouent of the
unit., Oa thoe othzr hand, components in the minimen outfitring kit are con-
sidzered essential to the uvait, so ~mnch so that they cannot be omitted from
th2 unit.

The activities represented in the diagran by square nodes are the ones

subject to the outfit planning decisions, which designate the specific stage

To insuve that comncne2ats produced by the first four activities in

Figure 5 are acrually installed, the outfit planning decisions nmust obey

selected from each of the sets:

component 1 is included;

component 2 is iancluded;

[ -
{53,9,14} ro insu

re that component 3 is included;

~~—
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-
=
[

-
o
w
-
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o
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nisure that component 4 is included;
1f activity 5 is selected, activities 8, 9, 10, 13, 14,
and 15 cannot be selected.
(2) Activity 6 can be selected only if activity 5 is selected;
(3) If activity 5 is selected, then either 11 or 16 must be
selected; if 5 is not selected, neither 11 and 16 can be.
If these three guidelines are followed, then a feasible solution will be

constructed for the outfit planning problem. Note that if an activity

is not selectad, it simply becomes a discarded option, i.e., it does not

affect subscquent scheduling or resource allocation decisions.




The cnaple Dllestrores additionel detall thet can be incorporated
T this tyvoe of maolel. For exnaple) bt fnoaddition to the rinirun outfit-
ting kit, cospenant Iowlso to b fnclalded in the on-unir ourfitting (i.c.,
sotivity 6 Lo solecto) the assvciated verx olement, activiry €, must he
coapleted by the fire the anit 1o iastalled, either on-ploce (Activity 11)
or on-bhoard (aotivicey 18). This is indicated by the precedence relation-
ahips (2, 23, (4, 1) and (6, 16).

In this wxample, thoere is a required sejuence for installing the out-

anaot bz installed until after components 3

[}
P
1
r
t
n

and % hove been inztzll-Zi) and component 1 cannot be ianstalled until after
conponent Z nas heon installed.  These restrictions are satisfied by regquir-
ing thet cecivivey 13 has 33 its predecessors, either 9 or 14, and either 10
or 15. Siiilarle, activitv 1Z has as predecessors either 8 or 13. Note
also that ir activity 5 is selected (i.e., the unit is assembled) then on-~

component 1 must follow installation of

block or on-toard
the unit.
Finaliy, note that the block erection schedule can be introduced into
the model sinply by specifying a due date for the unnumbered node corres-
ponding to block erection. One additional consideration was left out to
simplify the figure and the discussion. It might be desirable to treat
on-board outfitting as two distinct stages, one correspoading to pre-float
off outfitting and one corrasponding to wet-dock ocutfitting. This con-
sideration could be affeoted within the model simply by defining four addi-
tional nodes, one for each of the four outfit components, and adding the

necessary pracedence relationships. This is illustrated for the previous

example in Figure 6.
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Non=-Unit Outiis Comnonents

Shi)

Tie non-unlt outiit coapoaents involve fever preduction options than
the free outflt compoaents «nd it is theverore considerably easicr to
detine the alterpnrtive activities gencrated by them. In fact, non-unit

componanis geacrate a subset of the activiries generated b, frec compo-

A

nonés.  For instance referring to the cxample of Figure 5, suppose the

ities, which are activities 5, 6, 11, and 16, are
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To addicion o seuuencing requiraements among the non-unit components,

there oy als> be seguencing requirenents betveen the non-unit conponents
and certaln froz comnomoniie Oor thelr associated units. The various types

¢ surtmarized in Figure 7. As indicated in the figure,
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the model must account fur the possibility of sequencing requirements
between the noo~unit components and certain free components or their asso-

ciated uaits, as well as between the non-unit component and certain on-

i

board compono2nts.
As with the free outfit components, it is conceptually easy to extend
the model to allow two distinct on-board outfit stages. The illustration

will not be repeated.

On-Board Outiit Components

The on-board outfit components require no outfitting mode decision,
unless the possibility of two on-board stages (pre-float off and wet-dock)
are allowed, 1In this case, each component generates two alternative out-
fitting activities with precedence relationships as shown in Figure 8.

The requiremant, then, is to select exactly one of the two activities.
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$.1.2 Detining the Decisions and Constraints
The tundamenatal decision required in the outfit planning problen is

the options agsocziated with each outfit component. This

rry

the resoiution o

sclection decision considers the activity notwork and requives & cholce of

exactly oune of the alterpative outfit activities for each outfit componant
(and perhaps the resulting unit). The szlection decision must satisfy the
sequencing reguirements vhich are repressnted in the activity netwerk as

arrows. Tho gegueacing requirements are constraints on the selection

If thers ware ne Otner coastraints, the selection decision would b2
trivial bacause 0of assumption A5, i.e., each component would be outfitted

as early 4o possible ir the production process. There are, however three

major typres which may be violated by such a selection:

(1) [Tine] The sequencing requirements may lead to 2 longer
production tire at some stage than is available from the
given block erection and float-off milestones.

(2) f[iLzbor]l Even if there is sufficient time, the activities
selected to be perforired between two milestones may require
more labor hours than are available in the crafts.

(3) [Weight and Size] Even if there is sufficient time and
labor, the number of components selected for a unit or
the number of units and components selected for a block
may lead to a unit or block which is too large for the
available facilities or access.

The constraints on time and weight may be easily checked once the selection

decision is known. Suchk is not always the case, however, for the labor

availability constraints.
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In order to know whether or not a labor availability ceastraint is
satisfied, a schedule for the activities must be specificld.  tus, in

situations wvhere labor availlubility is a limiting factor, solving the

outfit planaing problen reguires naking a scheduliug decisica in addition

to the seloction decision.
The scheduling decision by itself is an extremely complex one. In
fact, given the selection decision, the problem to be solved in making the

scheduling decision is

&)
~
o

:source constrained CPY problem," [5, 12, 49, 50].

[N

At the prasent tire thove is no optimization algorithm capzble of solving
large instances of this tvrz of problem (see Beanington and cGinnis [5])
and based on recent results in combinatorics ([28], [44]) there is little
1z is possible. Thus, if solving the outfit plan-

ning problem requires a spacific scheduling decision, any practical solu-

tion methodology will b2 *euristic in nature.

3.1.2.3 Defining the Criteria
The final step in formulating a model of the outfit planuning problem
is to define the criteria by which solutions are to be evaluated. The

problem of evaluation is complicated by th. fact that there are two dis-

)

tinct kinds of decisions being made: outfitting stage selection and acti-
vity scheduling. Furthermore, a number of different viewpoints could be
considered, each leading, possibly, to a different criterion.

The viewpoint adopted here is that the outfit planuing problem is to
be solved in the context of a number of prior, exogenous decisions which
fix many of the outfit planning problem parameters. For example, the mile-
stone event times (such as lay keel, float off, delivery, etc.) are assumed

firxed, along with the detailed block fabrication and erection schedule.

e
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(Note, however, that this analytic frazework could be used in deciding on

the appropaiate nilestone schednle.) Resource availabilitics sre considered

as exogeinous factors.
Within the environment resulting from these cexopzenous factors, the
{ goul in outfit planning is nerrowzd to that of minimizing the cost of out-
fitting. Conceptually, then, all that is required is to estinate the cut-
fitting cost associated with each of tha outfitting alternatives. The best

outfitting plan is the cona with the smallest total cost. Tha goal of the

’

cheduling component of outfit planning is to maximize labor utilization.
This is accomplishad whan there are no periods in which the schzduled work »

content is less than the available labor,

While these two criteriz are concentually simple, their applicatio

3

ray be difficult., In the first place, they require a significant effort

in detailed estimation. The labor contsa:z, material and overhcad costs,

and duration must be estirmated for each of seoveral alternative outfit L

methods for a large nuzber of outfit cconponents. Current practice may

not require such a detailed estimate for =2ven one alternative. Clearly,
procedures and methods will need to be developed for aggregating outfit 4

components in the activity network and for semi-automating the estimation
at the necessary level of detail. The information required for this esti-
mation process will have to be accunulated over time &s there is more
experience with on-unit, on-block, and on-board outfitting.
A preliminaryv and crude approach to the first criterion is the follow-
ing. Assume that the savings to be rezlized by outfitting earlier in the
production process is a constani fraction of the total cost to outfit on-
board. The fraction could vary with the type of outfittinz (e.g., electri- :

cal vs. hydraulic systems), or with the total cost of the outfitting activity
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or sooe other factor.  The criterion then becowes one of mazimizing the

tutal saviugs over outfitting caonpletely oa~buard.

3.2 »odel Fvaluation
A matienztical wodel has been developed to describe the outfit plan-

1

ning nrobiea and appears in fppendix A. This rodel is in the form of a
mixed integer programmingz proolem and, consequently, it presents formicdable
difficultias in solution. In fact, recent theoretical development [28]
have been interpreted as indicating that such problems (referred to as
"NP-complete') cannot be solved optimally. Certaialy it is true that, cur-
rently, practical prohlems of this ilk are not optimized. There are, how-
ever, a numter of heuristic solution procedures which have been developad
aud used successfully to selwe similar problens (e.g., sece [37]).

Ocvicusly, rne molel by itself cannot lead to better outfit planning.
Vhat 1s required is a systeomatic implementation of the model. There are
several requirements for a successful implementation of the model, and
these can be more easily discussed by referencing the diagram of Figure 9.

One of the requirements for a successful implementation is an appro-
priate metheodology for solving the selection and scheduling problem for
given milestone events and resource availabilities. As was indicated
earlier, there is little hope for a general optimizing method for solving
this problem, so in the most general case, the solution procedure will be
heuristic.

The ~odel requires large amounts of information and generates large
numbers of detailed decisions. Thus, any practical implementation will
require a fairly detailed, production oriented data base to support the

solution procedure. Although many shipvards do not have such a data base

at the curreat time, the SPARDIS system used bv NASSCO [45] is one exarple




of the type of systen that would be required.

A thivd requirenent {s that the outfit planning process could in face
provide all the irnformation regquired in the rmodel. It apprars that a major
shift from current practice would bhe the idea of allowing (and therefore
planning for) several alternative ways to accomplish the outfitting tasks.
In aldition, the use of the on-unit, on-block, on-board approach to out-
fitting is not currently widespread, although it is being stronzly sup-
ported as a means for improwving productivity [8].

Givern that the zone ocutiitting approach has been adopted, defining
the alternative outiit activities discussed earlier should be straight-
forvard, albeit somawhat time-coasuminz. Observe that to a large degree,
the outfit elements are associated with particular blocks. Therefore, 2
activity network resembles a larg2 number of small subnetworxs (one for
each block) which are loosely connacted by milestone events. It will be

" the network definition into smaller, more nmanage-

possible to 'decompose
able tasks.

Figure 9 also indicates how the model might be used in practice.

The use of the model for planmning the outfitting of a ship as self-evident.
Probably as important is the use of the model to "replan' when there are
major deviations from the original plan, e.g. due to weather, change orders,
priority repair work, etc.

A final poiant of discussion is the benefit to be obtained by the use
of the model. The foremost berefit of the model, per se, is tighter plan-
ning and control of outfitting, resulting in higher productivity (and thus
lower costs). In project-tyvpe work, such as ship production, it is impor-
tant to correctly estimate the labor content of the work and thea plan the

work so that labor resource utilization is maximized. The proposed mod=l

[P
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provides a systematic means for coping with and coordinating the vast number

' of relationships which simply cannot be handled by an unaided human planrner.

A secondary benefit from the proposeld model is that it complements
and strengthens the implementation of the on-unit, ou-block, on-board '
approach to outfitting. It provides a systematic framework for identify-

ing opportunities for on-unit and on-block outfitting as well as for deter-

mining the technical and economic feasibility of outfitting plans.
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APPENDIN A:r The Mathematical Model

In developing the conceptual model, two typoes of decisions were
ideatified: selection dacisioas and scuednling decisions. Tt will be

convenient te fermelize the scleciion decisions first.  Associate with

1, 2, ..., X, N being the

s

each outfit compenent an index, i, where 1 =

toral number of outfit components. Similarly, associate with each out-

fit unit an index j =1, ..., ¥, and with each block an index b =1, ..., B.
The selection decisicns will be represented by indicator variables.

For a particular componext, i, the variables are:

(1 if component i is outfit on-unit

u
X, =
i - . .
(v ortherwise
b 1 if component i is outfit on-block
X, =
i .
0 otherwise
1 if component i is outfit on-board
h (in the hull)
X, =
i

Exactly one of the i~ "icator variables must equal one for any component.
However, not all stages czan be selected for each element. Therefore, group

the indices as follows:

F = set of indices of free outfit components
N = set of indices of non-unit outfit components
B = set of indices of on-board outfit components

These sets are pairwvise disjoint. Now the component selection decisions

must satisfy:




oy x? + o, o= 1 ieF (1) ;
i i i i
x, + x. =1 ie N (2) f

i i !
x};-——l ictd (3 !

Note that there is only ons on-board option. The model can be readily
extended to eallow for pre-float off and wet-dock on-board ocutfitting. In .

on is not included.

Jus

order to simplitv ths exposition, this extens

Thers are similar indicator variables associated with each unit: A
3
Vi S s s 1
1 if unit j is selected for assembly r
z, = :
]
7 0 otherwvise

1 if unit j is installed on-bloex

0 otherwise . J

1 if unit j is installed on-board

3 kp otherwise

Since a unit cannot be installed unless it is first assembled, the unit
selection variables must satisfy the following constraint:
h .
iy -z, =0 ¥ ()

3

The unit selection decisions and element selection decisions must be

tied together. Define the following index sets:

of indices of components in the minimum outfitting

laad
~
e
~
t
n
1]
[md

kit for unit j

of indices of components in the maximum outfitting

o
=
~~
[N
Nt
]
4]
1]
~

kit for unit j
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) S S P HE N (9)
i- () J

N u P v

) o= iz, <0 ¥ oj (6)
N 1 J -
1ei{3)

[ ' N . . L ~ "
where ';b‘ is the nunber of elements of the set S.

Coustralint (3, recuires that 1if unit j is selected (z. = 1), then all the

componsnts in the wl netficting kit for that unit also nust be sclected.

Coastraint (&, permics &ldirional cowpoavnts to be included in the unit only

If the unit is fabricated.

The consitaints {1)-(=: are logical constraiuts and narely guarantee

=-n the indicator variables and the decisions they repre-
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there 270 structural coastraints which must be satis-

fied. One of these i3 the precedence relationships defined by sequencing

P(j) = iad=zs sat of componants (units) which must precede

compenent {(unit) j in production.

Then the precadence constraints on the selection decisions are:

X+ 2D+ 3] - e+ 2x? + 3x?) <0 ie P3) )
b, h_,b, , h . _
yy ot 2y T (v, + 2y,) <0 je P(k) (8)

Constraints (7) and (8) require that for aany component or unit, its pre-
decessors must be outfitted or installed at the same or an earlier produc-
tion stage.

A seconi category of structural constraints limits the total weight

added to a unit or block. Note that these limits may be facility dependent,

N\ T ———




3%
foewy unity fabricate] in different shops may have ditferent weishe limits.
W u L.
i voEL T W ¥ ] 9)
N L= 1
L2MQ2) .
- f ul b T b
) ‘ 3 ‘lxi: v, o+ i WY < Wb ¥b (10)
. s PR ] « aag ' -
Jjotie M) ) o izt {(b)YUN(b)
waece:
v welzht added by ovifit element i
wj = maxinmun weight allowved for unit j
U(by = unitsg which go into block b
N(b) = subset of corponeats of N which zo into block b
F(b} = subset of compuon=ants of F which go into block b
W, = maxioun ocutfittin: welzht added to block b
b E

The first terz in constraint (10) 1is the total weight of units which are
selected for imstallatien un-block. The second term is the total weight
of corponants (not par: of a unit) which are outfitted on-block,
In order to deal with the time and labor availability constraints,
the scheduling decisions nmust be formalized. Define the following scheduling

variables:

e
]

scheduled start time for component i outfitting

D
]

scheduled time for completing unit j fabrication

scheduled start time for umit j installation

A
1

The scheduling variables must satisfy all the precedence constraints as well
as the scheduling limitations imposed by the steel schedule,

First, consider the constraints involving on-unit outfitting.

u u u

.+ d.x, - t.x; <0 ie P(j 11
toxg i%4 3 (3 (11)

u
i J -

u . - .
where di = time to outfit conponent i on unit.
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Conxtraiut (11) reguires that all predecessors of cosponent j wust be com-

' pleted Devore corpuaent j caw be cutfitted on unit.

S

u "wou
oxs A -0z voie M(J
l Li\j di ; j7j < 0 Ioe M(3) (12)

l Constraint (i2) raquiras all on-unit outfitting to be completed before the

unit itsels is compleced.

§
5 i

0, +d, —1, <0 ¥ 13
} 3 3 5 < 3 (13)
1
¥
} where ij = raterial handling delay for unit j.

§

H

: The installation of units and outfit components on~block must not

5 oaly satisfy precedonce but 'schedule window'" constraints as well.

)

? b, bb b

‘ .y, vdly, -1 <0 j € P(k 4
R A 3 (k) (14) |

% Do . . -

i where uj is the time= required to install unit j on-block.

? Constraint (14) forces the on-block installation of unit k to be after the

>0 ¥ j e U(b) (15)

where T: = earliest possible time for on-block outfitting on block b.

Constraint (15) forces the installation of the unit j to be after the time

when installation is feasible.

b bb f
o+ dy, = T 0 vV j b 16
45 37 b S j € U(b) (16)

where T; = latest possible time to complete outfitting on block b.
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Constraint (o) sets the deadline for on-block installation of units.

There are sirilar nrecedince and schedule window constraints for the

on-block outfitriny of free and noun-unit components:

b b b
t.x, +d.x, - t,
i1 i7i

These suze precedence and schedule window constraints are repeated for

both units and elements for on-board outfitting.

straints are:

.y, v
33 13
T, - T
3
here T, =
where lh =
T.yﬁ + dhyb
J° 3] 37]
f
where Th =

For the outfit components, the corresponding constraints are:

t.x? + db
iTi i
t.xX

i

t.x, + d?
i

X,

X,

J

ie F(p) UN(b),

h—
i

b
3

<

t

0

f
Th

h
X,

J

<

i e F(b) UN(b),

0

0

je P@i)

carliest possihle time for installing unit on-board.

¥ 3

latest possible time for installing unit on-board.

j e P(1)

¥b

¥b

For the units, th

(17)

(18)

(19)

cen-

(20)

(21)

(22)

(23)

(24)

(25)




[a addition to precedence and schedule window constraints, the sche-

s

duliuy decisions st be feasible with regard to thue resource availabilities.

resource availability constraints are quite difficult to formulate in

explicit terms, so the following approach

rodels in {5] and [11]).

is typically used (sce, e.g.,

Define the following:

Ae(t) = set of outfit components being outfitted at time t
Au(t) = set of outfit units being installed at time t
Licu = level of resource category c¢ required by component i
when outiittad on-unit
Tib level of resource category ¢ required by component i
when cutfiitced on-block
Coon = level of resource category ¢ required by component i
when outfitted on-board
rjcf = level of resource category ¢ required to fabricate unit j
rjcb = Jlevel of resource category c¢ required to install unit j
on-block
rjch = level of resource category c required to install unit j
on-board
Rct = level of resource category c available at time t.

Now the resource availability constraints

- u b
ieA %t) (ricuxi + Ticb®i
e
b
(e, .z, + Y, . vy.
jsAu(t) jcf i jeh’j

are.
+ richx.) +
h
jen’5? < Ree (26)

The difficulty with using such a constraint is that the sets Ae(t) and

Au(t) denend on the scheduling decisions.

In fact this is, to a certain

42
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dejree, the nub of the resource constralined project scheduling prohlem.

' The coustraints (1)-(26) can bz shown to bz reduadant., For example,

! if the scheduling related precedence coanstraints, (1l1)-(23), are satisfied,

then the selection related precedznce constraints,

' sarily be satisfied. Th
(7) and (3), is to allow
selection and scheduling

Since the critericn

(7) and (8), must neces-—
reason for including the redundant constraints,

for solution procedures which try to decouple the

specified for the outfit planning problem is to

minimize outfitting costz, define:
Ciu = cost of outfittiar elexent i on-unit
Cib = cost of outfitting elexment i on-block
Cih = cost of outfitting elexant i on-block
Cjb = cost to install unit j on-block
th = cost to install unit j on-board

The objective function for the mathematical wodel is:

Minimize

e 1

+

r u o, b h
(X * Cip®y F CypXyd
b h

) [C.b}j + thy.]
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