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LiST OF SYMBOLS

Representative age of units in path, yeare

Proportion of arriving units which branches, at a branch node, to

the path intended either for defective units or for maintenance

Proportion of arriving subassemblies which branches, at a branch ncde,

to the path intended either for defective units or for maintenance

Proportion of arriving defective units which branches, at a branch

node, to the path intended either for defective units or for
main.2nance

Proportion of arriving good units which branches, at a branch node,
to the path intended either for defective units or for maintenance

Representative age act which the majority of units arriving at a branch
node branches to the path intended either for defective units or
for maintenance, years

Number of components in identifiable or distinguishable assembly or
subassembly

Denotes components which belong to an identifieble assembly or sub-
assembly at a node

Number of units in path

Quality (proportion defective) of units in path
Weibull characteristic 1ife, years

Weibull slope or shape parameter

Denotes multiplication (-.;.,1;!(1 = X;+X)0X,)

On schematic diagram, denotes flow of scrapped units

On schematic diagram, denotes flow of replacement units

Subscript k Denotes component number

Subscript 1 or 2 Denotes path (1 = path intended either for defective

units or for maintenance, 2 = path intended either
for good units or for units not requiring maintenance)



1, INTRODUCTION

The high speed passenger train truck is required to perform a large variety
of tasks. These tasks include supporting and guiding the car, generating

the braking (and, frequently, the traction) forces, and providing an acceptable
ride to the passengers. Because the truck has so many functions, it is a
complex electromechanical system with many interrelated components. The

truck is consequently expensive to purchase aad can be expensive to

maintain.

A purchaser of a set of high speed passenger train trucks can determine
relatively easily the initisl purchase cost. It is much more difficule,
however, to determine how much his truck fleet will cost to maintain, The
maintenance cost problem is made especially difficult hy factors such as the
following:

o The maintenance cost is influenced by the maintenance policies
and procedures of the user as well as by the design of the truck.
The cost is also influenced by the type of service required of
the truck,

o The maintenance cost for a subassembly or component can be
influenced by the other subassemblies and components in the
truck,

0 The maintenance cost is prcduced by a combination of planned
servicings as well as by unplanned occurrences. The unplanned
occurrences are statistical in nature because they cannot be
predicted precisely.

0 The most important maintenance cost areas and components may
be difficult to identify and the maintenaace cost associated
with these may not be knowm.

© The maintenance cost typically will vary with time even for

a given use and set of trucks.



The difficulties associated with assessing the maintenance costs of a large
set of trucks motivates the development of an overall ¢conomic maintaina-
bility model. This methodolegy must incorporate, at the very least, those
factors which strongly influence any part of the truck cost or usage charac-
teristics. This report presunts such a methodology. The methodology --
the simulation cost model (SCM) -- is a consistent quantitative technique
which provides

o the annual total maintenance cost and breakdown of this cost

0 a qualitative and quantitative description of the maintenance
operation

0 a means of evaluating alternative designs and the economic
effect of specifications

0 a means of estimating transient (time dependeni) maintenance

costs and maintenance operations

o 1identification of the data which are required in applying the
technique (these data requirements are generally compatible with
those data typically available in the industry)

The simulation cost modelling technique was first developed under Coutract
DOT/TSC 917, which was concerned with railroad roller bearing certification
and diagnostics. In that work [l] - [2],* a single-component version of the
model was used to estimate annual bearing operating costs and to consider
the cost/benefit effects of certain diagnostic procedures. The model de-
veloped under that contract was subsequently generalized during work under
Task VIII of Phase II of the Track Train Dynnnics|(TTD) Program. In that gen-
eralization [3] - [5]. the capability to treat tha presence of defective

*
Numbers in brackets denote references (Appendix F)



units was added to the model. Another feature wac also added. That fea-
ture allowed the computer program of the SCM to be independent of the par-
ticular component and maintenance system being considered. During the TTD
work, the program was applied to freight car roller bearings, wheels, side

frames, and bolaters.

The SCM described in the present report represents a further generalization
of the technique. This generalization primarily involves adding the capa-
bility to consider many components simultaneously. The resulting SCM is
then applied to the trucks of two present-day high speed trains: the Metro-
liner and the Amcoach.

The present report is intended

o to reaview the high speed trucks which are candidates for
the maintenance methodology

o to present the SCM methodology

0 to describe the application of the SCM to the Metroliner (powered)
and Amcoach (unpowered) trucks

o to show the type of results available from the SCM, and

o to indicate how such results can be used.

Review of the high speed trucks is considered in Section 2. That section
is subdivided into 3 subsections as follows:

2.1 Literature Search
2,2 Design Analysis

2.3 Operational Framswork

The literature search is intended to identify all existing and near-term
passenger train trucks which are suitable for considerstion by the SCM,
Only those few trucks capable of providing scceptable ride quality for modern

-3.



lightweight rolling stock at speeds of at least 125 mph are relevant. From
the search, 41 trucks were identified. The literature search is also ircended
to categorize those relevant trucks in terms of generic design concepts. The
resulting characterizations are given in tabular form. The literature search
indicated that little published data exist which are directly useful for the
SCM.

The design analysis is intended to identify, with respect to each relevant
truck, the factors for which data are required. This identification process
is inflvenced to a considerable extent by the requirements of the maintain-
ability methodology being used. For the SCM technique, the data requirements
evolve naturally from a schematic diagram which describes the wuaintenance of
the truck. As a result, this subsection characterizes each relevant truck to
determine the nature of its maintenance requirements. This characterization
is in the form of tables. The characterization, together with the operational

framework, can then be used to generate the schematic diagram.

The operational framework is intended to provide thc operational and mainte-
nance conditions for the trucks. The contents of the operational framework
are also influence by the requirements of the maintairability methodology.
For the simulation technique, the operational framework is a description of
how the operating system (i.e., the railroad) acts to maintain its trucks.
This qualitative description is in the form of a figure. The figure, together
with the maintenance evaluation of the design analysis, can then be used to
generate the schematic diagram.

In Section 3. of the report, the SCM technique is described. The description
is given in terms of two of the major components of the technique ~- the sche-
matic diagram and the computer program. The section presents and defines the
SCM parameters for which values need be obtained. The scction also presents
an analytical background sufficient for a basic understanding of the technique.
At the end of the section, those schematic diagrams used for the Metroliner
and Amcoach trucks are given.



Section 4. of the report discusses and presents tne data used for trucks.
These data are identified in large part by the schematic diagram. The data
include maintenance intervals, operation practices, unit costs, etc. The
section includes a general discussion and a detailed description of how the
values of the SCM decision parameters are obtained from the available data,
The section also includes the resulting values for these parameters. At the
end of the section, the base case analysis for each truck is given. This baae
case inalysis 1s a description of the current (present time) maintenance costs

and truck maintenance actions.

The base cz e analysis forms the reference for sensitivity analyses (effects
on truck maintenance costs and operations produced by changes in the bage
case) and for simulations (projections of truck maintenance costs and opera-
tions). These sensitivity analyses and simulations are considered in Section
5. That section also describes how the sensitivity analyses are used and
Presents examples. In that context, the section treats the topic of truck
specifications and how such specifications are related to che SCM technique.

Conclusions and recommendations are given in Section 6.

Several appendices are included in the report. Appendix A gives the BASIC
program listing for the SCM and discusses how the program is employed by a
user. Appendix B describes the maintenance and data records for the Amcoach
fleet. Appendix C contains data obtained from the Canadian National Railroad
for the Turbotrain truck. Appendix D ligts areas appropriaste to truck speci-
fications and features which may be desirable in such specifications. Appendix
E 1s the report of inventions statement, and includes a brief discussion of
areas of S5CM applicability. Appendices F and G give, respectively, the refer-
ences and bibliography for this work.



2, SURVEY AND ANALYSIS OF TRUCK TECHNOLOGY AND USAGE

2,1 Literature Search

The literature search consisted of two parts -- a search of publishei litera-

ture and a manufacturer survey,
The search of published literature involved the aid of

o The Railroad Research Information Service (RRIS) Bulletins

o Two Computerized Indexes

= The National Technical Information Service (NTIS)
- The Engineering Index (EI)

o The Budd Company

The KRIS Bulletins (and manufacturer's literature) produced a list of 38
companies related to truck and/or truck component design. The Bulletins
also produced a number of papers which described several high speed trucks
or dealt with the area of truck economics. More papers of these types were
uncovered from the computerized searches. These searches are shown
schematically in Figures 2.1 and 2,2,

Figure 2.1 describes the NTIS search. The NTIS files con’air over 560,000
abstracts from the beginning of 1964. Figure 2.2 describer the ¥I search,
The EI files contain more than 412,000 abstracts fro:« the beg:mning of 1970.
The distribution of these abstracts among topics of some inte:est to the
present program is indicated in the figures. The shaded regioas in the

figures indicate those abstracts which are potentially applicable to the
work,

The computer searches showed that the shaded regions contained approximately
128 abstracts. A list of subjects of these sbstracts and those frem the
RRIS i{s given in Table 1.1, Of the NTIS and EI abstracts, 21 sppeared to
be of immediate interest to the program. These 21 articles xere produced
for further review. A list of these procured papers and those produced
from the RRIS Bulletin is given in the Bibliography (Appendix G).

.6.
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TABLE 2.1

LITERATURE SEARCH DISTRIBUTION RESULTS

Description of Related Subject Number of Articles
‘1. Train Truck Related 13
2. Economic 12
3. Design Studies (including TDOP)* 40
4. High Speed Vehicles (plus SOAC)™* 13
5. Instrumertation 8

6. Vehiclé Subassemblies (springs/couplers/bearings/

wheels) 13

7. System Maintenance 4
8. Freight Train _ 4
9. Locomotives 2
10. Miscellaneous not applicable to this study 42
' Total: 151

Y
*'Truck Design Optixization Project
State of the Art Car



The Budd Company has produced a report [6] on the dynamic characteristics of
high speed trucks. That report and discussions with Budd personnel pro=-
duced some of the trucks identified for the present work.

The manufacturer survey involved sending a letter of inquiry to the companies
mentioned above. A copy of that letter is given as Figure 2.3, Approximately
one-third of the companies responded. A summary list of these responses is
given in Table 2.2. Nine companies indicsted that they manufacture high speed

trucks.

The results of the literature search indicated that there is little published
maintenance data which are directly useful for the simulstion cost model.

The results did produce a list of 41 trucks* which could have been considered
under the contract. These trucks and certain information concerning the
trucks are listed {n Tables 2.3a - 2,3d,

Tables 2.3a - 2.3d have been developed such that they characterize the trucks
in terms of their generic design concepts. Each truck is given by a row

in the tables. The columns of the tables give the important features of
the truck. The columns show the country of origin, the manufacturer or

user, the maximum design speed, whether the truck is in revenue service,
indications of any special truck features, and descriptions of the
characteristics of its major subsystems. These subsystems are the pro-
pulsion system, the wheel sets, the primary suspension, the braking system
and the secondary suspension.

Due to time and budgetary constraints, definitive information for each
truck/column cosbination could not be obtained. As a result, many of the
entries in the table are to soms extent uncertain. Such entries are so

*Coq’.to as of April 15, 1977,

-10-
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SUBJECT: SALES LITERATURE PERTAINING TO HIGH SPEED RAILWAY TRUCKS

Gentlemen:

We are seeking to identify all manufacturers of high speed passenger
railway trucks. If you design, build, and/or sell railway trucks
capable of operation at 125 MPH (200 KM/HR) or greater, please indi-
cate this to us so that we add your company to our list of potential
sources.

We would also appreciate sales literature identifying your rail truck
systems and the address of your nearest distributor.

Thank you for your cooperation.

Very truly vours,

FIGURE 2.3 LETTER OF INQUIRY

~11-
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indicated by the symbols used for the table. The set of table symbols and
their definitions is given at the end of each of the tables.

The tables indicate that there is a considerable variation in the design of
the high speed trucks. This variation exists primarily in the suspension
arrangements, in the type of braking used, and the location of the wheels
with respect to the bearings. Such differences among the trucks are re-

flected in their maintenance requirements as shown below.

2,2 Design Analysis

The intent of the design analysis and of the operational framework (Sectfon
2,3) is to provide information sufficient to produce a schematic diagram,

In this section, the maintenance requirements of the truck are developed,

In the next section, the maintenance actions of the operating system (the
railroad) are developed. The schematic diagram for each truck-railroad com-
bination is then a description of how a particular railroad operates a
particular truck,

There is, in general, one schematic diagram for each truck-railroad combina-
tion. However, if the maintenance for one truck as used by a railroad is
the same as that for another truck as used by that (or by another) railroad,
then the same schematic diagram can be used for both truck-railroad combina-
tions, Consequently, the trucks are sharacterized to reveal similar mainte-
vance requirements for trucks which mey not appear to have much similarity.

The characterization of the trucks in terms of their msintenance require-
ments is, as above, accomplished by using a tabular format. Each truck

tor which sufficient information was available was considered in terms of
its components and in terms of several maintenance subjects. The result

for each truck is a table which describes the sequence of actions necessary
to inspect and to service each of its components. The table for sach truck
also identifies the major subassemblies to which each component belongs,

the typical defect modes for the component, and whether the component is
repairable. Tables for 17 of the 41 trucks were produced. In these tables,
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the colums reier to the components of the truck--the definitions of the com-
ponent numbers are given in Table 2.4. The rows describe the maintenance
subjects considered-~-definitions of these subjects are given in Table 2.5.

The entries in the tables are defined at the bottom of Table 2.4.
The maintenance categorization tables are given as Tables 2.6 through 2.22.

An example can be used to show how the tables define the maintenance actions
for a truck. Considering the Metroliner Table (Table 2.21) and component 7
(wheels), 1t can be seen from Row 1 that the wheel is part of subassemblies
B and C. From Row 2, none of these subassemblies need be removed from the
car to inspect the wheel. From Row 3, none of the components in subassembly
C need to be removed for inspection of the wheel. Row 4 indicates that,

to service the vheel, subassembly B must be removed from the car and sub-
assembly C must be removed from subassembly B. Row S shows that, for

ma jor service ({.e., replacement) of the wheel, the bearing and the wheel
have to be removed from subassembly C, Typical defect modes as listed

in Row 6 are wear, fatigue, and broken. Row 7 shows that it {s possible

to repair a defective wheel (e.g., by turning) so that the complete set

of actions culminating in wheel removal may not be necessary.

All of the components of interest for the present work are considered in the
maintenance categorization tables. Therefore, {f the maintenance policy
(1.e., the operational framework) of the railroad vhich operates the truck
is known, the tables and the policy together define the way the truck is
maintained. Sufficient information then exists to construct the schematic
diagrams of Sectium 3.

ional Fr. k

The operational framework was, for the purposes of this report, taken f0 be
that which describes the Amt -ak system, The rationale for this is that the
simulation technique typically will be applied to Amtrak's use of any of the
trucks given in Section 2.1. Therefore, the generation of an operational
framework for another railroad does not zeem to be warranted, even though
that framework may differ only slightly from that for Amtrak.
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3a
3b

3c

6a

6b

8a
8b

8c

10
11
12

< O

u

TABLE 2.4

COMPONENT NUMBER DESCRIPTIONS
AND TERMINOLOGY

Primary Springs

Secondary Springs (Coil or Air)

Secondary Hydraulic Damper

Friction Snubber

Primary Hydraulic Damper

Bearings

Frame

Axles

Gearboxes

Wheels

Brake Linings

Brake Actuator

Brake Disc

Pneumatic System - (Air Reservoir & Leveling Valve)
Alternator (Speed Transducer)

Bolster

Traction Motor

Components Which Go With Car When Detruck
Components Which Go With Truck When Detruck
Wheelsat — Axle — Bearing — Gearbox Assesbly
Yes

No

Uncertain

None

Blank Component Mot Contained In Truck
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TABLE 2.5

DESCRIPTION OF MAINTENANCE SUBJECTS

IN CATEGORIZATION TABLES

1. Assembly containing the component such that the assembly and component
are removed together for inspection or service.
2. Subassemblies that must have been removved previously for m_p_gg_um:
of this componert.
3, Components that must have been removed previously from subassembly
*
for inspection of this component.
4. Subassemblies that must have been removed previously for major service
of this component,
5. Components that must have been removed previously from subassembly
for major service of this component,
6. Typical defect mode: B = Broken, W = Wear, F = Fatigue
C = Creep or Bent, L = Leak
*
7. 1Is thc component repairable ?
*Impccti.on = The decision regarding vhether work on the
component is needed.
Repairable - Defective component which can be maintained,
i.e. by adding fluid, replacing subcomponents
(0 rings, brushes, bushings, etc.), straighten-
ing, shimming, cleaning, welding, remachining.
Nonrepairable = Dafective component which no design provision

for maintenance has been made, i.e. wear out
limits reached (side bearings, snubbers, brake
linings, etc.) scaled units (automotive type
shock absorbers).
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LE 2,13

MAINTENANCE CATEGORIZATION TABLE

Component

Y 225

Truck Type

-t )] ~ =2 (4] L' ~

13fgnyg dSueuau gy
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TABLE 2,15

MAINTENANCE CATEGORIZATION TABLE

Ccuponent

: BT 403

Truck Type

12

11

10

8¢

8b

6b

6a

BsC

BsC

BsC

B,C

- ~ - ~ "
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The operational framework for the maintenance of the Metroliner by Amtrak
is shown in Figure 2.4. This figure, which also is appropriate for Amtrak

in general, shows the manner in which a truck is processed for maintenance.

The figure indicates that the car in service is given an inspection in the
car shop., The results of that inapection can be routine service or some
amount of repairs. The repair can be in-place or can require removal of
the primary truck (truck frame and associated components). If removal is
required, this can be for secondary suspension repair or for primary truck
repair. In the latter case, the truck is further inspected and, if
necessary, disassembled to a greater extent. Upon completion of all
appropriate repair work, successive reassembly restores the truck and car
to service.

The specific actions taken within the several boxes of Figure 2.4 depend
on the individual characteristics and requirements of a particular truck.
It 1is at this point that the maintensance requiremants of Section 2.2
combine with the operational framework. The result is the schematic
diagram which describes Amtrak's maintenance of that truck. These diagrams
for the Metroliner truck and for the Amcoach truck are given in the next
section (Sectiom 3).

2,4 _Review of the Survey and Analysis of Truck Technology snd Usgge

The large number of sources used for the literature search and the
participation of the Budd Company in the literature search suggest that
a rather complete list of current high speed trucks has been produced.

The characterization of these trucks in terms of generic design concepts
is complete for such familiar trucks as the lﬁtrollmr, Turbotrain,
Pioneer III, E-60, etc, The characterization {s not complete for many
of the other trucks, particularly those msnufactured or used overseas.
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There exist 1little published maintenance data for any one truck. The
majority of such data have to be obtained from the user and manufacturer

of the trck.

The procedure for the maintenance categorization of high speed trucks has
been developed and applied. This procedure is directly suited to the develop-
ment of schematic diagrams for the simulation cost model. The application

of the procedure to each of the more familiar trucks is complete.

The nature of the operational framework in relation to the simulation coat
modelling technique has been defined. An operational framework for Amtrak
has been developed.



3., SCM MAINTAINABILITY MODEL

The SCM technique is, essentially, a representation of the maintenance
actions which affect the truck. This representation employs a schematic
diagram which describes how a particular railroad maintains a particular
type of truck. A computer program is used to implement the diagram and the
associated data. The data requirements for the computer program are

defined in large part by the schematic diagram.

The SCM technique calculates the cost per unit time (typically, & year)
required by the system under consideration (e.g., Amtrak) to operate the
truck under consideration., Operation includes both maintenance costs and
costs to acquire parts. The calculation invclves three parts: a schematic
diagram, the computer program, and data. Each of these parts is described
briefly below (technical descriptions of portions of the technique are given
in more detail in Subsection 1.3).

3.1 _Schematic Djigram

The schematic diagram identifies the truck-related p:rts of the system,

the interactions which involve the truck and its cocvoncr*s, and ioe -1.-
cistons which take place concerning tiis truck. Tc descri®s *»» schozzstc,

a very simple diagram can be used. This diagram .i fiiusi:eied i rigure

3.1. This figure is a simplified schematic diagram for a portion o¢ _.e rail-
road freight car roller bearing system. The portion showm * +r the costs
attributable to roller bearings because of hot box s~ - _,.

Several segments of the csystem are sh . .p the diugram. "In use" is
productive operation of the besr.u 3. "F.eld" includes actions taken
regarding bearings but asin_tated vith their prodactive use. '"Yard" refers
to the classification yard. "Wheel Shop”’ ir where demounting of the bear-
from the axle occurs. "Bearing Shop" i: where bearing maintenance occurs.

The figure indicates that bearings move from In Use along path 39 (uncircled
number). This path contains those bearings involved in hot box indications

Sl
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to the train crew. Path 40 contains those bearings whose hot box indications
have been verified by the train crew. Falsely setout bearings return to In
Use via path 41. The decision made by the train crew occurs at node (:). A
similar decision, made by the Mechanical Department, occurs at node @ . Hot
bearings eo verified at node @ move along path 42 to the wheel shop. At
the wheel shop, disassembly of the bearing from its axle occurs as does a
jJoint inspection. Some bearings are discarded at node (:) along path 47.

The remaining bearings are disassembled, sent to the bearing shop for service,

and eventually remounted on an axle and returned to In Use.

It is apparent from the diagram that the schema%ic wrely identifies and
illustrates how the truck (its roller bearing in this example) is used. The
movements within various parts of the diagram are along the paths. Each path
is characterized in terms of flow rate (e.g., bearings per year), age, and
quality. ‘The quality, in turn, is defined as the proportion of those com-
ponents in the path which are defective by AAR or by Amtrak rules. Each

path can have an associated cost.

Nodes identify points at which path flows divide (branch points) or join
(sumsation points). At each branch point, a decision affecting the truck

or its component occurs. This decision can be the proportion, C, of ar~
riving units which moves along one of the two departing paths. The de-
cision can also be for the proportion, D, of arriving defective components
correctly called defective and for the proportion, E, of arriving good com-
ponents erroneously called defective (see Subsection 3.3 for a complete dis-
cussion of these points).* At summation points, no decision affecting the

component occurs.

*The symbols —, +, ?, and S are not formally part of the SCM technique. They
are intended as an aid for this example and are defined as follows:

+ Denotes flow of components whose condition is acceptable.

— Denotes flow of components whose condition cannot be made
acceptable.

? Denotes flow of components whose condition is not acceptable.
This flow contains "-" components as well as those which,
with suitable rework or repair, can be made acceptable.

S Denotes flow of components which, with suitable rework or
repair, can be made acceptable.
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The example used for the discussion above contained only one component (the
freight car railroad roller bearing). The present program is concerned with
the entire high speed passenger train truck. The essential difference is
that, in the high speed truck case, a large number of components and their
interactions must be considered simultaneously. This requires a more com-
plex schematic diagram (and associated computer program and data). A part

of such a diagram {s shown in Figures 3,2 - .4, The schematic diagram is for
the Metroliner truck.

A3 with the freight car roller bearing example, the schematic of Figures 3.2 -
3.4 considers individual portions of the maintenance system. These portions are
"In Service", "Car Shop" and "Truck Shop". Each portion is shown on a

separate page to allow preparation of the schematic diagram in a "medularized"
fashion.

The notatior for the truck schematic is similar to that used above for the
roller bearing example. The paths, uncircled numbers, indicate movements
of truck components. In general, all of the components can be associated
with a particular path (if there are twelve truck components, each path
can represent, simultaneously, twelve flows), Each of the twelve flows con-
sist of three quantities - the number per year for the particular component,
the representative age of the component, and the quality (proportion defec-~
tive) for the component flow.

The points at which the paths separate or join are identified by circled
numbers. Joining points are sumsation points. Separation points are
branch or decision points - at these points decisions and appropriate data
are required. These data can consist, for each component at each node, of

a) & value for the parameter C
b) values for the parameters D and E

c) a value for the parameter G (described below)
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d) a specification of which components comprise a subassembly which

is treated as a unit (described below)

e) any general function (nonlinear, time dependent, etc.) which
describes the action concerning the component which occurs at

the node.

Typically, data of the form a)-d) are sufficient to describe the actions
concerning each component which take place at the branch node. De:ision

a) is the simplest and specifies that a proportion C of the arriving flow

for the component branches io one of the outgoing paths. Decision b)
specifies that a proportion D of the arriving good flow for the component

and a proportion E of the arriving bad flow for the component branch to

one of the outgoing paths. Decision c) specifies that the proportion of

the arriving flow for the component which branches to one of the outgoing
paths d:-pends on the representative age in the arriving path. Specifically,
the najority of the flow switches from one of the paths to the other path
whon the representative age in the arriving path equals the G value apecified.*
The data d) specify component interdependencies. For example. if a truck 1s
removed from a car because of, say, a wheel problem, the wheel and the other
components of the truck must be removed from the car simultaneously. The
dr.a d) preserve the identity of distinguishable subsystems such as the truck
or the wheellet.*

In general each path will have a cost or costs associated with it. Typically
the cost will be given in terms of the dollars per each component on the path.
In certain cases, the cost will be given in terms of the dollars per each de-

fective component on the path.

To 1llustrate the meauing of the schematic diagram, consider Figure 3.3. This
figure shows the maintenance actions that are taken for the Metroliner when
it enters the "Car Shop" or maintenance facility. Upon entering the Car Shop
(Path 36) the truck is inspected. If no problems requiring maintenance are

*
See Subsection 3.3



detected, all truck components move along Path 38 for minor and periodic ser-
vice. If problems in particular components are encountered, these “problem
components” and their associated trucks are moved physically in the shop (rep-
sented by Path 37). At node 11, problem components [g} . f;: . ;2; , and tgﬂ
are separated from the rest, i.e., along path 39, (See Table 3.1 for the
defiritions of which components are associated with the numbers in square
boxes.) Their associated good truck components also "move" along path 39.

The problem components are repaired on path 40. 1If necessary, some of the
problem components are scrapped (path 16) and replaced (path 4). The other
problem components and their associated good components move along path 42.

On this path, the truck is removed from the car. Problem components [z}. [:].
and and their associated good primary trucks are treated on paths

43 - 45. Problem components . . E. @. m, and and

their associated good components comprise the primary truck. These are

sent to the "Truck Shop" for further action. Actions similar to those
described above take place in the truck shop and, subsequently. in the

electrical shop and wheel shop.

3.2  Computer Program

The computer program has the task of implementing the schematic diagram and
of performing the tasks described previously.

The program, written in the PFASIC computer language, has the capability
of producing the following outputs:

a) Printout ot schematic topology
b) Computation of the base or reference case
c) Sensitivity analysis

d) Prediction of future truck usage and costs

Each of these outputs is described briefly below.

The computer program is completely independent of the particular truck and
operating system (e.g. Amtrak) which are being treated. The computer pro-
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TABLE 3.1

COMPONENT DESIGNATION

PRIMARY SPRINGS

SECONDARY SPRINGS

DAMPERS

BEARINGS

FRAMES

AXLES/GEAR BOXES

WHEELS

BRAKES

PNEUMATIC SYSTEMS

ALTERNATORS

BOLSTERS

MOTORS
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gram first accepts data which define the number of components in the truck,
the number of nodes, the number of paths, etc. The program then accepts
data vhich define the topology of the schematic diagram (the node and path
numbering, the manner in which the paths are connected, tec.). The program
then "assembles'" the schematic diagram numerically during the execution
process. In order to assess whether the node and path data have been
correctly specified, the user can request a printout of the topology of the

schematic diagram. This printout contains, for each node, the information:

1. Node number
2. Branch node number (in terms of a sequential numbering of
all branch nodes)
3. The paths associated with the node.
4. The rework (if any) associated with the path(s) from the node

and the component(s8) being reworked.

I1f the printout of the topology 1s found to agree with that necessary for
the schematic being treated, the computer program is instructed to compute
the base or reference case. This base or reference case is a description

of the present annual truck usage and costs. To perform the computation,
additional data are needed by the program. These data are the values for
the decision parameters for each component at each node, the unit coata* for
each component on each path, and the number, representative age, and quality
(proportion defective) for each component in the populatiom.

The base case results from a "sweep" through the nodes of the schematic.
Starting et node 1, the variables on the path out of node 1 are computed.
These variables are the number/year, representative age, and quality for

each component on the path. At node 2, a similar computation is made for

the variables on the output(s) from node 2. The computation proceeds node by
node - if the node under consideration is a branch node, two paths leave from
the node and the decision parameters for that node are employed. If the node
under consideration is a summati{on node, the values of the variables on the
one leaving path result frum the values of the variables on the two input
paths. During the sweep through the nodes, the program accounts automatically

*It should be noted that additional data, Lf available, can be used by
the model, For exsample, nonlinear and/or time varying representations
for the path costs, decisions, etc. can be employed directly.
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for such events as reworking of components on particular paths and discarding
of components on other paths. (Discarded components are compensated auto-

matically with flows of replacement components.)

At the end of the nodal sweep, the paths of the schematic are reviewed to
assess the path costs. In this, the unit cos: data are employed. For each
path, the number of components, number of good components, or nuvmber of bad
components, together with the unit costs, determine the path cost for each
component of the truck. A summation over the components and then over the

paths produres the annual operating cost for the base or reference case.

The reference cas: is generally that used in the production of the sensi-
tivity analysis. The sensitivity analysis is the change in annual system
operating cost produced by a change in a decision parameter or in a unit path
cost. It has as its primary purpose the identification of decisions and cost
elements which most affect the system operating cost. Such an identification
can be very helpful in determining which data values should be most accurately

estimated.

To produce the sensitivity analysis, the reference case is automatically
run repeatedly -- for each run the values of all C, D, E, G, or unit path
costs are varied slightly. The results are the ckange in total operating
cost (wmaintenance and acquisition cost) associated with a 1X change 1in

o the number of units branching to one of the outgoing paths at the
node (C decisiom), or

o the number of defective units branching to one of the outgoing

paths at the ncde (D deciaion), or

o the number of goou units branching to one of the outzoing paths
at the node (E decision), or

o the oumber of identifisble subassemblies branching to one of the
outgoing paths at the node (K$ decision - See Section 3.3
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o the age at which the majority of the units switcliies from one of the

outgoing paths to the other outgoing path (G decision), or
o the unit path cost for each component .

Prediction of future truck usage and costs involves using the computer program
in its dyrdmic simulation mode. In order to run the SCM in this mode, data

in addition to those mentioned above are required. These data are, for each
component, its Weibull slope, its characteristic life, and the rate at which
its population size is planned to change with time.

To perform the simulation, the program performs the following steps:

1. Using known values of the time, decision parameters, and the
size, representative age, and quality (proportion defective)
for each component's population, the program does calculations
as for the reference case. The results of this are the number,

age, and quality for each component on each path.

2, For each component and each path, the program computes the
associated cost. A summation over all paths gives the annual
operating cost.

3. The rates of change of the population size, age, and quality
for each component are computed. These rates of change are
used to predict the size, age, and quality (the state variables)
for each component at the next time of interest.

4. At the next time, steps 1 and 2 are repeated. Since the
decision parameters and individual paths costs can vary with
time and/or with population size, age, and quality, a new set
of flows and costs are computed. Continuation of the process
produces & dynamic simulation projection of component usage
and cost at future times.
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3.3 Details of the Branch Node Decisions (Parameters C, D, E, K$, and G)

The characterization of each component on each path in terms of quantity
(number per year), representative age, and quality (proportion defective)
allows relatively general decisions to occur at each branch point. The
decisions can be nonlinear functions of time, of the number of units in

the arriving path, of the representative ages in the path, and of the
qualities in the path. From the set of possible decisions, four are deemed

to be representative of actual events which involve the truck. These are:

1. The decision made for a component (component k) is not
dependent on its quality in the arriving stream.
Specifically, if Nk units per year arrive at the node,
Cka units branch to one of the outgoing paths and
(l-Ck)-Nk units branch to the other outgoing path. The Ck
value defines the decision and can be obtained either
directly or indirectly from available data. 1In general Ck

can be a known function of time.

2. The decision made for a component (component k) is dependent
onits quality in the arriving stream. Specifically, a pro-
portion Dk of the arriving defective units are correctly
classified as defective and a proportion Ek of the arriving
good units are incorrectly identified as defective. If “k
units per year having a quality of Qk arrive at the node, then
the proportion Ck of arriving units which branches to the path
intended for the defective units is given by nqu+zk~(1 - Qk)‘
In addition, the quality Qlk on that departing path is
Dk Qk/(nka + Ek'(l - Qk))' The proportion which branches
toward the other departing path and the quality on that path
are uotained from conservation-of-flow requirements at the
branch point. The values of nk and Ek define the decision
and can be obtained either directly or indirectly from
available data. In general, Dk and Ek can be known functions
of time.

-84~



3. The decision made for a component (component k) is dependent
on the representative age, Ak’ of the component in the arriv-
ing stream. Specifically, the decision to switch the majority
of the flow from one of the outgoing paths to the other out-
going path is made when Ak is equal to Gk' 1f Nk units per year
arrive at the node, then the proportion Ck of arriving units
which branches to the path intended for defective units is
given by Ak/(ZGk). In addition, the representative age Alk
on that departing path is 2°Gk. The constant Gk defines the
decision and can be obtained directly or indirectly from avail-
able data. In general, Gk can be a known function of time.

4. The decision made for a component (component k) is affected
by the decision made for other components at the branch point.
The interelationship arises because these components,
identified in the nodal data by the parameter K$, are part of
a distinquishable subassembly. For any such component, if Nk
units per year having a representative age*of Ak and a quality
of Qk arrive at the node, the proportion C of each which
branches to the path intended for defective units is c*-l-{Ki-Ck).
The product is taken over all K components in the subassembly.
The representative age and quality on that departing path are
respactively

Mgy CJC* + %(1-%/0) and
9 - szqlk

Qlk'ck/c* + (I-Cklc*).

The quantity ck is that of 1 (or the equivalent ck of 2 or 3) and
is evaluated prior to the coupling of the decision for component

k with those for the other components in the subassembly.
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The expressions in 1 and 2 are easily obtained by considering Figure 3.5.
This figure siows an arriving stream having a flow of Nk units per year
and a quality of Qk' The flow towsrds path 1 must be

Niie ¥ D@ + B - (1-Q N
The proportion which branches towards path 1 is then

Mk PNy + B (-Q N

= = . =D Q + E1-Q)
% N, N, Kt OEA-q

The flow of defective components on path 1 is DkaNk. Consequently the
quality on path 1 is

. = M | PN

D%
Dka + Ek‘ (I-Qk)

The expression in 3 above arises from the requirements that the flow be
equally split to the two outgoing paths when Ak = Gk and that the flow to
the path intended for defective units be zero when Ak = 0. These require-
ments are satisfied by the straight line Ck = (1/2 Gk)-Ak.

The straight 1line also gives Ck =1 at Ak = 2-Gk. Consequently, if the age
on the path intended for defective units is set to 2-Gk, the Ck values at the
downstream age decision nodes are equal to 1. Consequently, downstream age
decisions (e.g. - reworking or discarding) are properly produced by upstream
age decisions (e.g. identification of trucks with an overage component).

The first expression in 4 can be obtained b regarding the ck decisions for
the K components in the subassembly to be statements of probability. For
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component k, the probability that a given unit will branch to the path
intended for good units is 1—Ck. For all components in the subassembly, the
probability that, treated individually, all units will branch to that path

18V(I-Ck). Because these components are part of the same subassembly, ail
must be intended for that path if the subassembly is to branch to that path.

As a result, the proportion of arriviag subassemblies branching to the path

intended for good umits is ‘T((l-ck) and the - rovor:ion of arrivinz subassemblies
branching to the path intended for defective units is 1 - 'r{(l-ck).

The relationships for age and quality in & can be obtained by considering the
additional units required to produce complete subassemblies. For component k,
the number of units branching to the path intended for defective units is Cka

if the component is treated individually. The associated age and quality for the
comporent on the path are Alk and Qlk' The incre:se in the number of units on

th. path to maintain integral subassemblies is (C -Ck)'Nk. This increased number
has an age and a quality equal to the ones in the outgoing path 2 (see Figure 3.5),
Consequently, the age and quality on the departing path intended for defective
units are changed from

A 4 Ol
C.N ané “CcN
Wk Wi
to
A,,C.N + C* C, C,N, + C* N
1 Rk * A€ N awd St Bi€© -GN o))
ek 2k Tk L lkkk 2kt TRk
cka + (C -Ck)l‘lk Cka + (C -Ck)Nk

where C*Nk is the total number of units on the path, The quantities A, &nd
sz are the age and quality on the outgoing path 2 before coupling of the
decision for component k with those for other components in the gubassembly.
The quantities Azk and sz can be eliminated frowo the above expressions as
follows. The number of units on the outoing path 2 for component k, treated
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individually, is Nk(l-Ck). The representative age and quality of these units
are determined by the ages and qualities on the input path and on the outgoing
path 1 (see Figure 3.5). These are
N, = A_ N
e A At

2k N2k

QN - Q. N
" T 1 1
%k N

2k

or, after using le = CN and N,, = Nk(l-c

Wk 2k Y

Ay, =2 A

N (1-Cp)
Pl T
2% © TN, (1)

Upon substitution of thcse equations into expressions (1) above, the relationships
in 4 result.

L S tic Diagr

The simulation cost model is being applied in the present work to two

trucks. These trucks are the Metroliner truck and the Amcoach truck, A
portion of the schematic diagram for the Metrolinmer truc* was presented

in Section 3.1. The complete schematic diagram for this truck is given in
Figures 3.6 to 3.10. Table 3.1, which identifies the component numbers in the
schematic, is repeated for convenience as Table 3.2,

The schematic diagram for the Amcoach truck is given as Figures 3.11 and 3.12.
The table which identifies the component numbers for the Amcoach schematic
is given as Table 3.3,

It can be observed from the Metroliner and Amcoach schematics that the Metro-
liner schematic is the more compiex. There are two reasons for this. The
first reason is that the Metroliner truck has more components (e.g., motors,
gearboxes). The second reason is that the Mstroliner maintenance facility
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1s complex - maintenance is performed on nearly all truck componeats. The
Amcoach facilities are not as complex (as concern the truck) - inspection

and maintenance are performed in one track area and only on certain compon-
ents. (Amcoachk servicing involves replacement of brake components, suspen-
sion components, or wheel-axle assemblies. Secondary suspension springs and
air bags are replaced by jacking up the car body - the truck is not removed
from the car. If wheel-axle assemblies are defective, the entire assembly is
removed and replaced with another wheel set. The wheel set includes the

vheels, bearings, axle, and disk brake plates.)

An attempt has been made to keep the Metroliner and Amcoi.h schematics as
gsimilar as possible. Such sirilariiy aids in the preparation of data and in
the interpretation of results. For this reason, the same node numbers and
path numbers have Yeen used in similar places on the two diagrams. Also, the
same numbers have been used to id-ntify corresponding components in the two
trucks.
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TABLE 3.2

COMPONENT DESIGNATION FOR METROLINER

PRIMARY SPRINGS

SECONDARY SPRINGS

DAMPERS

BEARINGS

FRAMES

AXLES/GEAR BOXES

WHEELS

BRAKES

PNEUMATIC SYSTEMS

ALTERNATORS

BOLSTERS

MOTORS

BEAEERNEEMHEMNR G
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10

11

TABLE 3.3

COMPONENT DESIGNATION FOR AMCOACHES

PRIMARY SPRINGS (RUBBER RINGS)

SECONDARY SPRINGS (STEEL AND AIR BAGS)

DAMPERS

BEARINGS

SIDE FRAMES (WEAR PADS)

AXLES/BRAKE DISKS

WHEELS

BRAKE ASSEMBLIES

PNEUMATIC SYSTEMS (AIR BAGS & LEVELING VALVES)
DECELOSTATS & SPEED SENSORS

BOLSTERS
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4., DATA COLLECTION AND BASE CASE ANALYSES

In this section, the data used to produce the base case analyses for the
Metroliner and Amcoach trucks are presented., The section alsc presents

the base case analyses which are produced by the SCM,

The data to be collected for a given truck include maintenance intervals,
inspection practices, unit costs, and component reliabilities. However, the
data available for one type of truck need not be the same as those available
for another truck. Maintenance actions and record-keeping can vary among
trucks even within a given operating organization such as Amtrak., As a
result, the data which can be obtained for a truck can be identified only
after some study of the truck and its maintenance actions. From such a data
set, the values of the parameters needed to run the model must be derived,
This requires a flexible technique for determining the parameter values so
that a variety of available primary data can be utilized for the computer
model. Such a technique is described in Section 4.1,

Section 4.2 presents the data obtained for the two crucks. The majority of
those data are the unit cost data and the flovudeci;ion data. The section
also gives the resulting values of the parameters used in the simulation
model for each truck.

The base case analysis for each truck is given in Section 4.3,

4,1 Determination of Values for the SCM Parameters from Available Data

Section 3 considered the data that are needed in order to produce a
base case analysis. These data are the values of the unit rosts for each
path, the decision parameters at each branch node, and the number, represen-

tative age, and quality (proportion defective) for each component .n the
population,

Of these data requirements, the unit costs are the easfest to obtain and
the wmost straightforward to describe. Typical unit costs are the cost to
turn a vheel, the cost to inspect a truck for specific defects, the cost to
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purchase a new damper or spring, etc. Unit costs 3enerally are given in
terms of dollars per component or dollars per sub:.zambly, although any non-
lincar cost relationship can be used.* Values for unit costs can be
obtained in a number of ways. Purchase prices are determined from vendors
or from purchase orders, Labor costs are calculated from the time to do a
specific task or set of tasks and generally include appropriate overhead
factors. Frequently, standard labor times or rates for particular tasks
can be employed.** Shipping costs can be estimated using the distances
between maintenance facilities and the mode of transportation enployed.
Inventory, facility, and delay costs can be produced by using conventional
accounting costs and by associating these costs with the components or sub-
assemblies responsible for those costs.

Obtaining values for the decision parameters at each branch node is more
difficult, These decision parameters are the C, D, E, K$, and G quantities
described in Section 3.3. In general, these parameters 1efine, for the units
arriving at a branch node, that proportion which branches to one of the two
departing paths. For some branch nodes, these proportions may be obtained
directly from the primary data. As an example, inspections are generally
given periodically (at fixed intervals of time) to each truck in a fleet.
This process is equivalent to requiring that a knowm percentage of the truck
population or of an arriving path to a branch node branches to the inspection
path, Numerically, if each truck in a fleet of 120 trucks is inspected
monthly, and {f all trucks arrive once a day at the place where those to be
inspected are selected, then the proportion of those arriving wvhich {s in~-

spected (the "C" value) 1is }g?—.:;gs = 0.0329.

For many branch nodes, the values of the decision paramsters camnot be ob-
tained directly from the available data. In such cases, the numbar of com-
ponents and their quality (proportion defective) in some paths at a specific
time may be known. However, the decisions made at the branch nodes which
produced these component flows are not known. As an example, generally the
number of components scrapped or rcworked is known. Also, the proportion
of these components which is ¢rfective at scrapping or prior to rework is

*An example of such a nonlinear relationship is a unit cost dependence cn
the number of units purchased or processed,

*%
An example is the CRB (Car Repair Billing) System used by the rail freight
industry. .
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known. However, the D and E values at the upstream branch nodes which pro-
duced the scrap flows are not known. To complicate matters, ‘t 1is nossible
that component flows may be known on some, but not all, "aths } twean t 2
input path to a maintenance facilitv and the scrap ath from .at .a Iity.
As an example, the number of wheels turned in the wheel shor ney - xnown,
but the number of wheels associated with other operations ' - - shop

may not be knownm.

There is a further complication, At many branch points in the scaematic
diagram, it is necessary that complete subassemblies depart on the outgoing
paths. Such a case exists, for instance, for the branch node* just prior to
the wheel shop., In that case, comple:e wheelsets (e.g., 2xle, bearings,

and wheels) must leave the node in order to arrive as complete wheelsets

at the wheel shop. For these branch nodes, values of decision parameters
for the individual components must be produced from primary data consisting
of flows and qualities for the complete subassemblies. (It is the decision
made for each component of the subassembly which, when coupled with the
decisions made for rhe other components of the subassembly, determines the

number of subassemblies on each outgoing path.)

The above consideraticns suggests the need for a flexible technique to compute
the values of the nodal decision parameters for situations in which the
primary data consist of flows and qualities, This technique has been de-
v2loped. It consists of a BASIC computer program (Appendix A) for uperation
interactively on a minicomputer. The computer prow-am allows the user to
enter known flows and qualities for paths surrounding a node. The program
then computes the remaining unknown flows and qualities on these paths,

If the component being considered at the node is not part of a subassembly,
its C, or D and E values are computed directly, In this relationships given

ese
in Section 3.3 are used. If the component being considered is part of a dis-
tinguishable subassembly, the following method is employed.

*Node 22 for the Metroliner

*goe Section 4.1.1 of this report for a rwre detailed discussion of this calculs-
tion process.
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For a coxponent which is part of a distinguishable subassembly, the program
estimates the proportion (of that component's arriving units) which branches
to the outgoing path intended for defective units. This proportion applies
orly to that component; 1{i.e., the decision is not coupled to others for the
subassembly., However, the proportion satisfies a constraint. The constraint
{s that the coupling of the decision for this component with those for the
other components in the subassembly produces the known flow proportion for
the entire subassembly at the node. The estimate is made by treating all
components in the subassembly as equally likely to cause the subasscmbly to
be sent on the outgoing path intended for defectives. If not all the com-
ponents in the subassembly are equally likely to cause this, that estimate
can be overridden.* To override the estimate, the user specifies the exteat
to which some of the components in the subassembly control the decision made
for the entire subassembly at the brunch node. At this point, the program
contains either the estimated or overridden value (for each component, treated
{ndividually, in the subassembly) of the proportion which branchcs to the
path intended for defectives. In either case, the program then uses these
values for the individual components in the subassembly to compute values for
their decision parameters (C, or D and E valuel).**

The result of the above technique is that, for each branch node in the
schesatic diagram, a value of C (or D and E)*** for each zomponent is deter-
mined from the available flow data. If a component is nct part of a distin-
guishable subassembly, its C (or D and E) value, is deterwined directly
from the flows and qualities of that component on the paths associated vith
;ho node. If a component is part of a distinguishable subassembly its C

*An example of such a case is the decision made to send wheelsets to the
wheel shop. Typically, this decision is based on the need for wheel main-
tenance. The bearings and axle then must accompany the wheels to the wheel
shop. It is significantly less likely that the bearings or axle will cause
a vheelset to be sent to the wheel shop.

*§oe Section 4.1.1 of this report for a more detailed discussion of this
calculation process.
ik

The decision parameter G (age decision) is not computed by this prugram
and vas not used for either the Metrolimer or Amcoach trucks. The reason
for this is that age-based decisions are generally treated as periodic
decisicns for which the C decision paramster is employed.
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(or D and E) value is determined only in part by the flows and qualities
of the subassemblies on the paths associated with the node. Its C (or D
and E) value is also determined by the role the component plays in the

decision being made at that branch node.

Use of the technique typically starts at nodes in the schematic diagram
where some flow and quality data are known. These are frequently nodes
associated with scrap paths or with rework paths. The interactive computer
program then provides the user with the decision parameter values (for all
components) at the node. The program also produces values for the remaining
unknown flows and qualities on the paths associated with the node. Using
the flows and qualities so detarmined, the user can proceed to another node,
As this othsr node (the interactive program cau work with summation as well
as branch nodes), the process is repeated. The result is & node-by-node
calculation process which utilizes xiaown path flow and quality data, as well
as known decision data, to yield values of all decision parameters at all
branch nodes. These decision parameters are then used with the cost data
and populstion data to produce the base case analysis, sensitivity analyses,
and simulations,

Details of the Calculation Process Used_to Compute Decision Psrameter
Values from Flow and Quality Dats

The calculation process used to compute the C, or D and E values from flow
and quality data employs the relationships given in Section 3.3. The situa-
tion in which the component is not part of an identifisble subassembly is
considered first. The situation in which the component is part of such &
subassembly is then discussed.

When a flov cf a component, say component k, arrives at a bramch node, &
proportion is directed toward the path intended for dotoctivo* units. This
proportion can be computed once 2 of the 3 flows associsted with the node

*1he term "defective" is ured merely to identify this outgoing path. By
convention, it {s labelled path 1 in this section and in Section 3.3.
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ace kaown. If the decision for the component at the node is a C decision
(-t decision not affected by the quality of arriving units), the proportion
ig simply the value of C. In the nctation of Seciior 3.3,

M1k

k Nk

C

1f the decision is a D and E decision (a decision affected by the quality
—-— proportion defective — of arriving units), then the proportiors of the
units which are defective in 2 of the 3 flows must be known. In this case,

the remaining quality can be computed from

QM = 9Nt WMk 2

which is the statement of conservation of defective components at the node.

The D and E values are

/

Q N Q

N AL TR LT o
e | M k|

Ek - __._'——]‘-Q]'k N_IL = —————l—Q1k C
I-Qk Nk 1-Qk k

These expressions can be obtained from

Mk . po +E(1-0)

N, WO t B (7Y
DYy

Qy " Do +EQ-Q)

: Wt B

which were given in Section 3.3,
When the component is part of an identifiable subassembly, the inter-

relationship of the component with tte remaining components of the sub-
assembly must be considered. The flow and quality data are those for the
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complete subassemblies; nevertheless, the C (or D and E) values for the
individual components (as unaffected by the remaining components of the sub-
assembly) must be determined. To do <o, the proportion of subassemblies
woich branch to path 1 is first computed. This proportion is C*. From
Section 3.3

*
c = 1- g (l—Ck)

where Ck is tte proportion for component k branching to path 1. This
proportion is that prior to the coupling of the decision for component k
with the remaining components in the subassembly. The various Ck values
can all be equal in the event that all components in the subassembly are
equally likely to cause the subassembly to branch to path 1. In that event,
Ck is given by

Ck = 1-(1-C*)1/K
for all k components. If certain components dominate the decision at thc
node, then those Ck values can be specified (:he above value of Ck can be
overridden), 3ubject to the constraint that C (which is known) is equal to
E(I-Ck). The remaining steps for obtaining the values of Ck (or Dk and Ek)
are the same as those for components which are nct part of an identifiable
subassenmbly. Specifically, if the decision for subassembly component k is

a C decision, the value of Ck is that already determined. If the decision
is a D and E decision, the qualities on 2 of the 3 nodal paths for component
k are needed. The remaining quality is computed using Equation (2) and the

Dk and Ek values are computed using relationships (3}.

2 Dats fo Metroliner and oach ks

Thig section presents the data for the Metroliner and for the Amcoach
trucks. Becsuse the two trucks are dissimilar in construction, population
size and maintenance actions, these data are presented separately for each
truck, In Section 4.2.1, the Matrolimer truck is considered. The Amcoach
truck {s considered in Section 4,2,2,



4,2,1 Metroliner Data

The data used for the Metroliner truck were obtained primarily from the
Wilmington (Delaware) Metroliner Facility, This facility was visited during
the contract., Numerous telephone conversations with members of the mainte-
nance staff took place, In addition, latters were written to appropriate
meroers of the staff,

The results of the communications were data values for various facets of

the Metroliner truck maint :nance operations. These data included:

. costs for component purchase

. amount of labor required for various actions

. costs for certain maintenance operations (e.g., traction
motor overhaul)

. 8chedules for maintenance of the various components

. estimates for the inspection rate of the cars
(i1.e., number of cars inspecied per month)

. estimates of the mileage tr:velled annually by a typical
car

. the average number of cars in the fleet and the number of
cars out of service at any time

. for some components, the number of components replaced
annually and/or the expecced 1ife of the components.

In addition to the information obtained from Wilmington, additional date
were obtained from the AAR. These data consisted primarily of the costs
for new components, the scrap value for components, and a representative
hourly labor rate.

The data collected were employed to compute values for those cost model
paramcters required for a base case analysis. Tables &4.la and 4.1b present
the data which were used in this computation. Table 4.la lists each com=
ponent, its designation number, and the number of units for the component
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in the Metrcliner fleet. Ir the remaining three columns, the table also
lists the unit cost for each component, its scrap value, and the source

of these two pieces of cost data.

Table 4.1b gives the remaining data used. This table is organized by path
number, given in the left-hand column. Each path for which data were em-
ployed is listed. In the second column (from lefr), the component having
asaociated data is shown, followed in the third columm by a description of
the event affecting the component in that path, The next column gives the
annual flow of units for that component, the proportion of the flow defective,
and the annual flow of defective units for that cowonent.* Values are
given only when the quantity is an input datum -- dashes indicate that the
quantity is not used #s an input datum or that its value is given elsewhere
in the two tables, Unit path costs are given in the next column, These
costs are in dollars per unit., Dashes have the same meaning as for the
preceding column., Sources for the data values are presented in the right-
hand column. Unless otherwise noted, the information in this colusn was ob-
tained from the Wilmington maintenance staff,

From the data given in Tables 4.1a and 4.1b, values of those cost model
parameters sufficient to produce & base case analysis were obtained.  These
parameters are the unit path costs, the quantities C, D, E. and K$ (see
Section 3 for a description of these quantities), and the base case values
of the population (or state) varisbles. The unit path costs are those

in Tables 4.1a and 4.1b and are applied, as appropriate for each compon-
ent, to the flow of all units in a path or to the flow of defective units
in s plth.** The vaslues for paramsters C, D, E, and K$ are obtained by
using the technique described in Section 4.1.1, The resulting C, D, E,
and K$ paramster values are given in Table 4,2, This table gives the
number for each branch node (decision node) a sequential mumbering of

the branch nodes, the components for which parameter values are applied,

“Ihese three items are not independent. The second mumber (the "quality")
is the ratio of the third number to the first mmber.

*2. example in which the costs are applied to the flow of all units in & path
1s an inspection operation (both good and defective units must be inspected).
An example in which the costs are applied to the flow of defective units in a
path is a repair operation (generally, only the defective units must be repaired) .,
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TABLE 4,2

———

VALUES OF THE PARAMETERS C, D, E, and K$
FOR THE METROLINER

Node Branch Component Identifiable, e
No, Node No, No, Subassembly c D _E

1 1 All K$ 12,000

2 2 All K$ 263.000

3 3 All K$ 263.000

4 4 8 1.000 0.000

6 5 All K$ 0.05

7 6 All K$ 0.045 5.0 x 10

10 7 All K$ 1.000 0.870

n 8 1 K$ 1.000 0.999
2 K$ 1.000 0.999
4 K$ 1.000 0.999
5 K$ 1.000 0.999
6 K$ 1.000 0.999
7 K$ 1.000 0.994
8 K$ o
9 0.354 0
11 K$ 1.000 0.999
12 K$ 1.000 0.999

12 9 3 0.750 0.000
10 1.000 0.000

14 10 1 K$ 1.000 0.993
4 K$ 1.000 0.993
3 K$ 1.000 0.993

The component in part of an identiffable subassembly at this node if
K$ parsmster is used,

Value of C for a component at a branch node is zero if a value is not
given in the tabla for C, D, or E.
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TABLE 4.2

VALUES OF THE PARAMETERS C, D, E, AND K$

FOR THE METROLINER

(cont,)

Node Branch Cormponent Identifiable
_No, Node No. No, Sutassembly C D _E

10 6 K$ 1.001 0.993

7 K$ 1.000 0.976

12 K$ 1.000 0.992

15 11 2 0.250 0.000

S 1.000 0.000

20 12 1 K$ 1.000 0.995

4 K$ 1.000 0.996

5 K$ 1,000 0.996

6 K$ 1,000 0.996

7 K$ 1.000 0.984

12 0.000 1.000

22 13 4 K$ 1.000 0.256

6 K$ 0.372 0.192

7 K$ 0.992 0.240

23 14 4 K$ 1.000 0.014

6 K$ 1.000 0.001

7 KS 1.317 x 107 ‘

24 15 1 0.250 0.000
30 16 6 K$ 1.000
7 K$ 1.000

X} 17 4 1.000 1,000

33 18 6 1.000 0.000
34 19 7 1.000
36 20 6 0.410



TABLE 4.2

VALUES OF THE PARAMETERS C, D, E, and K$

FOR THE METROLINER

(cont.)

Node Branch Component ldentifiable
No, Node No. No, Subassembly C D E
50 21 12 0.250 0.000
51 22 1 0.000
Quality
Component Number Population Size (Proportion Defective)
1 488 0.030
2 488 0.030
3 488 0.030
4 488 0.015
5 122 0.025
6 244 0.026
7 488 0.306
8 488 0.152
9 122 0.036
10 122 0.022
11 122 0.030
12 244 0.050
97



and the decision data. The base case values of the population variables
include, for each conponent, the popula:ion size, representative age*,

and quality (proportion defeccive). The population size for each component
was already given in Table 4.,la, The quality for each component is ob-
tained along with the decision parameter values C, D, E, and kS, These
quality values are given, along with a repetition of the population

size, at the end of Table 4.2.

4.2.2 Amcoach Data

Data from the Amcoach truck were obtained from several sourcesz, One
source was the Budd Company, the subcontractor to Shaker Research for
this work. Budd provided data for many components concerning main-
tenance intervals, maintenrance iabor and actions, inspection require-
ments, expected uileage, and replacement costs. Additional information
was obtained directly from Amtrak. The 30th Street maintenance facility
in Philadelphia was visited. This visit concerned the procedure for
Amcoach maintenance and the records that result from that naintenance.**
Also. rougt data values were obtained during the visit. It was learned
that only a portion of the Amfleet cars are maintained in Philadelphia;
systemwide data could readily be obtained only through a newly installed
computerized syste... This system MAP (Maintenance Aaalysis Program), was
therefore also used as a data source. Three months of repair records
were obtained from the conputet.*** These data were compared to the in-
formation from Budd and from the visits in order to arrive at the data
values used. Disctepanciea were resolved through telephone conversations
with personnel in the Philadelphia facility.

*No age decisions (G decisions) are used for the base case analysis of either
the Metroliner or Amcoach trucks, Consequently, a value of the representative
age for each component is not needed to produce the base case analysis. This
value is needed, however, to produce simulations for the two trucks,

*K discussion cf Amcosch maintenance and the sssociated data records is given

in Appendix B,

*x*typtcal output page from the Maintenance Analysis Program is given in
Appendix B,



The Amcoach trick is represented for the simulation cost model in terms of
eleven subsystems (see Section 2). However, the information from Budd

and from the MAP included some data on significantly more individual
components (approximately 40), As a result, each of these individual
components was associated with one of the eleven subsystems for the

cost model,

The data used to produce the Amcoach base case analysis are given in
Tables 4.3a and 4.3b, These tables correspond to Tables 4.1a and 4.1b
for the Metroliner. As for the Metroliner, Table 4.3a gives the com-
pcient number, name, population size, unit costs, and data sources.
Table 4.3b gives, by path and by component, path flow and unit path
cost data, Sources and remarks for the data are given in the right-

hand colum,

The branch node decision parametere, calculated from the data in Tables
4.3a and 4.3b are given in Table 4.4. This table corresponds to Table
4.2 for the Metroliner. As for the Metroliner, the table lists each
branch node and its associated node number and glves a decision parameter
value for each appropriate component. Where no values are given for

& component or whers a component is not listed, the C value for that
component at that node is zero. At the end of the table. values of

the population size and quality (proportion defective) for each component
are given.
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TABLE 4.4

VALUES OF THE PARAMETERS C, D, E, AND K$ FOR THE

AMCOACHES
Node Branch Component Identifiablg -
No. Node No. No. Subassewbly c D E
1 1 All K$ 12.000
2 2 All K$ 365.00
6 3 1 KS$ 1 0.090
2 K$ 1 0.050
3 K$ 1 0.085
4 ¥$ 1 0.086
5 K$ 1 0.092
6 K$ 1 0.090
7 K$ 1 0.070
8 K$ 1 0.011
9 K$ 1 0.090
10 K$ ] 0.09%0
11 K$ 1 0.054
7 4 1 K$ 0.020 0.0082
2 K$ 0.021 0.0077
3 K$ 0.021 0.0082
4 K$ 0.020 0.0082
5 K$§ n,021 0.0083
6 K$ 0.020 0.0082
7 K$ 0.020 0.0080
8 ¢ 0.021 0.0072
9 K$ 0.020 0.0082
10 K$ 0.020 0.0082
11 K$ 0.021 0.0077
10 5 1 K$ 0.000 0.000
2 0.091 0.000
3 0.000 0.000
4 K$ 0.000 0.000
S 0.936 0.000
6 K$ 0.000 0.000
7 K$ 0.117 0.002
8 1.000 1.000
9 0.000 0.000
10 1.000 1.000
11 0.000 0.000
11 6 1 K$ 1.000 0.000
2 0.000 0.000
3 0.000 0.000
4 X$ 1.000 0.000

*‘lh. component is part of an identiffable suvassembly at this node {f K$ parameter is used.

*?Ialuc of C for a component at a branch node is zero if & value is not given in the
table for C, D, or E.
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(cont.)

TABLE 4.4

_AMCOACHES

VALUES OF THE PARAMETERS C, D, E, AND K$ FOR THE

Identifiable
Subassembl

Component

Rranch

Nodc
No,

y

k‘

Node No.

2888888 88888388888 58838888888
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K$
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K
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12
15

Population Size

Cosponent Number
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3936
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3936
1968
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4.3 Base Case Analyses

This section gives the base case analyses which result for the Metroliner
and Amcoach trucks from the data of Section 4.2. The base case analysis

for the Metroliner is presented in Section 4.3.1, That ‘or the Amcoaches is
glven in Section 4.3.2.

4,3,1 Base Case Analysis for the Metroliner

The base case analysis for the Metroliner is shown as Table 4.5a and
4.5b. Table 4.5a describes the maintenance operations which occur in
the base case year. The table contains four columns. The first column
gives the path numbers. The path numbers correspond to the uncircled
numbers in the schematic diagram given as Figures 2,6-2,10. Each path
can cnntain one, some, or all of the components -- those components that
have a non-zero annual flow in s path are listed in Column 2 of the
table. In Column 3 of the table, these annual flows are then given.*
In Column 4 of the table, the quality of the flow for the component

in the path is shown. This quality i{s the proportion (of the units

for that component) which is defective. This quality is zero om path
containing replacement units and is set to zero on paths where rework

occurs,

Table 4.5b gives the costs for the base case analysis. As in Table
4.5a, the first two columns give the path number and component number.
Only those paths and those components for which there are associated
costs are given,

*It should be noted that path 1 represents the population for esch cumponent,
Consequently, the number i{n Column 3 for path 1 1s the population size for
each component in the year represented by the base case. The numbers
in Column 3 for the remaining paths are the annual flows of the components
in that same year.
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TABLE 4.5a
BASE CASE ANALYSIS FOR METROLINER --
FLOWS AND QUALITIES*

YEAR O

PATH 1 COMPONENT 1 NUM = 488 QUAL.ITY = 0.0299
PATH 1 COMPLNENT <2 NUM = 488 QUALITY = 0.0293
PATH 1 COMPUNENT 3 NUM = 48R QUALITY = 0.0299
PATH 1 COMPONENT 4 NI = 488 QUALITY = 0.0145
PATH 1 COMPONENT 5 NUM = 12 QUALITY = 0.0252
PATH 1 COMPONENT & NUM = 45 AALITY = 0.0258
PATH 1 COMPONENT 7 NUM = 488 aUALITY = 0.3062
PATH 1 COMPONENT B NUM = 488 QUALITY = 0.1524
PATH 1 COMPONENT 9 NUM = 122 QUALITY = 0.0357
FATH 1 COMPONENT 10 NULM = 122 QuUALITY = 0.0217
PATH 1 COMPONENT 11 NUM = 122 QUALITY = 0.0299
PATH 1 COMPONENT 12 NUM = 266 QUALITY = 0.0498
PATH 4 COMPONENT 3 NUM/YR = 278 auaLITY = 0.0000
PATH 4 COMPONENT 10 NUM/YR = €7 QUALITY = 0.0000
PATH 5 COMPONE: 22 NUM/YR = aa AUALITY = 0.0000
PATH ) COMPONENT 92 MM/YR = 3 auaLITY = O,0000
PATH 6 COMPINENT 3 NUM/YR = 92 QUALITY = 0.0000
PATH 7 COMPDNENT 4  NUM/YR = 181 QUALITY = 0.0000
PATH B COMPONENT 7 NUM/YR = 479 QUALITY = O.0000
PATH 9 COMPONENT 6 NUM/YR = 50 QUALITY = 00,0000
PATH A1 COMPONENT 8 NUM/YR = 19589 QUALITY = O.0000
PATH 16 COMPONENT 3 NUM/YR = ars QUALITY = 1.0000
PATH 16 COMPONENT 10 NUM/YR = &7 GUALITY = 0,9999
PATH 17 COMPONENT 2  NUM/YR = 3% GUALITY = 1.0000
PATH 17 COMPONENT 9 NUM/YR = 39 QUALITY = O0,9999
PATH 1B COMPONENT @ NUM/YR = a auALITY = 1.0000

PATH 19 COMPONENT 4 NUM/YR = lél QUALITY = 1,0000

PATH &0 COMPONENT 7 NUM/YR = ATO QUALITY = 0.6831

*htlu and components listed are those for which nom-sero flows occur,
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TABLE 4.5a (cont.)

COMPONENT

0w n

g

§
e e e
N=OoYRNPNI>WNy -

§
- s e
N=ODWNNUN D Y

|

COMPONENT 12

NtM/VYR
NUM/YR

NUM/YR
NUM/YR
NUM/ YR
NM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/ YR
NUM/YR
NUM/ YR

NUM/YR
NUIM/ YR
NLM/YR
NM/YR
NUM/ YR
NLIM/ YR
NUM/ YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR

NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/ YR
NLM/ YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR

-113-

S0
19589

128490
128490
128490
128490
3122
642045
128490
128490
2122
2122
32122
64245

124201
124201
124201
124201

31050

124201
124201

QuALTTY
auAaLITY

uALITY
auALITY
QUALITY
QUAL ITY
QUALITY
QUAL ITY
QUALITY
QUAL ITY
QUALITY
QUALITY
QUALITY
QUAL ITY

QUALITY
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QUAL ITY
QUAL ITY

QUAL ITY
QUAL ITY
QUALITY
GUAL ITY
GUALITY
QUALITY
GUAL ITY
QUAL ITY
QUALITY
QUAL ITY
QUAL.ITY
QUAL ITY

0.9
1.0000

0.0299
0. 099
0.0299
0.0145
0. 0052
0. 0258
0. 3062
0. 1524
0.0357
0.0217
0.0299
0.0498

0.0286
0.02RE
0.028¢
0.0138
0.0241
0.0246
0.29€5
0. 1466
0.0341
0.0208
0.0286
0.0477

0.0299
0.0299
0.0299
0.0145
0. 0252
0. 0258
0. 3062
0. 1524
0.0357
0.0217
0.0299
G. 0498



PATH
PATH
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TABLE 4.5a (cont.
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NUM/YR
NLIM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
N/ YR
NUM/YR
NUM/YR
NUM/ YR
NUM/YR

NUM/YR
NUM/YR
NUM/YR
NUM/YR

NUM/YR
NUM/YR

NUM/YR
N"M/YR
M/ YR
NUM/YR
NUM/YR
NUM/YR

NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/ YR
NLM/YR
NUM/YR
NUM/ YR

NLM/YR
NUM/YR
NUM/YR
NM/YR
NUM/YR
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QUALITY
QUALITY
QUALITY
QUALITY
auaALITY

QuALITY
QUALITY
QUALITY
QUAL ITY
QUALITY
QUALITY

QUALITY
QUALITY
QUALITY
QuUALITY

QUALITY
QUALITY

auAaL ITY
OUALITY
QUALITY
QUALITY
QUALITY
QUALITY

QUAL ITY
QUALITY
QUALITY
QUALITY
QUALITY
QUALITY
QuUALITY
QUALITY
auALITY
QUALITY
QUALITY
QUALITY

GUALITY
QUALITY
QUL ITY
QUALITY
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0.0293
0.02%9
0. 0299
0.0145
0.0252
0.0258
0. 3062
0.152%
0.0357
0.0217
0.0299
0.0498

0.0293
0.0299
0.0299
0.0145

0. 0252
0.0258

0. 3062
0. 1524
0.0357
0.0217
0.0299
0.0498

0.0678
0.0678
0.0678
0.0332
0.0574
0.0585
0.5870
0. 3220
0. 0806
0.0495
0.0678
0.1118

0.0532
0.0532
0.0532
0.0260
0.0450



TABLE 4.5a (cont.,)

PATH 36 COMPONENT € NUM/YR = 3490 QUALITY
PATH 36 COMPONENT 7 NUM/YR = €980 QUAL ITY
PATH 36 COMPONENT 8  NUM/YR = €980 QUALITY
PATH 36 COMPONENT 9 NUM/YR = 1745 QUALITY
PATH 36 COMPONENT 10 NUM/YR = 1745 QUALITY
PATH D6 COMPONENT 11 NUM/YR = 1745 QUALITY
PATH 36 COMPONENT 12  NUM/YR = 3490 QUALITY
PATH 37 COMPONENT 1} NUM/YR = €980 QUALITY
PATH 37 COMPONENT 2 NUM/YR = > QUALITY
PATH 37 COMPONENT 3 NUM/YR = €980 auALITY
PATH 37 COMPONENT 4  NUM/YR = €980 QUALITY
PATH 37 COMPONENT 5  NUM/YR = 1745 QUALITY
PATH 37 COMPONENT €  NUM/YR = 3430 QUALITY
PATH 37 COMPONENT 7 NUM/ YR = €980 QUALITY
PATH 37 COMPONENT 8  NUM/YR = €380 QUALITY
PATH 37 COMPONENT 9 NUM/YR = 1745 AQUALITY
PATH 37 COMPONENT 10  NUM/YR = 1745 AALITY
PATH 37 COMPONENT 11 NM/YR = 174S GUALITY
PATH 37 COMPONENT 12  MNM/YR = 3490 QUALITY
PATH 39 COMPONENT 3  NUM/YR = €980 QUALITY
PATH 39 COMPONENT 9 NUM/YR = 1706 QUALITY
PATH 39 COMPONENT 10 NUM/YR = 1745 QUALITY
PATH 40 COMPONENT NUM/YR = €702 QUALITY
PATH 40 COMPONENT 9 NUM/YR = 1706 GUALITY
PATH 40 COMPONENT 10 NUM/YR = 1677 QUALITY
PATH 41 COMPOINENT NUM/ YR = €980 OUALITY
PATH Al COMPONENT 9 NUM/YR = 1706 QUALITY
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TABLE 4.5a (cont.)

PATH 41 COMPONENT 10 NUM/YR = 1745 QUALITY = 0.0000
PATH a2 COMPONENT ) NUM/YR = €980 QUALITY = 0.0532
PATH &2 COMPONENT 2  NUM/YR = €980 QJALITY = 0,053
PATH 42 COMPONENT 4 NUM/YR = €980 QUALITY = 0.0260
PATH 42 COMPONENT 5 NUM/YR = 1745 QUALITY = 0.0450
PATH 42 COMPONENT € NUM/YR = 3430 QUALITY = 0.0459
PATH 42 COMPONENT 7 NUM/YR = €980 GUAL.ITY = 0.4787
PATH 42 COMPONENT 8  NUM/YR = €980 QUALITY = O.2566
PATH 42 COMPONENT 9 NUM/YR = ) QUALITY = 0.9999
PATH a2 COMPONENT 11 NUM/YR = 1745 QUALITY = 0,0532
PATH 42 COMPONENT 12 NUM/YR = 3490 QUALITY = O.0879
PATH 43 COMPONENT 2 NM/YR = €980 QUALITY = 0.0532
PATH 43 COMPONENT B NUM/YR = €980 QUALITY = 0.2566
PATH 43 COMPONENT 9 NUM/YR = 39 QUALITY = 0.9999
PATH 43 COMPONENT 11 NUM/ YR = 1745 QUALITY = 0.0532
PATIH 44 COMPONENT 2 NUM/YR = €887 QUALITY = 0.0000
PATH 44 COMPONENT 8 NUM/YR = €980 QUALITY = 0.2566
PATH 44 COMPONENT 11 NUM/ YR = 1745 QUALITY = O,0000
PATH 45 COMPONENT 2 NUM/YR = €980 AUALITY = 0.0000
PATH 45 COMPONENT B NUM/YR = €980 GUAL ITY = O.2566
PATH 4S5 COMPONENT 9 NUM/YR = 39 QUALITY = 0.0000
PATH 4S5 COMPONENT 11 NM/YR = 1745 GUALITY = O.0000
PATH 46 COMPONENT 1 NLIM/YR = €980 QUALITY = 0.0532
PATH 46 COMPONENT 4 NUM/YR = 6980 GUALITY = 0,060
PATH 46 COMPOMENT 5 NUM/YR = 1745 QUALITY = 0,.0450
PATH 46 COMPONENT € NUM/YR = 3490 QUALITY = O,0459
PATH 46 COMPONENT 7 NUM/YR = €980 QUALITY = 0.4787
PATH 46 COMPONENT 12 NUM/YR = 3490 QUALITY = O.0879

PATH 4R COMPONENT 1 NUM/ YR
PATIH 4B COMPONENT 4  NUM/YR
PATH 48 COMPONCNT S

€980 auAal ITY = 0.0532
QUALITY = 0,0260
NUM/YR ® 1745 QUALITY = 0.0450

i
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TABLE 4.5a (cont,)

PATH 48 COMPONENT € NUM/YR = 3490 OQUALITY = 0.0459
PATH 4B COMPONENT 7 NUM/YR = €980 QUALITY = 0.478B7
PATH 48 COMPONENT 12  NUM/YR = 3183 GUALITY = O,0000
PATH 49 COMPONENT 4  NUM/VYR = 4860 ALITY = 0.0373
PATH 49 COMPONENT €  NUM/YR = 2430 QUALITY = 0.0502
PATH 49 COMPONENT 7  NUM/YR = 4860 QUALITY = 0.€683)
PATH 50 COMPONENT 1 NLUM/YR = €980 QUALTITY = 0.0532
PATH S0 COMPONENT 4  NUM/YR = 2119 GUALITY = O,0000
PATH 50 COMPONENT 5  NUM/YR = 1745 QUALITY = 0.0450
PATH SO COMPONENT € NUM/YR = 1059 QUALITY = 0.0360
PATH 5O COMPONENT 7  NUM/YR = 2119 QUALITY = 0.0100
PATH 50 COMPONENT 12 NUM/YR = 3183 GUALITY = O.0000
PATH 5% COMPONENT o NUM/YR = 6887 QUALITY = 0.0000
PATH &1 COMPONENT 4  NUM/YR = 2119 QUALITY = O.0000
PATH 51 COMPONENT 5 NUM/YR = 1745 QUALITY = O.0000
PATH S1 COMPONENT €  NUM/YR = 1059 QUALITY = 0.0360
PATH 51 COMPONENT 7 NUM/YR = 2119 GUALITY = 0.0100
PATH 51 COMPONENT 12  NUM/YR = 3i83 GUALITY = O,0000
PATH 52 COMPONENT % NLM/YR = €980 QUALITY = O,0000
PATH 52 COMPONENT 4 NUM/YR = 2119 GUALITY = O.0000
PATH 52 COMPONENT S5 NUM/YR = 1745 QUALITY = O.0000
PATH S2 COMPONENT € NUM/YR = 1059 GUALITY = 0.0360
PATH &2 COMPONENT 7 NUM/YR = 2119 QUALITY = 0.0100
PATH S&2 COMPONENT 12 NUM/YR = 3183 QUALITY = 0.0000
PATH 53 COMPONENT 4 NUM/YR = 4860 VL ITY = O,0000
FAT™ 53 COMPONENT 6 NUM/YR = 26430 QUALITY = 0.0000
PATH 53 CUOMPONENT 7 NUM/YR = 4860 AUALITY = O0.0000
PATH Sa COMPONENT 1| NUM/YR = €980 QUALITY = 0.0000
PATH 54 COMPONENT 4 NUW/YR = €980 QUALITY = O.0000
PATH 54 COMPONENT S NUM/YR = 1745 QUALITY = 0.0000
PATH 54 COMPONENT 6 NU'I/YR = 3430 GQUALITY = 0.0109
PATH 54 COMPONENT 7 NUM/YR = €980 QUALITY = O,0030
PATH 54 COMPONENT 12 NUM/YR = 3183 QUALITY = O0.0000
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TABLE 4.5a (cont.)

PATH &5 COMPONENT 12  NUM/YR = 306 QUALITY = 0.0000
PATH 56 COMPONENT 1} NUM/YR = €980 QUAL.ITY = 0.0000
PATH &6 COMPONENT 4  NUM/VYR = €980 QUALITY = 0.0000
PATH =6 COMPONENT S NUM/YR = 1745 QUALITY = 0.0000
PATH 56 COMPONENT ©  NUM/YR = 3490 QUALITY = 0.0109
PATH 56 COMPONENT 7  NUM/YR = €980 QUALITY = 0.0030
PATH 56 COMPONENT 12  NUM/YR = 3490 QUALITY = 0.0000
PATH 57 COMPONENT 1 NUM/YR = €980 QUALITY = 0.0000
PATH 57 COMPONENT 2 NUM/YR = €980 QUALITY = 0.0000
PATH 57 COMPONENT 4  NUM/YR = €980 QUALITY = 0.0000
PATH 57 COMPONENT 5 NUM/YR = 1745 QUALITY = 0.0000
PATH S7 COMPONENT €  NUM/YR = 3490 QUALITY = 0.0109
PATH 57 COMPONENT 7  NUM/YR = €980 QUALITY = 0.0030
PATH 57 COMPONENT B NUM/YR = €980 QUALITY = 0.2566
PATH 57 COMPONENT 9 NUM/YR = 39 QUALITY = 0.0000
PATH 57 COMPONENT 11 NLM/YR = 1745 QUALITY = 0.0000
PATH S7 COMPONENT 12 NUM/YR = 3490 GUALITY = 0.0000
PATH SB COMPONENT 1 NUM/ YR = €980 GUALITY = 0.0000
PATH 5B COMPONENT 2 NUM/YR = €980 QUALITY = 0.0000
PATH SB COMPONENT 3 NUM/YR = €980 QUALITY = 0.0000
PATH 5B COMPONENT 4 NUM/YR = €980 AUALITY = 0.0000
PATH SB COMPONENT 5 NUM/YR = 1745 QUALITY = 0.0000
PATH 5B COMPONENT €  NUM/YR = 3490 QUALITY = 0.0109
PATH &B COMPONENT 7 NUM/YR = €980 QUALITY = 0.0030
PATH SB COMPONENT 8 NUMW/YR = €980 QUALITY = 0.2566
FATH 5B COMPONENT 9  NUW/YR = 1745 QUALITY = 0.0000
PATH 5B COMPONENT 10 MNM/YR = 1745 QUALITY = 0. 0000
PATH SB COMPONENT 11 NUM/YR = 1745 AQUALITY = 0.0000
PATH SB COMPONENT 12 NUM/YR = 3490 QUAL.ITY = O, 2000
PATH 59 COMPONENT 1 NUM/YR = €980 GUALITY = 0,0000
PATH S9 COMPONENT 2 NWM/YR = €980 QUALITY = O,0000
PATH 59 COMPONENT 3 NUMW/YR = 6980 QUALITY = 0O.0000
PATH 59 COMPONENT 4 NUM/YR = €980 QAL ITY = 0.0000
PATH 59 COMPONENT S NUMW/YR = 1745 GUALITY = 0,0000
PATH 59 COMPONENT € NUM/YR = 3490 QUALITY = 0.0109
PATH 59 COMPONENY 7 NM/YR - €980 GUALITY = 0,0030
PATH 59 COMPONENT B NUM/VYR = 6980 QUALITY = 0.2566
PATH 59 COMPONENT 9 NUM/YR = 1745 QUALITY = O.0000
PATH 59 COMPONENT 10 NUM/YR = 1745 QUALITY = O,0000
PATH S9 COMPONENT 11 NUM/YR = 1745 QUALITY = 0,0000
PATH 59 COMPONENT 12 NUM/YR - 3490 QUALITY = O0.0000
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TABLE 4.5a (cont.)

PATH €0 COMPONENT 1 NUM/YR = 6980 AQUALTITY = O.0000
PATH 6O COMPONENT 2  NUM/YR = €980 QUALITY = 0.0N00
PATH €0 COMPONENT 3 NUM/ YR = €980 QUALITY = O.0000
PATH 6O COMPONENT 4 NUM/YR = 6980 QUALITY = 0,0000
PATH €O COMPONENT S NLM/YR = 1745 QUALITY = O, 0000
PATH €0 COMPONENT € NUM/YR = 3430 * QUALITY = 0,0109
PATH GO COMPONENT 7 NUM/YR = €980 QUALITY = 0.0030
PATH €0 COMPONENT 8 NUM/YR = €980 GQUALITY = 0,.2566
PATH €0 COMPONENT 9 NUM/YR = 1745 QUALITY = O.0000
PATH €0 COMPONENT 10 NUM/YR = 1745 QUALITY = 0.0000
PATH &0 COMPONENT 11 NUM/YR = 1745 QUALITY = O.0000
PATH €0 COMPONEN' 12 MM/YR = 3430 QUALITY = 0O.0000
PATH 61 COMPONENT 4 NUM/YR = 43130 QUALITY = O.0000
ATH 61 COMPONENT €  NUM/YR = 2190 QUALITY = O,0000
PATH 61 COMPONENT 7 NUM/YR = 4380 QUALITY = O,0000
PATH 62 COMPONENT 4 NUM/YR = 479 QUALITY = 0O,3782
PATH &2 COMPONENT €  NUM/YR = 239 QUALITY = O,5091
PATH &2 COMPONENT 7 NUM/YR = 479 QUALITY = 0.6831
PATH 63 COMPONENT & NUM/YR = 4719 QUALITY = O,3782
PATH 64 COMPONENT & NUM/YR = 298 QUALITY = O,.0000
PATH €% COMPONENT 4 NUIM/YR = 479 UALITY = O,0000
PATH 66 COMPONENT €  NUM/YR = 239 QUALITY = O, 5091
PATH 66 COMPONENT 7 NUM/YR 479 QUALITY = 0.6871
PATH 67 COMPONENT € NM/YR = 117 QUALITY = O.0000
PATH &7 COMPONENT 7 NUM/YR = 479 GUALITY = 0.€6831
PATH &8 COMPONENT € NUM/YR = 117 QUALITY = 0.0000
PATH 69 COMPONENT € NUM/YR = 117 QUALITY = O.0000
PATH €9 COMPONENT 7 NUM/YR = A7 QUALITY = O,0000
PATH 70 COMPONENT € NUM/YR = 122 GUALITY = 0,9999
PATH 71 COMPONENT € NUM/YR = T2 QUALITY = O.0000
PATH 72 COMPONENT € NUM/YR = 122 QUALITY = O.0000
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PATH

PATH
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PATH
PATH
PATH
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PATH
PATH
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TABLE 4.5a (cont.)

NS am

o e e
v NN

e
(R NN N, XK N I WY TR

VBN W -

NM/YR
NUM/YR

NLUM/YR
NUM/YR
NUM/YR

NUM/YR
NUM/YR
NUM/YR

NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NLUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR

NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NL™/YR

NUM/YR
NUM/YR
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239
479

479
479

76
76
76

128490
128490
128430
128490
32122
©4245
128490
128490
32122
3122
3ai1ee
CA2AS

128490
128490
128490
128490

Raie2

64245
128490

2122
a2
32122

QUAL ITY
GUALITY

QUALITY
QUAL ITY
QUALITY

QUALITY
MMaLITY
GUALITY

QUALITY
QUALITY
QUALITY
QUAL ITY
QUALITY
QUALITY
QUAL ITY
QUALITY
QUAL ITY
QUAL ITY
QUALITY
QUAL ITY

QUAL TTY
GUALITY
QUAL ITY
QUAL ITY
QUAL.ITY
GUAL ITY
GUALITY
QUAL I TY
QUAL I TV
QUAL I TV
auUAL ITY

0.0145

0.02s8
o.
0.1524
0.0357
0.0217
0.0292
0. 0498

;

0.0299
0.0299
0.0299
0.0145
0. 0252
0.0258
0. 3062
0. 0000
0.03s57
0.0217
0.0299
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PATH
PATH
PATH
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PATH
PATH
PATH
PATH
PATH
PATH
PATH
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COMPONENT

COMPONENT
COMPONENT

COMPONENT
COMPONENT
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COMPONENT
COMPONENT 11
COMPONENT 12
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TABLE 4.5a (cont.)

NUM/YR

NUM/YR
NUM/YR
NLIM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/ YR
NUM/ YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
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64245

128490
128430
128490
128490
a1e2
642465
128490
128490
3122
32122
32122
4245

QUALITY

QUAL.ITY
QUALITY
QUALITY
OQUAL ITY
QUALITY
QUAL ITY
QUALITY
QUALITY
QUALITY
QUALITY
QUAL ITY
QUAL .TY
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PATH
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PATH

PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH

PATH

TABLE 4,5b

BASE CASE ANALYSIS

*
FOR METROL INER — CO_STS

COMPONENT
COMPONENT

COMPONENT
COMPONENT

COMPONENT
COMPONENT
COMPONENT
COMPONEMNT
COMPONENT
COMPONENT
COMPONENT
COMPONENT

COMPONENT

COMPONENT

33
10;

PATH
PATH

PATH
PATH

PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH

PATH

cosT
cosT

cosT
cosY

COST
cosT
cOosT
COST
cosTY
COsT
cosT
cosT
cosY
cosT

cosT

[

*
Costs are per component per year in the path
{ndicate a return to the maintenance system.
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$13928.95
$3387.28

$13928.95
$9786.03

$18571.93
$27227.78
$9597:.07

$125158.83

$-278.57
$-92.85
$-92.85
$-1089. 11
$-9597.10

$-1251.58

$156716.14

$25000. 00
$25000. 00

$10052.17
$2513.04
$10052.17
$7532.13
$20104. 35
$2513.04
$4013.89
$10052. 17

+0.00
$0.00
$0.00

$87072.06

Negative values



PATH
PATH
PATH

PATH
PATH

PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH
PATH

PATH

433
43;
433

443
44;

70;

725
73%

753

COMPONENT
COMPONENT
COMPONENT

COMPONENT
COMPONENT

COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT

COMPONENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT

TABLE 4.5b (cont.)
PATH COST = $76976.95
PATH COST = $2348.64
PATH COST = $19244.23
PATH COST = %0.00
PATH COST = $0.00
PATH COST = $15302.69
PATH COST = $3499.73
PATH COST = $20998. 43
PATH COST = $13998.,95
PATH COST =  $28388.18
PATH COST = $2072.97
PATH COST = $20609. 10
PATH COST = $2072.97
PATH COST = $508.77
PATH COST = $2109.61
PATH COST = $€416.86
PATH COST = $2109.61
PATH COST = $1036.48
PATH COST = $23020. €2
PATH COST « $153471.28
TOTAL COST = $1050973.21



g

These path costs are listed in the third coluan of the table. The costs
are the dollars per year required for the component and path 1ndicated.*
Where the costs are negative, a return to the maintenance operation is
indicated (typically, from the scrap value cf a component). At the bottom
of the table, the overall yearly operating cost for the base case year is
shown. This total yearly cost, for the Metroliner truck, is slightly in

excess of $1 million.

The contribution of the various paths and of the various components to the
$1.05 million total vary considerably. In Table &4,5b, the major contributions
to cost can be readily identified. The top five individual cost: are, in

order of decreasing cost:
1. The cost to replace brakes (path 23, componment 8). This cost is
the leading individual cost and accounts for about 15% of the

overall yearly maintenance cost.

2. The cost for major overhaul of the traction motors (path 77,
component 12).

3. The cost for replaccment of gear boxes (path 9, component 6).

*lt ic to be noted that some of the annual costs may differ from those cur-
rently being produced by the actual maintenance operation. Such differences
between actual costs and those computzd by the model are to be expected —
the base case has been developed to represent the events of steady state
maintenance operation. For this eventual steady state operation, all com-
ponents are being replaced at a rate which is constant with time. Conse-
quently, the replacement of a component which lasts, say, five years, has
been taken to occur uniformly over this period of time in the model. The
actual maintenance operation may not be in steady state so that the replace-
ment costs can vary considerably with time (especially if the truck is
relatively ne'). In such a case, the average (over a period of years)
eventual yearly cost will be that given by the model.
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4. The cost for wheel replacement (path 8, component 7).

5. The costs for truck removal and initial truck disassembly

(path 42, component 5).

Combinations of individual costs are also of interest. For example, the
total for the periodic, terminal, and in-shop inspection costs (total

for paths 30, 32, and 36) is about $117,000. This total inspection cost
is sufficiently high that it ranks within the five individual costs given

above.

The results given in Tables 4.5a and 4.5b can be considered in a number of ways
for the purpose of evaluation. One way to do this is to develop a table
vhich gives the results in a sumary form. For the Metroliner, such a
table has been prepared and is shown as Table 4.6. This table gives, for
the various truck components, the number of units revorked, the number of
units scrapped, and the cost of the rework. For the purpose of the table,
rework is defined as putting the component into an "as new" condition.
Scrapped refers to removal of the component from service. The net cost of
rework is the sum of all inspections, disassembly-assembly labor, and parts
(including income from scrap). The percent total cost associated with each
component is also given. Only maintenance actions which occur in the

maintenance facility are included in the table.

It can be seen from the table that the costs associated with rework of the
traction sntor are greater than those associated with any other component.
However, the costs for brakes, wheels, and axles/gear boxes are only
slightly smaller than those for motors. It can also be seen that the
average cost for truck rework is $1,000,976/1745 = $574,

=125~
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4.3.,2 Base Case Analysis for the Amcoaches

The base case analysis for the Amcoaches is shown as Tables 4.7a and
4,7b. These tables correspond to Teble 4.5a and 4.5b for the Metro-

liner and the explanations of the content of those tatles apply to
*
Tables 4.7a and 4.7b .

Table 4.7b shows that the total annual cost for Amcoach truck maintenance
is computed to be approximately $2.73 million. Of this total, the top

five individual contributors are, in order of decreasing cost:

1. The cost for replacement brake parts (path 4, component 8).
This cost is the leading individual cost and accounts for

about 24X of the overall yearly maintenance cost.

2. The cost for the labor associated with maintenance of the

braking system (path 39, component 8).

3. The parts cost for brake discs replaced during overhaul of the
wheelsets (path 5, component 6).

4. The parts cost for periodic replacement of the secondary

springs (path 4, component 2).

5. The parts cost for wheels replaced during cverhaul of the

wheelsets (path 5, component 7).

*
The footnotes in Section 4.3.1 also apply for the Amcoaches.
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TABLE 4,7a

BASE CASE ANALYSIS FOR AMCOACHES —
FLOWS AND QUALITIES®

YEAR O
PATH 1 COMPONENT 1 NUM = I93¢ QUALITY = 00,0041
PATH 1 COMPONENT 2 NmM = 1968 QUAL ITY = 0.0458
PATH 1 COMPONENT 3 NUM = 393¢ QUALITY = 0.0099
PATH COMPONENT 4  NUM = 3936 QUALITY = 0.0083
PATH 1 COMPONENT S  NUM = 1968 QUALITY = 0.0014
PATH 1 COMPONENT €  NUM = 3936 QUALITY = 0.0041
PATH 1 COMPONENT 7 NUM = 3936 QUALITY = 0.0250
PATH 1 COMPONENT 8 NUM = 393¢ QUALITY = 0.0833
PATH 1 COMPOMNENT 9 NUM = 1968 QUALITY = 0.0041
PATH 1 COUMPONENT 10 MM = 1968 QUALITY = 0,0041
PATH 1 COMPONENT 11 NUM = aIaBs QUALITY = 0.0416
PATH 1 COMPONENT 12 NUM = 1 QUALITY = 11,0000
PATH 4 COMPONENT 2 MNM/YR = 394 QUAL ITY = 0O.0000
PATH & COMPONENT S NUM/YR = 130 QUALITY = O.0000
PATH 4 COMPONENT 8 NUM/YR = 15743 QUAL.ITY = O.0000
PATH & COMPUONENT 10 NUM/YR = 393 QUALITY = 0.0000
PATH 5 COM2ONENT 1 NUM/YR = 787 QUALITY = 0.0000
PATH 5 COPONENT 4 NM/YR = 87 QUALITY = O,0000
PATH S COMPONENT € NUM/YR = 87 QUALITY = O.0000
PATH S CIMPONENT 7 NUM/YR = 87 - QUALITY = O.0000
PATH 16 CIIMPONENT 2 NUM/YR = 394 QUALITY = 1.0000
PATH 1€ CIMPONENT S NUM/YR = 130 QUALITY = 0.9999
PATH 16 COMPONENT 8 NUM/YR = 15743 QUALITY = §,0000
PATH 16 COMPONENT 10 NUM/YR = 393 QUALITY = 0,9999
PATH 17 CMPONENT 1 NUM/YR = 787 QUALITY = O,0050
PATH 17 CUMPONENT 46 NUM/YR = ™87 QUALITY = 0,0100
PATH 17 COMPONENT 6 NUM/YR = 787 QUALITY = 0,.0050
PATH 17 COMPONENT 7 NUM/YR = 87 QUALITY = O.7000
PATH 30 COMPONENT 1 NUM/YR <=1436640 QUALITY = 0.0041
PATH 30 COMPONENT 2 NM/YR = 718320 QUALITY = 0.0458
PATH 30 COMPONENT 3 NUM/YR =1436640 QUALITY = 0.0099
PATH 30 COMPONENT 4 NUM/YR =1436640 QUALITY = 0,0083
PATH 30 COMPONENT S NUM/YR = 718320 GUALITY = 00,0014
PATH 30 COMPONENT € NUM/YR =1436640 QUALITY = 0,0041
PATH 30 COMPONENT 7 NUM/YR =1436640 QUALITY = O.02%0
PATH 30 COMPONENT S NUM/YR =1436640 QUALITY = 0,.0833

*P.tho and components listed are those for which non-zero flows occur.
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TABLE 4,7a (cont,)

COMPONENT

COMPONENT
COMPONENT
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COMPONENT
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COMPONENT

§§

COMPONENT

. e
Ny v

.
CVRNOUND WY~

s b
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NUM/YR
NUM/YR
NUM/YR
NUM/ YR

NUM/YR
MM/ YR
NUM/YR
NUM/YR
NUM/YR
NLM/YR
NUM/YR
NUM/YR
NUM/YR
NLR1/YR
NUM/YR
NUM/YR

NUM/YR
NUM/YR
NUM/'/R
NUM/YR
NUM/YR
NUM/YR
NLIM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR

NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR
NUM/YR

NUM/YR
NUM/YR
NUM/YR
NUM/YR
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718320
718320
359160

365

=1311116
= 655558
=1311116
=1311116
= €55558
=1311116
=1311116
=1311116
655558
655558
3277719

365

47232
23616
47232
47232
23616
AT232
47232
47232
23616
23616
11808

12

16032
8016
16032
16032
8016
1602
16032
16032
8016
8016
4008
12

QUALITY
QUALITY
QUALITY
QUALITY

QUAL ITY
QUALITY
QUALITY
QUALITY
GUALITY
QUALITY
QUALITY
QUALITY
QUALITY
QUALITY
QUALITY
QUALITY

QUALITY
QUALITY
QUALITY
QUALITY
QUALITY
QUALITY
QUALITY
QUAL ITY
QUALITY
QUAL ITY
QUALITY
QUALITY

GUAL ITY
QUALITY
QUALITY
QUAL ITY
QUAL ITY
QUALITY
QUALITY
QUALITY
QUALITY
QUALITY
QUALITY
QUALITY

O

~20P°
283
S

il

00000000
533
o>

i

000
352 8%

0.0083
0.0014
0.0041
0.0250
0.0833
0.0041
0.0041
0.0416
1.0000

0. 0000
0.0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
1.0000



TABLE 4.7a (cont.)

PATH 34 COMPONENT 1 NUM/YR = 31199 QUALITY = 0.0063
PATH 34 COMPONENT 2 NUM/YR = 15599 QUALITY = 0.0693
PATH 34 COMPONENT 3 NUM/YR = 31199 QUALITY = 0.0149
PATH 34 COMPONENT 4 NUM/YR = 31199 QUALITY = 0.012€
PATH 34 COMPONENT S NUM/YR = 155939 QUALITY = O.0022
PATH 34 COMPONENT € NUM/YR = 31199 QUALITY = 0.0063
PATH 34 COMPONENT 7 NM/YR = 31199 QUALITY = 0.0378
PATH 34 COMPONENT B NUM/YR = 31199 QUALITY = O.1261%
PATH 34 COMPONENT 9 NUM/YR = 15599 QUALITY = 0.0063
PATH 34 COMPONENT 10 NUM/YR = 15599 QUALITY = 0.0063
PATH 34 COMPONENT 11 NUM/YR = 7799 QUALITY = 0.0630
PATH 35 COMPONENT 1§ NUM/YR = 125523 QUALITY = 0.0047
PATH 35 COMPONENT 2 NUM/YR = 62761 QUALITY = 0.0517
PATH 35 COMPONENT 3 NUM/YR = 125523 QUALITY = 0.0111
PATH 35 COMPONENT 4 NUM/YR = 125523 QUALITY = 0.0094
PATH 35 COMPONENT S NUM/YR = 62761 QUALITY = 0.0016€
PATH 35 COMPONENT 6 NUM/YR = 125523 QUALITY = 0.0047
PATH 35S COMPONENT 7 NUM/YR = 125523 QUALITY = O,0282
PATH 35 COMPONENT 8 NUM/YR = 125523 QUALITY = 0.0940
PATH 35 COMPONENT 9 NUM/YR = 62761 QUALITY = 0.0047
PATH 35 COMPONENT 10 NUM/YR = 62761 QUALITY = 0.0047
PATH 35 COMPONENT 11 NUM/YR = 31380 QUALITY = 0.0470
PATH 36 COMPONENT 1 NUM/YR = 156723 QUALITY = 0.0050
PATH 36 COMPONENT 2 NUM/YR = T7B361 QUALITY = 0.0552
PATH 36 COMPONENT 3 NUM/YR = 156723 QUALITY = 0.0119
PATH 36 COMPONENT 4 NUM/YR = 156723 QUALITY = 0.0100
PATH 36 COMPONENT S5 NUM/YR = 78361 QUALITY = 00,0017
PATH 36 COMPONENT € NUM/YR = 156723 GUALITY = 0.0050
PATH 36 COMPONENT 7 NUM/YR = 156723 QUALITY = 00,0301
PATH 36 COMPONENT 8 NUM/YR = 156723 QUALITY = O0.1C04
PATH 36 COMPONENT 9 NUM/YR = 7B361 GUALITY = 0.0050
PATH 26 COMPONENT 10 NUM/YR = 78361 GQUALITY = 0.0050
PATH 36 COMPONENT 11 NUM/YR = 391B0 QUALITY = 0O.0502
PATH 37 COMPONENT NUM/YR = s7 QUALITY = 0.0050
PATH 37 COMPONENT 2 NUM/YR = 394 QUALITY = 31,0000
PATH 37 COMPONENT 4 NUM/YR = 87 GUALITY = 0,0100
PATH 37 COMPONENT S NUM/YR = 130 QUALITY = 0.9999
PATH 37 COMPONENT € NM/YR = 7 QUALITY = 0.0050
PATH 37 COMPONENT 7 NJUM/YR = ™87 QUALITY = 0.7000
PATH 37 COMPONENT B NUM/YR = 156723 GQUALITY = 0,1004
PATH 37 COMPONENT 10 NUM/YR = 78361 QUALITY = 0.0050
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TABLE 4.7a (cont,)

PATH 38 COMPONENT 1 NUM/YR = 155936 QUALITY = 0.0050
PATH 38 COMPONENT 2 NUM/YR = 77967 QUALITY = 0.0504
PATH 38 COMPONENT 3 NUM/YR = 156723 QUALITY = 0.0119
PATH 38 COMPONENT 4 NUM/YR = 155936 QUALITY = 0.0100
PATH 38 COMPONENT S NUM/YR = 78230 QUALITY = 0,0001
PATH 28 COMPONENT € NUM/YR = 155936 QUALITY = 00,0050
PATH 38 COMPONENT 7 NUM/YR = 155936 QUALITY = 0,.0267
PATH 38 COMPONENT 9 NUM/YR = 78361 QUALITY = 0.0050
PATH 38 COMPONENT 11 NUM/YR = 39180 GUALITY = 0.0502
PATH 33 COMPONENT 2 NUM/YR = 394 QUALITY = 11,0000
PATH 39 COMPONENT S NUM/YR = 130 QUALITY = 0,9999
PATH 39 COMPONENT 8 NUM/YR = 156723 QUALITY = 0,1004
PATH 39 COMPONENT 10 NUM/YR = 7B3G1 QUALITY = 0.0050
PATH 40 COMPONENT 8 NUM/YR = 140979 QUALITY = 0.0000
PATH 40 COMPONENT 10 NUM/YR = 77967 QUALITY = 0.0000
PATH 41 COMPONENT 2 NUM/YR = 394 GUALITY = 0.0000
PATH 41 COMPONENT S NUM/YR = 130 QUALITY = 0,0000
PATH 41 COMPONENT 8 NUM/YR = 156723 QUALITY = 0.0000
PATH 41 COMPONENT 10 NUM/YR = 7B361 QUALITY = 0.0000
PATH 42 COMPONENT 1 NUM/YR = 787 QUALITY = 0.0050
PATH 42 COMPONENT 4 NUM/YR = 787 QUALITY = 0.0100
PATH 42 COMPONENT € NUM/YR = 787 QUALITY = 0.0050
PATH 42 COMPONENT 7 NUM/YR = 787 QUALITY = 0O,7000
PATH 45 COMPONENT 1 NUM/YR = 87 QUALITY = 0,0000
PATH 45 COMPONENT 4 NUM/YR = 87 GQUALITY = 0O.0(00
PATH 45 COMPONENT € NUM/YR = 87 GQUALITY = O.0000
PATH 4S COMPLNENT 7 NM/YR = TE7 QUALITY = 0.0000
PATH S8 COMPONENT 1 NUM/YR = 87 QUALITY = O,0000
PATH SB COMPONENT 2 NM/YR = 394 QUALITY = O.0000
PATH S8 COMPONENT 4 NUM/YR = 787 QUALITY = 0O,0000
PATH S8 COMPONENT S NUM/YR = 130 GUALITY = O,0000
PATH 58 COMPONENT € NUM/YR = 87 QUALITY = 0.0000
PATH S8 COMPONENT 7 NUM/YR = 87 QUALITY = 0.0000
PATH 58 COMPONENT B NM/YR = 156723 QUALITY = 0.0000
PATH SB COMPONENT 10 NUM/YR = 78361 GUALITY = 0.0000
PATH 59 COMPONENT 1 NUM/YR = 156723 QUALITY = 0,.0049
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TABLE 4.,7a (cont,)

PATH 59 COMPONENT 2 NMM/YR = 78361 QUALITY = O,0502
PATH 59 COMPONENT 3 NUM/YR = 156723 QUALITY = 0.0119
PATH 59 COMPONENT & NUM/YR = 156723 QUALITY = 0.0099
PATH 59 COMPONENT S NUM/YR = 78361 QUALITY = 0,0001
PATH 59 COMPONENT & NUM/YR = 155723 QUALITY = 0,0049
PATH 59 COMPONENT 7 NUM/YR = 156723 GUALITY = O,0266
PATH 59 COMPONENT B  NUM/YR = 156723 QUALITY = 0,0000
PATH S9 COMPONENT 9 NMM,/YR = 78361 QUALITY = 0,0050
PATH 59 COMPONENT 10 NUM/YR = 78361 QUALITY = 0,0000
PATH 59 COMPONENT 11 NUM/YR = 391BO GUALITY = 0.0502
PATH €0 COMPONENT 1 NUM/YR = 156723 QUALITY = 00,0049
PATH 60 COMPONENT @ NUM/YR = 7B361 QUALITY = 0.0502
PATH €0 COMPONENT 3 NUM/YR = 156723 QUALITY = 0.0119
PATH 60 COMPONEMT 4 NM/YR = 156723 QUALITY = 0.0099
PATH €0 COMPONENT S NUM/YR = 7B361 . QUALITY = 0,0001
PATH &0 COMPONENT © NUM/YR = 156723 QUALITY = 0,0049
PATH €0 COMPONENT 7 NUM/YR = 156723 GUALITY = 0.0266
PATH 60 COMPONENT B8 NUM/YR = 156723 QUALITY = O,0000
PATH €0 COMPONENT 9 NUM/YR = 78361 QUALITY =-0.0050
PATH &0 COMPONENT 10 NUM/YR = 78361 QUALITY = O,0000
PATH €0 COMPONENMT 11 NUM/YR = 39180 QUALITY = 0.0502
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PATH
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PATH
PATH
PATH
PATH
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PATH
PATH
PATH
PATH
PATH
PATH

PATH
PATH
PATH
PATH

PATH

TABLE 4,7b

BASE CASE ANALYSIS FOR AMCOACHES ""COSTS*
COMPONENT 2; PATH COST =  $157601. 37
COMPONENT S; PATH COST = $261.99
COMPONENT B8; PATH COST =  $661247.B1
COMPONENT 10; PATH COST = $19699, 88
COMPONENT 1; PATH COST = $31484. 82
COMPONENT 4; PATH COST = $59034, 03
COMPONENT &°  PATH COST =  $314B48. 21
COMPONENT 7; PATH COST =  $157424. 10
COMPONENT 4; PATH COST = $-4722. 72
COMPONENT €; PATH COST = $-787. 12
COMPONENT 7; PATH COST =  $-15742. 41
COMPONENT 2; PATH COST = $86198. 40
COMPONENT S; PATH COST = $17239. 65
COMPONENT 7; PATH COST =  $138779. 42
COMPONENT 8; PATH COST =  $138779. 42
COMPONENT 2: PATH COST = 2267 .. 36
COMPONENT S; PATH COST = $14169. 60
COMPONENT 7; PATH COST = $25505, 28
COMPONENT B; PATH COST = 326449, 32
COMPONENT S; ParMd COST = $4250. 88
COMPONENT 2; PATH COST = $34006. 98
COMPONENT 3; PATH COST = $404 3. 51
COMPONENT 4; PATH COST = $4513. 20
COMPONENT S: PATH COST = 233,07
COMPONENT 7; PATH COST = $54027. 05
COMPONENT 9; PATH COST = $3404. 14
COMPONENT 11; PATH COST = $33987. 32
COMPONENT 2; PATH COST =  $108871.03
COMPONENT S: PATH COST = $4519. 48
COMPONENT 8; PATH COST =  $587251.03
COMPONENT 10; PATH COST = $4456.11
COMPONENT 7; PATH COST = $40780. 71

TOTAL COST =  $2734487.64

*COOtl are per component per year in the path indicated. Negative

values indicate a return to the maintenance systes.
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As for the Metroliner, the total of the various individual inspection costs

is considerable. The total cost for the periodic inspections (total cost

for path 32) is about $93,000.
is about $381,000.
$474,000.

The total cost for the terminal inspection
Together, these inspection costs amount to about

This total inspection cost is sufficiently high that, as for the
Metroliner, it ranks within the five individual costs given above.
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5. CONSIDERATICN OF ALTERNATIVES

This section is concerned with the use of the simulation cost model to
determine the effects on the operation and on the cost of the truck
maintrnance system produced by time or by changes in system characteris-
tics. The system characteristics can include maintenance policies, labor
practices, specificat?~ns, etc. In making these determinations, a
sensitivity analysis .. useful. The sensitivity analysis is described
in Section 5.1 and includes results for the Metroliner and Amcoach
trucks. These sensitivity analyses and their associated base cases are
then employed in Section 5.2 to show how the effects of changes in system
characteristics are obtained. Illustrative specifications which could be
appropriate for passenger train trucks are also included in the section
for this purpose. In Section 5.3, the use of the simulation cost model

in its simulation or predictive capacity is considered.

5.1 Sensitivii; Analysis

The sensitivity analysis is the change in annual maintenance system
operating cost produced by a change in the value cf a parameter in the
cost model. For the Metroliner and Amcoach models, sensitivity analyses
were produced using the base cases (Section 4.3) as the reference. The
parameters considered to be of most interest for these sensitivity
analyses are C, D, E, and K$ and the path costs. Results for the
Metroliner and Amcoach models are shown in Tables 5.1 and 5.2.*

The tables give five columns. In the first column is the node number
(obtained by counting all nodes — branch, summation, and extra). This
number is that in the schemat:ic diagram. 1In the second column is the
branch node number (obtained by counting only the branch nodes). The third
column gives the component under consideration for the sensitivity

*
See Section 3.3 for additional discussion of the sensitivity analysis.

~135~



TABLE 5.1

DECISION PARAMETER

SENSITIVITY RESULTS FOR THE METROLINER

Branch
Node Nede *
Kumber Number Component Sensitivity ($/%) Parameter

1 1 1 $ 74.21 c
2 202.04 C

3 68.36 c

4 97.75 c

5 360.93 c

6 273.90 c

7 394.91 C

9 36.07 C

10 22.79 c

11 75.87 C

12 413.08 C

2 2 1 211.10 c
2 731.23 c

3 168.65 c

4 425.58 C

5 585.17 c

6 1,297.20 c

7 1,114.78 C

9 110.40 c

1 51.21 c

11 217.09 C

12 1,510.87 c

3 3 8 1,567.16 C

*If a4 sensitivity result is not given for a corponent or identifiable
subassembly at a node, the sensitivity is $C.00/%.
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Table 5.1 (cortinued)

Branch
Node Node
Nu._-.r Number Component Sensitivity ($/%) Parameter
4 8 $1,567.16

6 5 1 2,021.30 *
6 1 6,421.21 *

10 7 1 7,774.17 *
11 8 1 7,482.44 *
9 121.34 D

12 9 3 136.50 D
10 33.87 D

14 10 1 5,511.15 *
15 11 2 138.36 D
9 97.86 D

20 12 1 3,587.20 *
12 -4,832.71 E

22 13 4 3,402.41 *
23 14 4 1,226.31 *
24 15 1 184.79 D
30 16 6 2,245.35 *
3 17 4 135.99 D
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TABLE 5,2

DECISION PARAMETER
SENSITIVITY RESULTS FOR THE AMCOACHES

Branch
Node Node
Number Number Component Sensitivity *($/%) Parameter

1 1 62.67
977.56
10.10
119.41
154.23
625.22
958.70
3,385.74
51.06
60.69

84.96

O 00 N OV WwW N e

[
o
O O 0O 0 0O 0O 6 060 60 o0 0

[
[

252.16
3,115.92
30.32
468.83
210.00
2,515.39
3,048.18
10,751.53
25.4¢8
180.86
254.90

W W N O W N e

roo b
- O
O O 0 60 O O 0 60 6 0ooO60

[~ )
w
[
»

5,559.63

*If a sensitivity rcsult is not given for a component or identifiable
subassembly at a node, the sensitivity is $0.00/Z.
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Table 5.2 (continued)

Branch
Node Node
Number Number Component Sensitivity *($/%X) Parameter

7 4 1 $17,044.79 *
10 1 5,751.61 *
2 2,630.68 D
5 13.88 D
8 12,484.98 D
10 241.56 D
11 6 1 5,823.19 *
12 7 2 1,576.01 D
2.61 D
8 6,612.47 D
10 196.99 D
15 8 1 5,415.38 *
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anaiysis. For a component which is part of an identifiable subassembly
at the node, the component number is the lowest of those comprising the
subassembly. The sensitivity is given in Column 4. The value given is

in terms of dollars per percent, where these are defined as follows:

o The dollars are the increased total annual cost for the entire
maintenance system described by the schematic diagram and by
the associated base case analysis. All interactions among

flows and among components are included in this increased cost.

o The percent refers to a one percent increase in a flow on the
path intended for defective* components. Referring to the
data given in lines 9230 through 9269 (see Appendix A), this
path is the one given second at each node. The one percent
increase can be for the units branching to the defective path
(C decision), for the defective units correctly identified
as defective (D decision), for the good units incorrectly
jdentified as dcfective (E decision), or for the number of
identifiable subassemblies branching to the defective path
(K$ parameter).

That parameter which hus had its value increased for the sencitivity
result is indicated in the last column of the table. For the K$
parameter, the symbol '*" is used.

It i{8s to be notel that only decision parameter sensitivity results are
given in the table. Cost path sensitivities are not given. The cost
path sensitivity is the change in annual maintenance system operating
cost produced by a 1% increase in a path cost. This sensitivity 1s
useful in indicating how individual costs (rather than maintenance

*
The term "defective" is usec wmerely to identify this outgeilag path.
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procedures which affect the dec.sion parameters, patn flows, and

quelities) affect the trtal anaual cost.

The cost path sensitivities can be providzd by the simulation cost model.
However, the same information can be obtained directly from the base case
analysis by moving the decimal point two places tc the left in Tables

4.5b and 4.7b. This t:chnique ie applicable because each ccst path sensi-
tivity is obtsined by vorying only the unit cost in a given path -- no
changes in path flows, qualities, or costs on paths other than the one

under consideratrion occur.

To describe the meaning of the decision parameter sensitivity analyses,
node 11 (“ranch node 8) can be considered. The first sensitivity result
given (rable 5.1) is for component 1, which is part of an identifiable sub-
assenbly (this is denoted by the *). The components in the subassembly at
the node are 1, 2, 4, 5, 6, 7, 8, 11, 12 (see Table 3.2). The sensitivity
result is $7,482.44/%. This means that for a 1% increase in the flow of
this subassembly in path 39 (and, necessarily, a corresponding decrease in
the flow of this subassembly in patb 42) the total annual Metroliner main-
tenance cost will increase by $7,482. 4. The second sensitivity res:lt is
$121.35/% and is for a D decision. Consequently, if the number of defective
pneunatic systems branching to path 39 is increascd by 1%, the total annual

Metroliner maintenance cost will increase *y $121.34.

A similar meaning is associated with the cost path sensitivities. For
the Metroliner, the cost path sensitivity for component 7 (whe2ls) on
path 36 (inspection) is $201.04/X. This indicates that a 1X increase
in that inspection cost pruduces an annuai cost increase of $201.04.
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5.2 Use of the Sensitivity Aralyses

The sensitivity analyses can be used to indicate which aspects of
maintenance system operation contribute strongly to costs. Also, the
analyses can indicate which aspects require only small modifications to
produce significant cost reductions. Both uses provide evaluations of

the cost effects of specifications as discussed later in this section.

Those aspects of maintenance system operation which contribute strongly
to costs can be dotermined from thé cost path sensitivities. As cis-
cussed in Section 5.1, these sensitivities are obtained directly from
the base case cost results (Tables 4,5b and 4.7b) and contain the same
information as 1s in those results. The major contributors to cost can
therefore be obtained by considering Tables 4.5b and 4.7b from either a
base case or a cost path sensitivity point of view. With respect to the
Metroliner and Amcoach trucks, the major contributors to costs are given
in Section 4.3,

Those aspects of maintenance gystem operation which for small modifica-
tions produce large cost reductions are typically identified from the
decision parameter sensitivities. A review of the sensitivity results

given in Table 5.1 indicates that important cost-sensitive areas are:

© trucks sent to maintenance for periodic inspections and
because of bad-orders at terminals (nodes 6 and 7). The
sensitiv.ty for the combination of both nodes gives
$8,442.71 ver percent sent for maintenance. In the base
case, 1745 trucks are sent for maintenance per year (path
36). A 1% decrease in this flow (about 17 trucks) saves
$6,442,71.

o trucks in the shop requiring maintenance (node 10). This
sensitiviciy is $7774.17/%. 1In the base case, the 1745
trucks entering the maintenance facility undergo maintenance.
If this flow is decreased by 1% (about 17 trucks) a savings
of $7774.17 results,
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o trucks sent to "truck shop" (node 14). These trucks
contain only primary springs, bearings, frames, axles/
gear boxes, or motors. Some of these "stripped" trucks
require service — the remainder are associated with
maintenance to the other components i{n the "car shop."
The sensitivity 1s $5,511.15/% of trucks sent to the

truck shop.

o trucks in the "truck shop" after those electric motors
requiring maintenance have been removed (node 20). The
sensitivity is $3,587.20/% of such trucks on path 43,

o wheelsets sent o the wheel shop for service (node 22).
In the base case analysis, 2430 wheel dets (for 1215
trucks) are sent to the wheel shop. If this flow is
decreased by 17 (about 24 wheel sets) a savings of
$3,402.41 results.

The meaning of these sensitivity analysis results can be illustrated by
means of Table 5.3. This table gives five columns, the first being a list
of maintenance actions taken. The truck components involved in each main-
tenance action are listed in the second column. Sengitivity numbers are
Presented in Column 3. The table shows that a 1X decrease in the nucber of
trucks maintained in the maintenance facility produces a cost savings of
$74774. After maintenance of secondary springs, dampers, alternators, pneu-
matics, and bolsters, the sensitivity is $5,511. This number is lower than
the first ($7,774) and shows annual cost effect of maintenance on the re-
maining components. After motors have been serviced, the sensitivity reduces
to $3,587/X. This sensitivity is that for maintaining the components still
lower in the table (primary springs, frames, and wheelsets). After springs
and frames have been serviced, the sensitivity reduces to $3,402/%. This
sensitivity is that associated with maintenance of the wheelsets alon-.
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In the last column of the table, a cost sensitivity per truck is given.
These numbers are those given in Column 3 divided by 1745 (the number of

trucks per year which enter the service facility).

A further description of these =ensitivity results can be provided

with a diagram. Such a diagram is given in Figure 5.1. This figure
shows, schematically, the flows of trucks into the service facility and
to the various maintenance areas. The sensitivity analysis results are
given in the bexes which denote the levels «f service actioms. The
figure shows that as more components have been maintained (toward the
right side of the figure), the sensitivity costs decrease. This is to
be expected because few maintenance actions occur as one proceeds from
left to right in the diagram.

The Amcoach sensitivity analysis results can be considered in a manner
similar to that for the Metroliner. From Table 5,2 the sensitivities
for the combination of nodes 6 and 7 are $22,604.42/% ($5,559.63/% +
517,044.79/1). This sensitivity indicates that a 1% decrease in the
number of trucks sent for maintenance (a 391 truck decrease) would save
$22,604.42. The sensitivity for node 10 is, for the Amcoach model,
given separately for components 2, 5, 8, and 10 and for subassembly 1,
wheelsets (containing components 1, 4, 6, and 7). A 1% decrease in the
number of wheelsets sent for major service (a decrease of about four
wheelsets) would save $5,751.61. A 12 decrease in the number of
secondary springs, side frames (wear pads), brake azsemblies, and speed
sensors/decelost ts requiring service (decreases of about 5, 1, 158, and
4 units, reapectively') would save $2,630.68, $13.88, $12,484.98, and

*The sensitivity shown in Table 5.2 for these components is for a D
decision. Consequently, the 1X decrease is for the number of defec-
tive units in path 37, not for a 1% decrease in the number of total
units in that path.
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$241.56 respectively. A 1% decrease in the number of wheelsets
serviced (a decrease of about 35 wheelsets) would save $5,823.19.
As in the case of the Metroliner the sensitivity analysis results
tend to docrease in magnitude with increasing node numbers. This
occurs because few maintenance actions remain to be done as one

proceeds through the schematic diagrams.

The path cost and decision sensitivity results given above

indicate the capubility cf sensitivity analysis to pinpoint cost
consequences of changes in the maintenance system. This capability
is relevant to specifications which may be developed for the purpose
of influencing truck maintenance costs. The relationship between
the sensitivity analysis and such specifications can be developed
by considering specifications which are illustrative in nature.

One illustrative specification is as follows.

4 specification is developed which requires that some of the truck
components and assemblies be certified or undergo acceptance
testing. The specification also addresses, for the certification
or acceptance testing, its relative stringency for the various
components and assemblies. The specification does not name the
particular components and assemblies that are to be tested or
certified. Instead, the specification requires that the simula-
tion cost model be applied to the truck, and the rules for this
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application are provided. The resulting base case* and sensitivity
analyses are then used to indicate which components most affect the
yearly operating costs. These components are then required to be
certified or to be subjected to testing. The base case and sensi-
tivity analysis also suggest the reasons why these components have
the proportionately high operating costs. This information is used
to select the particular certification procedure or acceptance tests
to be used for the components.

The application of this illustrativc specification to the Metroliner,
for example, need involve only the path cost sensitivities (as opposed
to the decision parameter sensitivities). Referriag to the sensi-
tivity discnssion in Section 5.2 and to the base case results in Section

4.3, it can be seen that the four most important path cost sensitivities
are:

brake cost replacement
major overhaul of the traction motors

gear box re->lacement

o 0 0 o

in-shop inspec.ion costs.

*The base case, at its simnlest, would be developed for the expected
steady-state maintenance operation.of the truck. 7The term steady-
state refers to the time after the initial run~in or break-in period
for all truck components has been passed. If only this steady-state
case is of interest, it is generally not necessary to use the simula-
tion cost model in its simulation mode. (A specification which refers
to steady-state maintenance operation of the truck should define the
time by which such operation is to occur or will be considered to have
occurred.) For this base case, it might be desirable to set up the
model using only the straightforward C parameter (rather than the D
and E parameters). The base case would consider only scheduled or
expected maintenance. This scheduled maintenance should be the same
as that given in the maintenance manuals for the truck.
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Consequently, brakes, motors, and gearboxes would be selected for the
most stringent certification or =cceptance testing. Brakes might be
certified/tested for wear performance. Traction motors and gearboxes
could be certified/tested for length of time between scheduled
servicings and could be studied for redesign o decrease required labor.
The in-shop inspection costs would generally not lead to acceptance
testing or certification. However, the reduction of these costs for
specific components could be couasidered as part of the criteria used for

their acceptance.

A result of the certification and/or testing process would be to effect
an increase in the quality of only the high maintenance components or
assemblies. Another result would be to demonstrate that an increase in
the quality of the high-maintenance-cost components or assemblies 1s not
necessary and that their maintenance costs will actually be lower than

predicted by the maintainability model.

The decision sensitivities can be considered by using a second illustra-
tive specification. This specification requires that the m=2intenance
methodology is used to set the minimum times for scheduled and expected
maintenance operations. To do so, the simulation cost model is applied
to the truck as in the previous illustration. The sensitivity analysis
is used to indicate which maintenance intervals contribute strongly to
costs and, consequently, are to be lengthened. The amount that these
maintenance intervals are to be lengthened to produce target maintenance

costs are obtained from the nodel.*

*The specification can require that the maintenance intervals be set to
produce scheduled yearly maintenance costs which are a given fraction
of the originai purchase price. The specification would also have to
address the costs for unscheduled maintenance (maintenance not assvciated
with the periodic inspections). These costs must be kept low, perhaps
below a certain fraction of the scheduled and expected maintenance costs.
This requires that, beiween the scheduled and expected maintenance times,
the probabilities of failure must be small.
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In applying this illustrative specificaticn, nodes 4 and 6 can be
congidered. At node 4, brake shoes are scrapped. The scrapping occurs
because of the finite 1ife of the shoe. This life has been taken to be
4,000 miles (about 0.025 years) for the base case. A decrease of one
percent in the annual scrap flow (a decrease of 196 brake shoes) would
save about $1,567. This decrease would occur if the life of the brake
shoe were longer; specificaliy, the additional average life of the brake

shce, X, can be calculated from

488 shoes - 161000 miles/shoe year
(4000 + X) miles/shoe

= 19589 — 196 shoes/year

vhere the flow 19,589 shoes/year are those in the base case analysis.
From this expresion, there results X = 51.4 miles/shoe. Another value
for the additional average shoe life can be computed similarly. To do
go, the desired annual scrap flow of brake shoes must be established
from the sensitivity analysis result and from the targe: maintenance

cost for the shoes.

The other node being considered is node 6. At this node trucks are

sent to the car shop as a result of the periodic (30 day) inspections.
In the base case, 672 trucks per year are sent to the car shop (see
path 34 in Table 4.5a). Consequently, the base case indicates that the
trucks are found to require maintensnce at approximately every other in-
spection. The gensitivity at this node is 6421.41/% or a savings of
$6,421.41 for each 6 to 7 trucks not sent each year to the car shop from
the periodic inspection. For a typical truck, this represents an in-
crease of less than one day in the average time between such servicings.
In general, the nuwber of days increase in the average time between such
servicings can be computed from

365 - Mumber of trucks in populationm
Base case annual flow on path 34
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The increased average time computed from this expression is the required
increase in the average maintenance-free service life of *1e truck. In
practice, *his increase can best be obtained by identifying those com-
ponents which are most frequently bad-ordered during the periodic inspec-
tions. These components control the flow on path 34; therefore, increasing
the average maintenance-free service life of the truck is best accomplished

by giving them first consideration.

5.3 Simulation of Maintenance Cost Trends

The capability to simulate (or predict) truck cost and usage is a powerful
feature of the SCM technique. In the present section, the simulation
feature is erercised in order to illustrate this mode of SCM operation,
The situation vhich is considered for the illustration is described in the
following paragraphs.

It 1s desired to estimate the transient cost behavior of a new truck. When
the use of this truck starts, all the components are new., As time proceeds,
and the trucks age, defective units appear. These are serviced or scrapped,
and reworked or new components are returned to service. As time proceeds,
further additional components become defective and require replacement or
service. However, the rate of increase in the flow of defective components
decreases as the population becomes a mixture of newer/serviced units and
older/unserviced units. Eventually a steady state situation results,

in which the rare at which cooponents become defective reaches a constant
value and the associated service/replacement rate also becomes consiant.

At later times no changes in maintenance rates or in annual costs occur
unless soms change takes place in the maintenance system. Such a

change could be produced by inflation, maintenance policy alterations, or
differences in reliability between those components sent for maintenance

or scrapping and those returned to service.
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For the simulation used in the illustration below, the transient cost
behavior durfing the time between the new truck condition &nd the steady
state truck condition is to be eatimlted.* The illustration is based on

the following consideiations and assumptions:

o the truck being treated is the Metroliner truck
the cost and operation of the Metroliner system in steady

state are given by the base case analysis uf Section 4.3

o 61 cars are in the Metroline.. fleet — this number of cars remains
unchanged throughout the simulation (1.e., all cars are new and

start service simultaneously at the start of the sizulation).

o the distribution which describes, for each component, the
occurrence of defects is Weibull, (Only one defect mode exists
for each component.) The parameters for this distribution and for

ok
each component have constant values.

o scheduled maintenance is distributed uniformly over the maintenance
interval (e.g., five-year replacement of, say, secondary springs,
is not made simultaneously for the whole fleet — the replacements
are spread out over the five-year period,)

0 the simulation is made in terms of constant (1977) dollars.

*'m. illustration is selected because the early 1ife of & truck is 1ikely
to be of interest to a user of the SCM in its simulation mode. In addition,
requirements for simulations of early truck life costs and usage could Le
made part of truck specifications.

*guch a distribution can be used to represent, for a component, either
"{nfant mortality" or "wearout behavior" — not both simultansocusly,
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In order to produce the simulation, data beyond those needed for the base

case analysi3 are required. These data are

o the two Weibull parameters for each component

o the initial values of the state variables — population size,
representative age, and quality (proportion defective) — for

each component

o the length of time for the simulation and the integration step size

and were determined as follows:

The Weibull parameters required are B (the Weibull slope) and & (the
characteristic 1ife) for the defect mcde associated with the component.

The value of the quantity B determines whether the component has an "infant
mortality” defect behavior or a "wearout" defect behavior., Infant mortality,
which occurs when B <1, means a decrease with time of the rate at which
defects occur. Wearout, which occurs when £ >1, means an increase with
time of the rate at which defects occur. For the Metroliner trucy, data
sufficient to provide values for § were not available. However, m:chanical
components typically have wearout behavior. For example, defects such as
those produced by spalling, fatigue, and wear are associated with B values
of about 2 or larger. For this reason, the p value for each component was
taken to be 2.

Determination of the values for a was more complex. As for the B values,
sufficient data for the Metroliner truck were not available. However,

this difficulty was overcome by using the assumption that, as the sisulation
time increases, a steady state maintenance system behavior is produced

and is that given by the base case analysis of Section 4.3, Consequently, the
following computations could be made:

= In the base case analysis, the steady state representative age
of each component's population was computed,

= In the resulting base case analysis, the value of @ for each com-
ponent was then computed such that its population quality (propor-
tion defective) would be in steady state.
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The resulting values of a are given 1ines 9630 - 9632 of the Metroliner
*
program (see Appendix A).

The initial values of the state variables are those at which the
similation starts, Since all trucks are taken to be present and in
service at this instant, the population size for each component is

the same as that in the base case. However, the representative age and
quality (proportion defective) for each component must be 0 at this
instant,

The length of time for the simulation and the integration step size are
determined by the Weibull characteristics of the components., The

length of time should be longer than the characteristic life of any com-
ponant in order that the entire transient can be obtained. For the
simulation below, 5 years was use?, The integration step size must be
small in comparison to the smallest characteristic 1ife. For the simula-
tion below, 0.05 years was used., This step size is not smaller than the
characteristic life of the brakes. Consequently, the dynamic cost behavior
of the brakes was not included explicitly in the simulation ({.e., che
short initial transfent associated with the brakes was bypassed by con-
straining the rapid development of steady state brake cost and brake usage
behavior).**

Results of the simulation are shown in Figures 5.2 - 5,4, Figure 5.2 gives
the annual maintenance cost versus time for the Metroliner truck. The

annual cost can be seen to start at $95,000 vhen all the trucks are new.

*
The steady state value of the representative age for each component
is given in lines 9610 - 9615 of that program.

*k
A smaller step size could have been selected such that the dynamic cost
behavior of brakes would have been obtained. However, this was not desir-
able because of the increase in computer time required for the simulation.
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This $95,000 is composed primarily of inspection costs, As time

proceeds, the annual cost rises rapidly as the costs for brake replacement
reach their steady state values. Cost for other components enter the
plicture more slowly. After several years pass — say 4 — the maintenance
system is essentially in the steady state given by the base case analysis
of Section 4.3. At that time, the annua! naintenance cost is about

$105 million.

Figure 5.3 gives the scrap rates as a function of time. All components

start (at the new truck, initial time point), with a zerc scrap rate. As

time progresses, the scrap rater increase gradually and, within about &

vears, approach their steady state values, Some components (e.g., 1, 2, 6,

9) tend to reach their steady state values rapidly (within about 2 years).
Others (e.g., 3 and 7) take longer for this to occur. Component 4 has a scrap
rate which, after about 1.7 years, is higher than that given by its asyuptote.*

Figure 5.4 gives the representative age for each component as a function

of time. This f{s not the actual age of the component =- it is the time
(averaged over the component's populatfon) measured from the time that

the component was serviced (reworked or replaced). From the plot, it can
be observed that component 8 reaches its steady state representative age

of 0,025 years rapidly. Componeni. 7 reaches its steady s:ate representative
age shortly thereafter, followed by components 12, 4, 9, etc. Component 6
reaches its steady state representative age most slowly, but steady state
has effectively been reached within the 4.5 years covered by the plot.**

*Thc scrap rate for componant 8 (brakes) is not plotted, This rate starts
from zero and rapidly (within & few months) approaches its asywptotic value
of 19589 units per year.

*3na other line is given in Figure 5.4. This line f{s labelled the "no-
mainte snce" line. It describes the representative age behavior of a com~
ponent vhich is never serviced (reworked or replaced), For such a com-
ponent, its representative age must increase at the rate of one year per
year of service 1life.
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Th2 i{llustrative results presented above can be supplemented, as des!rable,
by other results from the simulation. These additional results include
the variation with time of all path flows, all path representative ages,
all path qualities, and all path costs. In addition, cases different
from the one presented can be considered. These cases could treat, for
instance, the gradual introduction of the new trucks *o cervice, the re-~
Placement of components with units having improved relisability character-
istics, the variation of ratlroad maintenance policies with time, the
effects of cost changes (including inflation), etc. It might alscv be
desirable to consider the effects of relaxing or changing some of the
consideraticns and assumptions given earlier in this section.
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6. CONCLUSIONS AND RECOMMENDATI ONS

6,1 Conclusions

The maintenance methodology for the evaluation of alternative high speed passen-
ger train trucks has been successfully developed. In addition, the methodology
-- simulation cost modelling (5CM) -- has been applied to two present~day trucks:
the Metroliner cruck and the Amcoach truck. These applications have indicated
that:

o the SCM technique can be applied directly to various trucks having
different maintenance practices

o the BASIC computer program for the SCM is complete, debugged, and
is effectively independent of the truck being evaluated

o data sufficient to run the SCM can be obtained

o the base case analysis and associated sensitivity analysis can be
used to identify major maintenance cost areas ard components and
to implement associated truck specifications

o the simulation capability of the SCM can be employed to evaluate
truck maintenance cost behavior and operation behavior which
vary with time

In conducting the work, additional conclusions were reached. These are:

0 a large number of present-day and near-term trucks exist to which
the SCM maintenance methodology can be applied. Such application, how-
ever, requires that the details of their meintenance practices be
available and that these be cast into quantitative terms

~ the schematic diagram (which characterizes the maintenance
practices of a railroad for a truck) cen be constructed
in large part by combining the operational framework for the
railroad with the maintenance characterization for the truck.
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o the schematic diagram should be constructed with and be re-
viawed by persons knowledgeable in the actual or plamied

maintenance operation

o approximate data for truck maintenance operations can readily be
obtained from maintenance personnel, published literature, summaries
of maintenance records, manufacturers, the FRA, and the AAR, etc.
Obtaining more accurate data requires detailed review of maintenance
records or gathering of maintenance data in the field

o the base case, scasitivity analyses, and other results from the SCM
can be used to check errors in data entry to the computer program and

to ascertain that the input data values are reasonable

o the base case, sensitivity, and other results from the SCM can indicate,
quantitatively, maintenance system changes which produce target benefits
established by specification

6,2 Recommendations

On the basis of the work performed, it is recommended that the following areas
be considered for further attention:

o The usefulness and applicability of the SCM for the maintenance
of high speed passenger train trucks was necessarily ascertained on
the basis of a limited exposure to knowledgeable members of the
industry. It is therefore suggested that this methodology be presented
to and reviewed by a larger portion of the industry. Such appraisal
would be valuable to determine modifications destirable in the SCM and
to asvess the manner in which the methodology would best be applied to
general use,

0 Only two trucks could be considered within the scops of the present
effort. Application of the SCM to other trucks may be desirable,
This would allow study of the maintenance differences among various
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truck types. Also, such application would -ndicate the desirability
of mydification to the maintenance methodology.

The amount of data and &ccuracy of the data obtained for two tvucks
considered we.c necessarily restricted by the scope of the work.
More accurate and more complete data sets should be obtained prior
to any additional consideration of the maintenance costs for the
two trucks.

The number of components which were taken to comprise the trucks
were also necessarily restricted by the scope of the work. Tt is
suggested that the trucks be represented by more subassemblies and
components in subsequent applications of the SCM to the two trucks.
In the present application of the SCM, several assembl'es were
identified by the sensitivity analyses as involving relatively iiigh
maintenance costs. The more detailed representation of the trucks
should therefore include treating at least these assemblies in

terms of their subassemblies and/or components,

As an alternative to treating the entire truck in terms of more
components, the maintenance of each major assembly of interest could
be treated separate’y by the SCM, 1In this way the need for including
the maintenance details for the other asgemblies in the truck would
be avoided. This approach is suggested for cases where a very de-
tailed maintenance cost evaluation for a portion of the truck is
desired.,

~

The present application of the SCM required that each component
considered possess one effective defect mode. Most componcnts and
assemblies generally have several defect modes. These defect modes
can generally entail different treatment by the maintenance system,
It is therefore suggested that, in the event detailed simulations are
desired, the SCM be modified to allow several defect modes per

component.
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APPEND'X A

USE OF SIMULATION (OST MCLEL (and Auxiliary) PROGRAM
AND PROGRAM LISTINGS

This section describes the manner in which the simulation cost model is
employed by the user. The section indicates, with the Metroliner truck
a3 an example, the data which the user must provide, where tihe dats are
entered into the program, and the way that the user interacts with the
program. In addition, the section includes a listing of the computer
program with the Metroliner data and a listing of the equivalent Amcoach
data. These listings show in detail where the data are located in the
program and what form the data must take. At the end of the section, a
listing 1s also given of the auxiliary program used to compute decision
parameter values from raw flow data. That listing is followed by a
description of typic.l use of that program.

The simulation cost model and the program which computes the decision

parameter values from raw flow data were developed to run on a Wang mini-
computer. Accordingly, the programs are in BASIC, a widely used computer
language. Because of the features of the Wang, the programs feature user-

machine interaction during program execution.

It is to be noted that the minicomputer must have certain capabilities
in order that the similation cost model can be run for either the Matroliner
or Amcoach trucks. These capabilities are

o 32K bytes of core memory

o floppy disc storage (of the 1023 disc sectors available,
sectors 501 to 1023 are used for active memory)

o hard copy (paper) output -- not necessary but desirable.
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Simulation Cost Model (Table A.1l)

The data required by the program consist primarily of values for decision
parameters, unit path costs, parameters indicating topology and rework
locations (on the schematic diagram), and state variables.* These data
requirements and the entry of the data into the program are considered

next.

The decision parameter values are entered into the program in subroutine 01
(program lines 1xxx -- see program listing). Zo do this, the branch nodes
are numbered sequentially. The data for branch node 1 (REM B 1 in the
program) are placed on line 1040. Succeeding branch node decision parameter
values are placed on line number y, where y is calculated from y = 1020 +
20+ {branch node number), For a given branch node, data may also be entered
on any line between 1020 + 20-:(branch node number' and 1040 + 20- (branch
node number), If data for more than 31 branch nodes are to be entered,
additional line numbers 1660, 1680, etc. can be used. These additional

line numbers must then also appear in line 1030 (e.g., 1030 X1 = X - 30:

ON X1 GOTO 1640, 1660, 1680, etc.). After the last data value for a given
branchk node appears, the statement GO TO 1860 must occur.

The data for any branch node must conform to the formnt** shown in the follow-
ing examples:

(1) A C value of 0.1234 for component 8 is entered as C(8) = 0.1234 or
C(8) = 1,234E-01.

*The state variables are, for each component, its population size, represen-
tative age, and quality (proportion defective in the population) for the
base case (reference yesr in a simula“ion).

*ok
There are no column or spacing requirements. The statement REM xxx: in-
dicates a remark -- the computer ignores all material between the letter
M and the colon.
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TaBLE A.1

SCM_PROGRAM LISTING WITH METROLINER DATA

1 DEFFN’ OO ISTS
2 REM 0000 0 IR SRR REM

4 REM * SIMAATION COST MUDEL PROGRAM * REM
B REM * METROLINER DATA MODEL ---- LAST REVISON DATE -- 2/78
11 REM

12 REM

15 SELECT PRINT 005(64):SELECT LIST O05(€4)

20 DIM NC12) ,NB(12),N9(12),A(12),AB(12),A3(12),B1(12),B(12)

30 DIM R(12,3),A1(12),N1(12),01(12),C(12),D(12),E(12),G(12)

40
S50
&0
70
BO

DIM 7(36),5(36),D1(36),K(36),L (36),M(36),0(12),68(12),a9(12)
DIM C$(72)24,C$(B2)1,K$(12)1, I$2,D81, 1781 ,K7$(12)1

GOT13 3000

REM

REM

100 DEFFN’11(Y,W,1%)

110 Y=498+3%Y: IF Y>=501 THEN 120: STOP "SECTOR ERROR '°*
120 IF Is="1" THEN 160: ON (W+1) GOTD 130, 140, 150

130 DATA 1.OAD DA T(Y,Y) N(),A(),Q(): RETURN

140 DATA LOAD DA T(Y,Y) NB(),AB(),QR(): RETURN

150 DATA LOAD DA T(Y,Y) N3(),A9(),03(): RETURN

160 ON (W+1) GOTO 170, 180,190

170 DATA SAVE DA T(Y,Y) N()

A(),0(): RETURN

180 DATA SAVE DA T(Y,Y) N8(},AB(),GB(): RETURN

130 DATA SAVE DA T(Y,Y) N9(),A9(),09¢()

RETURN

200 DEFFN‘O3: RE=1:IF R<>1 THEN 210:RETURN

210 FOR K=1 TO M2: IF K$(K)<>"#* THEN 230
220 RE=RE*(1--NI(K))
230 NEXT K: IF RE6<>1 THEN 240: RETURN

2640 RE=1-R6: 068, X1=R6

245 IF X<>S7 THEN 250: IF K7$(K7)<>"#* THEN 250: U7*SGN(O.S+10E-
6€-RE) 2 RE=REHUTHO, O1%RE: X1=RE

250 FOR K=1 TO M2: IF K$(K)<>*#* THEN 330

260 N2=1-N1(K)+1,0E-2S#SCN(~0. S+N1(K) )

265 N3=N1(K;+1.0E-25%SGN(O. 5-N1 (K))

270 JF A1(K)<1/N3 THEN 28O

Al(K)=1/N3

2RO IF Q1(K)<1/N3 THEN 290: Q1(K)=1/N3

290

Re=(OB

300 A1 (K)I=AL (KNI (K)/RE+( (1-N1 (K)#AY (K))/N2)%(1-N1(K)/R6)
J05 A1 (K =01 CKIMNL (K) /954 ( (1-N1(K)*A1 (K) ) /N2)*( 1 -N1 (K) /RE)
320 RE=X1: N1 (K)=Rf

330 NEXT K

340

RETURN
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TABLE A.1 (cont.)

1000 DEFFN‘O1(X,R,S,T)
1010 IF X>30 THEN 1030

1020 ON X GOTC 1040, 1060, 1080, 1100, 1120, 1140, 1160, 1180, 1200
s 1220, 1240, 12€0, 1280, 1300, 1320, 1340, 1%0,13&), 1400, 1420

+ 1440, 14€0, 1480, 1500, 1520, 1540, 1560, 1580, 1600, 16&C

,1&0 X1mX- 30- _ON X1 GOTO 1640

REM B C¢ 1)=12.0 :¢9 =} :GOTOD 1860 ©
060 REM B a. C( 1)=263.3 :C9 =1 :GOTO 1860 ™

mso REM B 3: C( 1)=263.3 :C9 =i :GOTO 1860 P

1100 REM B 4: C( B)=-1.0 :D( B)=1.00 :E( B)=0 :GOTO 1860 -

1120 REM B S:
1140 REM B 6!

1160 REM B 7:

INIT(2AIKS()
INIT(2A)KS():

INIT(2AIKS():

IMAT C=CON:MAT C=(.05)%C
MAT C=CON:M:AT C=2(-1.00)%C :MAT D
CON:MAT D=(.045)%D:MAT E=CON:ZMAT E=(.000000%)#E

:GOTD 1860 <
$GOTO 1860

MAT C=CON:MAT C=(-3,.00)%#C :MAT D=

CON:MAT D=(1.)%D:MAT E=CON:MAT E=(.B7)%E :GOTO 1860
11BO REM B 8: C( 1)=-1 :D{ 1)=1.0000000 :E! 1)=.998993964
$ CC 2)=-1 :D( 2)=1.0000000 :E: 2)=.9989939C4
11B2 REM B B8: C( 4)=-1 :D' 4):1.0000000 :E( 4)=.99905213
11B4 REM B B8: C( S)=-1 :D( 5)=1.0000000 :E( 5)=.9990118S0
P C( 6)=-1 :D( 6)=1.0000000 :E( &)=.999009009 o
11B6 REM B B: C( 7)=-1 :D( 7)=1.0000000 :E( 7)=,994077830 ®
11BB REM B B: C( 9)=-1 :D( 9)=,35416693 :E( 9)=0 =
1190 REM B a- C(11)=-1 :D(11)=1.0000000 :E(11)=.998993960 s
C(12)=-1 :D(12)=1,0000000 :E(12)=.998913043 x
1192 REM B 8.m.n KS(2),K$(4) ,K$(5) K$(6) ,KS(T),K$(B) ,K$(11) KS
$(12)="#*: GOTD 1BEO >
1200 REM B 9: C( 3)=-1 :D( 3)=.75 tEC 3)=0 N
: C(10)=-1 :D(10)=1.0 tE(10)=0 &
1212 REM B 9: GOTD 1860
1220 REM B 10: C( 1)=-1 :D( 1)=1.0000000 :E( 1)=,9929506S
1222 REM B 10: C( 4)=-1 :D( 4)=1.0000000 :E( 4)=.99335863
1223 REM B 10: €(2),C(3),C(8),C(9),C(10),C(11)=0
1224 REM B 10: C( S)=-1 :D( 5)=1,0000000 :E( S)=.993076163
$ C( 6)=-1 :D( €)=1.0000000 :E( €)=.993062438
1226 REM B 10: C¢ 7)=-1 :D( 7)=1.0000000 :E( 7)=.97623078O
1230 REM B 10: C(12)=-1 :D(12)=1.0000000 :E(12)=.992383025
1232 REM B 10 K$(1),K$(4),KE(5) ,K$(6) ,KS(T), KS(12)=" 002 =
GOTO 1880 ©
1240 REM B 11: C( 2)=-1 :D( 2)=.25 tEC( 2)=0 =
1242 REM B 11: C( 9)=~1 3:D( 9)=1.00000 tE( 9)=0 @
1252 REM B 11: GOTOD 1860 -
1260 REM B 12: C( 1)s-1 :D( 1)=1.000000000 :E( 1)s.995436105 ©
1262 REM B 12: C( 4)=-1 :D( 4)=1.,00000000 :E( 4)=.995702005 ™
1264 REM B 12: C( S)=-1 :D( S)=1,000000000 :E( S)=.996015936 °
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TABLE A.1 (cont.)

: Ct &)=-1 :D( 6)=1.00000000 :E( €)=,995923€3

. (7]
3 REM B 12: C( 7)=-1 :D( 7)=1.000000000 :E( 7)=.98434774 .
1270 REM B 12: C(12)=-1 :D(12)=0 tE(12)=1 o
1272 REM B 12: K3(31),K$(4),K$(5) K$(E),K$(T)="#": GOTO 1BEO A
12B0 REM B 13! C( 64)=-1 :D( 4)=,99999999 :E( 4)=,025523364
: C( €)=-1 :D( €)=.37203684 :E( €)=,191723623
T C( 7)=-1 :D( 7)=.99164400 :E( 7)=.260363680
1292 REM B 137 K3(4),K$(6) ,HE(T)="2" :GOTO 1860
1300 REM B 14: C( 4)=-1 :D! &)= TE( 4)=.,0137254
! C( 6)=-1 :D( €)=} tE( 6€)=.000478253
: C( 7)=.000013168
1312 REM B 14: K$(4),K$(6) ,KS$(T)u"s" :GOTO 1860
1320 REM B 15: C( 1)= i :D( 1)=.250000000 :E( 1)=0
1332 REM B 15: GOTO 1860
1340 REM B 16: C(€),C(7)=1 o
1352 REM B 16: K3(6),K$(7)="#" :GOTD 1BEO -
1360 REM B 17: C( 4)=-1 :D( 4)=1,00000000 :E{ 4)=0 =
1372 REM B 17: GOTO 1860 ..,
1380 REM B 18: C( 6€)=-1 :D( €)=1.00000000 :E( €)=0 =
1392 REM B 18: GOTO 1860 <
1400 REM B 19: C{ 7)=1 o
1412 REM B 19: GOTO 1860 <
1420 REM B 20: C( €)=.4038360 N
1432 REM B 20: GOTO 1860
1440 REM B 21: C(12)=-1 :D(12)=.25 tE(12)=0
1452 REM B 21: GOTO 1BGO
1460 REM B 22: C( 1)=0
1472 REM B 22: COTO 1860
1480 REM B 23: C(1)= 1 :GOTO 1860
1507 REM B 24: C(1)= 1} :GOTO 186D =z
1520 REM B 25: C(1)= 1 :GOTO 1860 °
1540 REM B 26: C(1)= 1 :GOTD 1860 -
1560 REM B 27: C(1)= 1 :GOTO 1B60 w
1580 REM B 2B: C(1)= 1 :GOTO 1860 ~
1600 REM B 29: C(1)= 1 :GOTD 1860 ©
1620 REM B 30: C(1)= 1 :GOTD 1860 ~
1640 REM B 31: C(1)= :GOTO 1860 a
1860 IF C9=0 THEN 1870: C9=C(1): MAT C=CON: MAT C=(CO)%C: CO=0
1870 IF S7<=0 THEN 1920: 1F X<>S7 THEN 1930: J7=J

1875 FOR G8=1 TO M2: K7$(GB)=KS(GB): NEXT GB: IT7$=°#°: IF KTS(K7
)yst#® THEN 1920

1880 IF G(K7)=0 THEN 1B90: U7T=31: G(K7)=G(KT7)+0.01%G(K7): T7=1: I
Te="G": GOTO 1920 .

1890 IF C(K7)<O THEN 190D: if7=SGN(O.S+10E-6-C(KT)): C(KT7)=C(KT)+
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TABLE A.1 (cont,)

UT#0.O1#C(KT7): T7=1: 17$="C*: GOTO 1920
1900 IF T7=2 THEN 1910: U7=SGN(O.S5+10E-6-D(K7)): D(K7)=D(KT)+UT*
0.01%D(K7): T7=2: 17$="D": GOTD 1920
1910 U7=SGN(0.5+10E-6-E(K7)): E(KT)=E(KT)+UT#0.O1*E(KT): T7=1: ]
7$="E"
1920 FOR K=1 TO M2
1930 IF G(K)=0 THEN 1950: N1(K)=A(K)/(2#*G(K)): IF A(K)=O THEN 19
50
1940 AL (K)=2#G(K)/A(K): G1(K)=1: G(K)=0: GOTD 1980
1950 IF C(K)<O THEN 1960: Q1(K)=1: N1(K)=C(K): GOTD 1980
1960 N1 (K)=D(K)I*Q(KI+E(K)I*(1-Q(K)): IF N1(K)<DO THEN 1970: Q1 (K)
=52 GOTO 1980
1970 Q1 (K)=D(K)/N1(K)
1980 NEXT K: RETURN
2000 DEFFN’02(I)
2010 IF C$(I)<>"0" THEN 2020: J=J+1: C=0: RETURN
2020 J1=I-J:J2=J1:1F J1>60 THEN 2045: IF J1>30 THEN 2040
2030 ON J1 GOTO 2050,2070, 2090, 2110, 2130, 2150, 2170, 2190, 2210
+ 2230, 2250, 2270, 2290, 2310, 2330, 2350, 2370, 2390, 2410, 2430
» 2450, 2470, 2490, 2510, 2530, 2550, 2570, 2590, 2610, 2630
2040 J1=J1-30
2042 ON J1 GOTO 2650, 2670, 2630, 2710, 2730, 2750, 2770, 2790, 2810
+ 2830, 2850, 2870, 2890, 2310, 2330, 2950, 2370, 2990, 3010, 3030
» 3050, 3070, 3090, 3110, 3130, 3150, 3170, 3190, 3210, 3230
2045 J1=J1-60
2047 ON J1 GOTD 32%0, 3270, 3290, 3310, 3330, 3350, 3370, 3390, 3410
» 3430, 3450, 3470, 3490, 3510, 3530, 3550, 3570
c¢

3050 REM C  1: 1)=N( 1)* 000000.00 $GOTD 3900

2070 REM C 2: C( 1)=N( 1)#* 000000.00 :G0TO 3300 :
20% REM C 3: C( 1)=N( 1)#* 000000.00 :COTO 3900 -
2130 REM C 4: C( 3)=N( 3)# 50. 00 o
2111 REM C 4: C( B)=N( 8)% 000000.00 o
2112 REM C &: C( 9)=N( 9)» 150. 00

2113 REM C &: C(10)=N(10)* 50. 00 :GOTO 3300

2130 REM C 52 C( 2)=N( 2)# 150. 00

2131 REM C S: C( 9)=N( 9)® 250.00

2132 REM C S: C(11)=N(11)*  1000.00 $GCTO 3900

21SO REM C 6: C( 1)=sN( 1)® 200. 00

2151 REM C 6: C( S5)=N( S)® 10000.00 $GOTO 3900
21TOREM C 7: C( 4)=N( 4)% 150. 00 $GOTO 3900

2190 REM C B: C( 7)=aN( 7)# 200.00 :GOTD 3300 =
2210 REM C 9: C( 6)s=N( €)% 2500.00 :GOTO 3900 =
2330 REM € 10: C(12)=N(12)* 18000.00 $GOTD 3300 <
2350 REM C 11: C( 1)=N( 1)#* 000000.00 $GOTO 3300 (Y
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2810
831

§833993993393388338343

OO0 NNDNNN0NNON0NNN0N

R EEEEEEEEEEEEE

b ¥-H
132
14:
1s:
162
17:
17:
18:

-

24;

252

TABLE A.1 (cont.)

1)=N¢
1) =N¢
1)=N¢(
1)=N¢(
3)=N(
2)=N¢(

1)
1)+
1)
1)
3=
)

C(11)=N(11)®

C«
C(
Cc(
Cq
Ct

1)=N¢
5) =N¢(
4)=N(
7)) =N(
€)=aN(

1)»
Sy
4)%
Ty
6)»

Cl12)=N(12)%

C(
Ct
Ct
Ct
C(

8)=N¢
1)=N(
1)=N¢(
1)=N(
1)=N¢(
1)=N(
1) =N¢
1)=

1) =N¢(
1)=

1)=N(
1)=N¢(
1) =N¢(
1)=N(
2)=N(
3)sN¢
4)=N(
S)=N¢
€)=N¢(
TI=N¢
B)=N¢(
9)=N(

B)*»
1)#
1)»
1)»
1)»
1)»
1)#

1)»

1)=
1)»
1)
1)»
e
3)»
4)%
S)s
6)»
T
B8)»
9

C(10)=N(10)#
C(11)=N(11)»
C12)=N(12)%
CC 1)=Nt 1)+
C( B)=N( 8)% 00000C.00
Cl 1)=N( 1)#
C{ 3)=N( 3)»
C( 3)=N( 9=
C(10)=N(1C)#
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(-25.00)
(-200.00)
B8.00
000000. 00
000000. 00
000000, 00
©000000. 00
000000. 00
000000. 00
25000. 00
000000. 00
25000. 00
000000. 00
000000. 00
000000. 00
1.464

-*

1.464

0.00
4,32
0.00
2.88
0.00

1.44

2.30

S.76

0.00
00000G. 00

000000. 00

17.27 *0(3)
150.00 #*a(9)
115.10 *Q¢10)

S ELE
1 43

333353

£F

;

FHEEE R I

PATH COSTS



2B50 REM C 41:
287C REM C 420

2890 REM
2891 REM
2892 REM
2910 REM
2911 REM
2930 RLCM
2950 REM
- 2970 REM
2930 REM
3010 REM
3011 REM
30312 REM
3030 REM
3050 REM
3070 REM
3090 REM
3110 REM
3130 REM
3150 REM
3170 REM
3190 REM
3210 REM

3510

°
33383333333834¢9
o2k sXslzReleizieioleRe e e Reks s ReRsReleReke e Re NN eReNeReleNeRoRoeReRaRale/

3570 REM

43:
L H
43:
Lo H
443
852
463
87:
48:
49:
49:
49:
50:
51:
sa:
53:
Chs

£5:2

12, 3Y
57:

59:

61:
| °H
€3:
642
€52

©7:

€92

I H
e
732
T4
4

TABLE A.1 (cont.)

C( 1)=NC( 1)* 000000.00

Ct S)=N( 5)»

C( 2)=N( 2)*
C( 9)=N({ 9)»
C(11)=N(11)%
C(e 2)sN( & »
C(11)=N(11)#
¢ 1)sNC 1)
L 1)=N( 1)*
C12)=N(12)*
Ce{ 1)=N( 1)*
C{ A4)aN( 4)*
Ct 6)=N( 6)%
CC 7)=sNC T)®
Ct 1)=aN( 1)#
C( 1)=N( 1)*
CC 1)=N( 1)»
Ce 1)aN( 1)%
Ce 1)aN( 1)+
Ct 1)=N( 1)#
C( 1)=N( 1)
C( 1)aN( 1)#
Ct 1)=N( 1)*
C( 1)s=N( 1)+
Ct 1)=N( 1)*
CC F)=sN( T)*
Ct 4)=N( 4)*
C¢ 1)aNC 1)%
C( 4)=N( A)*
Ce 1)=N( 1)
Cr TIsN( 7)#
Ci 1)=sNt 1)+
C{ 6)=N( 6)*
Ct 1)=N( 3)*
Ct 6)=N( 6)%
Ct 6)=N( €)%
Ct €)=N( 6)%
Cl €)aN( &)%
Ct 1)=N( §)+
C12)=N(12)#
C( 1)=N( 1)*
Cl12)=N(12)*

$GOTO 39300

T77.72%(1-(1-G(13)#(1-Q(2))%(1-Q
(A)IH(1-Q(S)IN(I-QEENIH(1-Q(TII*(1-Q(13))*(1-0Q(1c")))

207.24 (D)
€0.00

207.246 *Q(i1)
103.€a *Q(2)
100.00 *0(11)

000000. 00
000000 . OO
51.81
000000. 00
.72

B.€4

2.88
000000, 00
000000. 00
000000, 00
000000. 00
000000, 00
000000. 00
000000, 00
000000. 00
000000. 00
000000. 00
000000. 00
6.48

“. 2
000000. 00
€9.08
000000, 00
4,32
000000. 00
4,32
000000, 00
17.27
89,014
17.27
4,32
000000, 00
100.00
000000, 00
2000. 00
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$GOTO 3900

:GOT0

:6OTO
:GOT0
:GO7T0
1 GOY0
:GOY0

$GOTO
:GOTO0
$GOTO
16070
Hetu
G070
:GOTO
:GOTOD
:6OTO
$GOTO
:COYD

L

feae é
TEEHTHTHEELHEEEE PR L

:GOT0
:GOT0

PATH COSTS



3910

€010

€030
040
050

€070

6100
6110
€120
6130
6140
6150
€160
6170

€210

6300
6310
€320
6330
6340
6350
6360

TABLE A,1 (cont.)

1IF 57>=0 THEN 3320: IF J2<>(-S7) THEN 3920: J7=I
C(KTI=C(KT)+0.01#ABS(C(KT))
RETURN
DEFFN’21: MAT K=D1: MAT Z=(T1/2)%D1: MAT Z=Z+S: RETURN
DEFFN’D2: MAT L=D1: MAT Z=(T1/2)*D1: MAT Z=I+S: RETURN
DEFFN’23: MAT MaD1: MAT Z=(T1)#i: MAT Z=2+S: RETURN
DEFFN’ 14
REM PATH ' IDENTIFIES THE STATE VARIABLES. PATH 2 PROVIDES
FOR EXPANGION OF EACH COMPONENT’S POPULATION
FOR K=1 TO M2: p3m-2+3%K
IF Z(K1)3>0 THEN 60S0: Z(K1)=0
IF Z(X1+1)>0 THEN 6060: Z(Ki+1)=0
IF Z(K142)<i THEN €070: Z(K1+2)=1
N(KI=Z(KI)ZA(KIZZ(KI+1 sO(KI=Z(K142)
NEXT K
GOSUB ‘11(1,0,"1")
J=0: MAT D1=ZER
J=J+1: PRINT J
CONVERT STR(G$(J),1,3) TO X
CONVERT STR(G$(J).4,3) TO R
CONVERT STR(G$(J),7,3) TO S
CONVERT STR{G$(J),10,3) TO T
IF X=O THEN 6190: IF X=-1 THEN €730
IF X>22 THEN €1B0: GOTD €380
STOP "ERROR IN BRANCH POINT DATA®
GOSUB ‘11(R,1,"0"): COSLB '11(S,2,"0")
FOR K=1 TO M2: Kim-2+3%(
N(K)=NB(K)+NI(K): N3I=N(K)+1,0E-25
ACK) = INBCK I RABCK ) +NI(K)IRAD(K ) ) /N3
Q(K) = (NB(K)I*AB(K) +NI(KIAI(K) ) /N3: GB=Q(K): AB=A(K)
IF STR(GC$(J), 12+K,1)=" * THEN 6300
CONVERT STR(GS$(J),12+K,1) TO P .
PisP-3: IF P1<0 THEN 6270: P=P-3: COTD 6260
ACK) = (1-QCK) I*AIK) S Q(K)=ABS(R(K,P)):
IF R(K,P)>0 THEN 62BO: A(K)=0
D1 (K141)=D1(K1+1)-(AB-ACK) IMNIK) /Z (K1)
D1 (K3 +2)=D1 (K1+2) - (OB-Q(K) YM(K) /ZIK1)
NEXT K
cOSUB ‘11(T,0,"1%)
IF T<16 THEN €370: IF T>27 THEN 6370
FOR K=1 TD M2
NB(K)=N(K)2 AB(K),QI3(K)=0
NEXT K
coSUB ‘11¢(T-12,1,°1°)
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€370

€330
€410

€430
€440

€470
6480
€500
€520
€530

6540
6550
6560

€570

€580
€530

6600
€610

6630

6650
6670
6690

€710
€720
6730
€735
€740
6750
6760

TABLE A.1 (cont.)

GNTO 6730
MAT C=ZCR: MAT A1=CON: INIT(20)K$(): GOSUB ‘11¢R,0,*0"):
GOSUB ‘01¢(X,R,S,T)
GOSUB ‘03: IF R<>1 THEN 6440
FOR K=1 TO m2
NB(K)=N1(KIMN(K): AB(K)=AL(KI*A(K): GB(K)=01 (K)*Q(K)
NEXT K
GISUB ‘11(S,1,"I*): GOTO €730
FOR K=1 TO M2: Ki=-2+3wK
I N1I(K)>O THEN €460: N1(K)=0
IF N1(K)<1 T+EN €470: Ni(K)=1
NE=1-N1(K) +1 . 0E-25%*5GN( ~. S+N1(K))
N3=N1(K)+1,CE-25#SGN( +.5-N1 (K))
IF A1(K)CI/N3 THEN €520: A1(K)=1/N3
IF @1(K)<1/N3 THEN €530: G1(K)=1/N3
NBK)=NI (KI¥N(K) 2 AB(K)=A1(K)*A(K): QR(K)=Q1 (K)*Q(K)
NI(K)I=N(K) -NB(K?
A (K) =(1-N1(H)I*AL(K) )IRA(K)I /N2
AI(KI= (I -N1(K)I*AL (K) IA(K)/N2: QB=QB(K): @=0I(K): AB=AB(K)
s AI=A(K)
IF STR(G$(J),12+K,1)=" * THEN €€60:
CONVERT STR(G$(J),124K,1) TO P: P9=p
Pi=P9-3: IF P1<0 THEN €590: P9=P9-3: GOTO 6S80
IF P<4 THEN 6630: AB(K)=(1-Q(K))®AB(K): AB(K)=ABS(R(K,P9))
¢ IF R(K,P9)>0 THEN 6600: A9(K)=0
D1(K1+1)=D1(K1+41)~(AB-AB(K) )#NB(K) /Z (K1)
D1(K142)=D1(K1+2)~(QR-GB(K) ) *™NB(K) /Z (K1)
IF P<7 THEN 6660
ASUO) = (1-GI(K) I®AD(K) 2 @ (K)=ABS(R(K,P9I)):
IF- R(K,P9)>0 THEN 6640: AS(K)=0
D1(K1+1)=D1(K141)-(A9-AI(K)IMNI(K) /2 (K1)
D1 (K1 +2)=D1(K1+2) - (G-I (K) IMNI(K) /Z (K1)
NEXT K
cosuB ‘11(S,1,"1°): GcOSuB ‘11(T,2,"1*)
IF 8<16 THEN €730: IF S>37 THEN 6730
FOR K=1 TO m2
N(K)=NB(K): A(K),Q(K)=0
NEXT K
GOSUB “11(S-12,0,"1%)
IF J<>Z31 THEN 6110
REM WEIBULL JUALITY DISTRIBUTION ASSUMED
FOR K=1 TO M2: Ki=-2+3%(
GOSUB ‘11°2,1,°0"): GOSUB ‘11¢(3,2,*0")
D1 (K1)=NBK)-NI(K):
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TABLE A.1 (cont.)

D1(K1+¢1)=D1(K1+3)+1-(NBC(K)-NI(K)I®Z(K1+1)/Z(K1)
€770 AB=(B(K) /Bl (K))®*(Z(K1+1)/B1(K) Y+ (B(K)-1)
€780 D1(K1+2)=D1(K142)+@8*(1-Z(K142))~(NB(K)-NI(K))#*
Z(K1+2)/Z(K1)
€800 NEXT K

€810 FOR I=16 TO 2%: L=1: IF L<2B THEN €820: L=3
6820 GOSUB ‘11(L,1,"D")

€830 FOR K=1 TO M2: Kl=-243%K

6840 D1(K1+1)=D1(K1+1)-AB(KIMNB(K)/Z(K1)
€860 D1(K1+42) =01 (K142)-QR(KIMNB(K) /Z (K1)
€870 NEXT K

€875 NEXT 1

6880 RETURN

7000 DEFFN‘15: SELECT PO: SELECT PRINT 005(64)

7010 IF TO<>O THEN 7020: SELECT P2

7020 IF A=0 THEN 7030: SELECT PO: SELECT PRINT 215(132)

7030 IF A7=0 THEN 7040: SELECT PO: SELECT PRINT 00S(64)

7040 PRINT :PRINT :PRINT "YEAR *;T9:PRINT

7050 GOSUB ‘11(1,0,°0")

7060 FOR K=1 TO M2

7070 PRINTUSING 70BO,1,K,N(K),A(K),Q(K)

TOBOX PATH ###: COMPONENT ##: NUM =HRNRNNNNNN, AV.AGE = ##
A, QUAL = #9089

7090 NEXT K: PRINT
7100 IF A=1 THEN 7160
7110 FOR I=2 7O Z3: Ki1=0: GOSUB ‘11(I1,0,"0"): FOR K=1 TO M2

¢ IF N(K)=0O THEN 7140

7120 PRINTUSING 7130, I,K,N(K) ,A(K) ,G(K): Ki=K1lel

7130 PATH ###; COMPONENT ##; NUM/YR =#HiNiNies, AV.AGE = ###
-, GUAL = & #0s

7140 NEXT K: IF Ki=O THEN 7150: PRINT

7150 NEXT I

7160 J=0: CO=0: IF A=1 THEN T1BO

7170 PRINT : PRINT

7180 FOR I=1 TD Z3: MAT C=ZER: GOSUB ‘11(I1,0,"0"): K1=0: GO
;|UB ‘o2(1)
7190 FOR K=1 TO M2: CO=CO+C(K)

7200 IF A=3 THEN 7230
7210 IF C(K)=0 THEN 7230: PRINTUSING 7220, 1,K,C(K): Ki=Ki+}
T7220X PATH #0#%; COMPONENT #8; PATH COST =sa#iNNNiig . 46

7230 NEXT K: IF K1=0 THEN 7240: PRINT

7240 NEXT 1

7250 PRINT : PRINTUSING 7260,CO:PRINT

7260% TOTAL COST = SHNNNNE. 0
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TABLE A.1 (cont.)

7270 SELECY PO: SELECT PRINT 005(64): RETURN

BOOO DEFFFN’ 16

8010 SELECT PRINT 005(64): IF A=0 THEN B020: SELECT PRINT 215(13
2)

B020 IF S57<>0 THEN BO30: S7=V7+1: V7=87:K7=1 : P7=0: C7=CO: PRI
T ¢ RETURN

BO30 IF S7<0 THEN 8110: R7=(CO-C7)/U7

B040 PRINTUSING BO0S0O,S7,J7,K7,R7,17$: PT7=P7+3

BOSOX BRANCH NODE ###, NODE ##%, COMPONENT ##, SENSITIVITY =
SHHNRNNNNR NN . 8/ 2, »

BOEO IF T7<>2 THEN BO70: RETURN

BO7O K7=K7+1: IF K7>M2 THEN BOBO:Ud=1:1IF K7$(K7)="#* THEN 8075t
RETURN

BO7S IF K7%(GB)="%*" THEN BO70:08=08+1:IF QB<K7 THEN BO7S:RETURN

BOBO INIT(2C)KT7$(): IF P7=0 THEN B0U90: PRINT : P7=0
B090 S7=57+1:K7=1: IF S7>Z2 THEN B100: RETURN
B100 PRINT : PRINT ¢ S7=-1: K7=1: P7=0: RETURN
B110 R7=(C0O-C7)/1.0: IF R7=0 THEN B130:
PRINTUSING B120,-57,J7,K7,R7: P7=P7+)
8120% COST PATH ##8, PATH ##%, COMPONENT ##, SENSITIVITY =
SHRNARRNNRENNE. 88/ X
8130 K7=K7+1: IF K7>M2 THEN B140: RETURN
8140 IF P7=0 THEN B150: PRINT : P7=0
B150 S7=57-1: K7=1: IF S7<-Z4 THEN 8160: RETURN
8160 ST=0: TI9=TO: PRINT : RETURN
9000 INIT(20) GS(),K7$(): INIT(30) C$(): 87,C9=0: Y7,KT=1:

MAT G=ZER ]
9010 READ M2: DATA 12: REM --- M2 IS THE NUMBER OF COMPONENTS 8
9020 READ Z1: DATA 72: REM --- Z1 IS THE NUMBER OF NODE POINTS
(BRANCH & SUM & EXTRAS) X
9030 READ 12: DATA 32:REM --~ Z2 IS THE NUMBER OF BRANCH POINTS .
9040 READ I3: DATA B1: REM --- Z3 IS THE TOTAL NUMBER OF PATHS N
9050 READ Z4: DATA Bi: REM --- Z4 IS THE NUMBER OF PATHS WITH @

ASSDOCIATED COST

9060 REM PATH Z3+1 IS ‘DUMPING GROUND’ FOR MANY OF THE FLOMS
BACK 7O THE ‘FIELD’

9070 MAT REDIM G$(Z1)24,C8(2Z3)1,KEM2)1 , KT$(M2) 2

3080 FOR I=3 TO 21 ]

9030 READ G1: CONVERT G1 TD STR(GS$(I),1,3), (-#)

9100 REM THIS PART OF G$() IDENTIFIES THE BRANCH-SUMMATION-
EXTRA NODES. BRANCH NODES ARE SEQUENTIAL NUMBERS, S9UM-
MATION NODES (0>, EXTRA NNDES (-1).

9120 DATA 1, 2, 3, 4, O, S, 6, 0,1, 7, 8, 9, 0,10,11,
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9122

9130
9140
9150
9160
9170
9180
9190
2191
9193
9194

IEERERER RN RNE

DATA

RIZAD

O,-%,-1,-1,12,
17, 0,18,19, O,
-1,-1,
_.l’

"1-'1”1!

TABLE A,1 (cont,)

0,

FOR I=1 TO 21

G1,62,G63:

IF G3<>%1 THEN 9160:

-1,13,14,15,-1,
20, 0, 0, 0, O
-1,-3,-1,-1,21,
0,-1,-1,-1, O,

CONVERT G1 TO STR(GS$(1),4,3), (###)
CONVERT G2 TO STR(GS$(I),7,3), (###)
CONVERT G3 TO STR(G$(I),10,3), (##)

REM

- - o - - -

e o T - - - - - — - - - -

64, 7,65,
€8, 8,69,
72,6€9,73,
o, 0, O,
o, 0, O,
o, 0, O,
47,76,75,
o, 0, 0O,
o, 0, O,
o, 0, O,
o, 0, O,
S6, 45,57,
0o, 0, 0,
o, 0, O,

G$() DEFINED AS FOLLOWS
---------- - FOR SUMMATION NODES

_1"'1,-1, 0’16’

220-1’_1’_‘1_1'
0, O.‘l,’l, o’

G3=23+1

OF BRANCH, SUM-
MATION, AND EX-
TRA NODES

IDENTIFICATION

FROM PATH

FROM PATH
TO PATH

FROM PATH
TO BAD
TO GOOD

TOPOLOGY OF SCHEMATIC DIAGRAM

t——

REM THE 12 PATHS 16-27 ARE RESERVED FOR SCRAP YARD PATHS,
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TABLE A.1 (cont,)

THE FLOWS IN PATHS 16-27 ARE COMPENSATED BY MANUFACTUR

ERS’ FLOWS IN PATHS 4-15,PATH 3 IS NON-COMPSATED SCRAP
9310 READ R: DATA 14 TOTAL NUMBER OF REWORKINGS
9320 FOR J=1 TO R
9330 READ K, I1,A, I$,R(K,I)

B8

9331 DATA B, 1, &, “GD*, O a

2332 DATA 3, 1, 12, *GD*, O, 9, 1, 12, *GD*, O <

3333 DATA 10, 1, 12, *6D*, O, 2, 1, 15, °*GD*. O b

2334 DATA 11, 1, 15, “GD*, O, 12, 1, 50, °*GD". O

9335 DATA 12, 2, 51, *GD*, O, 1, 1, 24, *GD*. O &

3336 DATA S, 1, 24, *GD°, O, 7, 1, 23, °*GA*. O g

3337 DATA 4, 1, 31, *GA*, O, 7, 2, 34, *GD*. ©

9338 DATA 6, 1, 36, "GD*, O

9340 REM --- IF G$() IS NOT BLANK HERE THEN THE REFERENCED———
REM --- COMPONENT K HAS ITS I-TH REWORK ON A PATH FROM
REM --- NODE A.

9350 REM --- I8 IDENTIFIES REWORK IN PATHS GOOD "G*, BAD "B",
REM --- OR ALL "A® ON DEFECTIVES *D* OR ALL "At UNITS.
9360 REM --- COMPONENT GQUALITY AFTER REWORK IS R(K,1).THE TOTAL

REM --- NUMBCR OF REWORKINGS FOR ALL THE COMPONENTS IS R

R(K,I)=-R(K,I)
9370 IF STR(1%,1,1)="G* THEN S$380: I=J+3;
IF STR(I$,1,1)="B" THEN 93B0: I=I+3
9380 CONVERT I TD 18, (#8): S’TR(G!(A),1E*K,1)SSTR(I$,E.1)
9390 NEXT J
9395 REM
9397 REM
9400 INPUT °*DO YOU WANT TOPOLOGY PRINTOUT (1 OR 0)",A
10 IF A=0 THEN 9460: SELECT PRINT 2315(132)
9420 FOR I=1 TO 21
9430 PRINTUSING M.X.STR(GS(I),1,3).STR(G‘(.'),4,3),8‘"!(03(1),7
,3),STR(G‘(I),10.3),8'"?(6‘(1),13.12)
O440INDDE #e; BN=#iit FP=8## BP/FP =000 CP/TP=#it L

RN
9450 NEXT I: SELECT PRINT 005(64)
9460 FOR I=1 7O 13 '

9470 READ Az CONVERT A TO C$(I), (%)

2480 REM C$() IDENTIFIES PATHS HAVING ANY ASSOCIATED COSTS

9490 NEXT 1 8

9S00 DATA 1,1,1,1,1, 1,1,1,1,1, 1,1,1,1,1, 1,1,1,1,1, 1,1,1,1, £ E
» 1:1,1,1,1, 1,1,1,1,1, 1,1,1,1,1, 1,1,1,1.1, 1,1,1,1, 88

9510 DATA 1,1,1,1,1, 1,1,1,1,1, 1,1,1,1.1, 1,1,1,3,1, 1,1,1,1, Bk

=
8
o
&

|

B
g
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00

C INMNPUT

TABLE A.l1 (cont.)

TMPLIT "OENGITIVITY ANAL YCTIS (1 O O, AT:

TFAT=0 THEN 2540

"OENG. ANALL TO CTART AT (1 TO Z2 FOR BRANCH NODES,
~T4 FOR COOT PATHOY ™ Y7 Y7=Y7-1

INPUT "HARD COPY (O, 1, OR M)" A

TRPUT DTG TO0 D WCOED (F R Y, D%

IF DEC2 e U 25700 SIOLECT DISK 0. GOTO 9530
IF DEI*RY THECN D500 OFLECT DISK 210
M1 =30

MAT RETTYTM NOMY  AME)  QUME) , NIT(ME) , ARCMD) , GRIMA) , NI IMD) ,
AD (M) L GAMD) L REMD, 7D, 7 (M1  SOMLD, DI (M) 1M1, L(M1) ,MyM1)
MAT REDIM ALM2)  NTIMD) Q1 (M) L CIME) ,DIM) L E(MD), G(M2) B (MO

) DM

910
911
%12
13
914
K15
W20
9630
9631
632
I4H0

L0
IEE0
T
9680
DY
DD
9700
9710
9720

9730
9740
9750
9760

9770

MAT READ Z: DATA

DATA 482,1.3123,.0299313, 488,1.0170,.0145307 9 & E
DATA 102,1.5517,.0253918, 244,1.9975,.025803 O g . g
DATA  422,0. 1004, . 2062709, 488,0.0249,.152453 M ; 3]

DATA  122,1.1038,.0,57143, 123,1.8009, . 0217597 2 < E ;
DATA 122,1.313%,.0293313, 244,0.7549, . Q490QIRD mez

DATA 0,2,

DATA O,2,1.523289,

1.

FOR K=1 T Mo:

488, 1. 3131, .089)312,

READ NUO B 11 ¢

1.2908, 0,0,1.82998, 0,2,1.82998, 0,2,2.32138%
DATA 0,2,2.16001, 0,2,2. 78818, 0,2,0.14307, 0,2,0.01343E§
G,:2, 1. 22938, )

REM FOR COMPORMENT K, NOOY IS ITS RATS OF POPULATION

0,0, D18,

488, 1.3138, . 0239313

K)

RATTS &
WEIBULL
| vALURS

0,0,1.02577

<

EXPANSION, BOGO IO ITS WUIRULL SLOPE, AND BI(K) 1S 173

CHARACTERIGTIC
NEXT K
MAT A=7CR:
MAT N=ZUR: FFOR
READ TO,T1,72:

MAT O=ZCR: GOSLB
1=2 TO 23:
DATA 0,1,1

LIFT.

“11¢2,0,"X
coas f11(I,

“)
O, "I"Y: NEXT 1

SIMULATION CONTROL

To=0: ID=Ta: GOTO 29770

REM

REM

REM

REM B T T I St P OTN’\IT c‘." CWUTATIm D L
GONUR ‘140 MAT G=Z: TIF J930 THEN 9720: GOSUR ‘15

IF A7=0 THEN 2720: GOSUBR ‘16: SELECT PRINT 005(64):

IF T9=0 THEN 9710

IF T9<TQ THEN 9740: ND

GOSUB ‘21 TA=TDeTI1/2: GOSUB ‘14 GOSUR ‘22

GOGLE ‘140 GOOUE ‘222 T9=THTL1/2: GOSUB ‘14

FOR I=170 M /(D=8 T (D42 (1D +2MM(I) +DI (1) ) /€2
NEXT 1

Ju=I9417 F I2472 THEN 2710: 19=0: GOTO 9710

RE" e her sar s e e v b s v b s b i wes s LAST L.Im S e an em emi ten el eae te S ad ear e e e s b e ke 40n S et o e e .
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TABLE A,2

AMCOACH DATA LiSTING

1 DEFFN'OO"LISTS®
2 REM H3HHRRRII SIS IS S A A

3 REM *  AMFLEET COST MODEL *"221" AMC’ ACH NILK REM
4 REM S I SRS & 2 St G
8 REM *  AMFLEEY DATA ONLY ---- LAST ®i i. .0 .TE ---- 1&/77
10 REM NI IS TN Wede R SN N A
11 REM
12 REM
15 SFLECT PRINT 00S5(64):SELECT LIST 005(64)
1040 REM N 1: C( 1)=12 19 =1
1052 GOTC: 1BEO
1080 REM N 2: C( 1)=3€5 :C9 =t
1092 GOTD 1BGO
1100 REM N 62 C( 1)=-1 :D( 1)=1,0000000 :E( 1)=.0897593%
: C¢ 2)=-1 :D( 2)=1.0000000 :E( 2)=.05003181
1102 REM N €2 C( 3)=-1 :D¢ 3)=1 tE( 3)=.0B44B44€
: C( 4)=-1 :D( 4)=2 tE( 4)=.08593090
1106 REM N €2 C{ S)=-1 :D( S)=1 tE( S5)=.092210499
: C( €)=-1 :D( 6)=1 tE( 6)=.089759363
1106 REM N €: C( 7)=-1 :D( 7)=1 tE( 7)=.070309€93
: C( B)=-1 :D( B)=1 *E( 8)=.011151879
110B REM N €: C( 9)=-1 :D( 9)=1 tE( 9)=.089740011
: C(10)=-1 :D(10)=1 tE(10)=.089740011
1110 REM N €: C(11)=-1 :D(11)=1 tE(11)=.054145273
: C(12)=-1 :D(12)=0 tE(12)=0
1112 INIT(2AIKS(): K$(12)=" = ¢
GOTO 1860
1120 REM N 7: C( 1)=-1 :D( 1)=,020330756 :E( 1)=.008226702
: C( 2)=-1 :D( 2)=.02057592 :E( 2)=,007686686
112« REM N 7: C( 3)=-1 :D( 3)=,020510053 :E( 3)=,0081548016
: C( 4)=-1 :D( 4)=.020420230 :E( 4)=. Q0B17S0777
1124 REM N 7: C( S)=-1 :D( 5)=,02051293 :E( S)=.008259063
: C( 6)=-1 :D( €)=.020330892 :E( 6)=.008226739
1126 REM N 7: C{ T)=-1 :D( 7)=.020479549 :E( 7)=. 00764289
: C( B)=-1 :D( B)=.020509663 :E( B)=.0071651838
1128 REM N 7: C( 9)=-1 :D( 9)=.019783633 :E( 9)=.00B22RTE0S
: C(10)=-1 :D(10)=.019789633 :E(10)=.005>Z37605
1130 REM N 7: C(11)=-1 :D(11)=,020509761 :E(11)=,0077453750
: C(12)=-1 :D(12)=0 tE(12)=0
1132 INIT(2A)KS(): K$(12)=" *
GOTO 1860
1140 REM N10: C( 1)=-1 :D( 1)=.000001675 :E( 3)=.000001675
: C( 2)=-1 :D( 2)=.090933939 :E( 2)=0
1142 REM N10: C( 3)=-1 :D{ 3)=0 tEC( 3)=0
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1144
114€
1148
1150
1152
11€0
1162
1164
1266
118
1170
1172
1180

1192
1200

1212

2050
2070

2110
2111
2112
2113
2130
2131
2132
2133
2150

REM™
REM
REM

REM

REM
REM
REM
REM
REM
REM

REM

;

339334994383

s NeleNeNeNoNeReleReReXe]

N10:
Ni1O:
N10:

N10O:

2 2 zZ2 Z 2Z
e B = e =
L " T T,

4
-
[

TABLE A.2 (cont.)

Ct 4)=-1 :D( 4)=.0000: tEC 4)=,00001
C( S)=-1 :D¢ 5)=,9357196 tEC 5)=0

Ce €&)=-i D¢ 6)=.00001 tEC €)=.00001
CC 7)=-1 :DC 7)=.11€649 tEC 7)=.00153162
Ct B)=-1 :D( B)=1 tSC 8)=1

C( 9=-1 :DC 9)=0 tEC 9)=0
C(10)=-1 :D(10)=1 tE(10)=1
C(11)=-1 :Dr11)=0 tE(11)=0
Clia)=-1 :D(12)=0 tEC(i2)=0
KE(1),K$(4) ,KS(E) , KS(T)="%"

GOTO 1860

C( 1)=-1 :D( 1)=1,00000CC :E( 1)=0

Ct 2)=-1 :D( 2)=0 tEC 2)=0

CC 3)=-1 Dt =0 tEC 3)=0

Cl 4)=-1 1D( 4)=1 tEC 43=0

C( 5)=-1 :D( 5)=0 tE¢ S)=0

C( 6)=-1 Ot 6)=1 tE( 6)=1

Ct 7)=-1 :D( 7)=1 cEC 7)=3

C{ B)=-1 :D( B)=0 tE( 8)=0

C( 9)=-1 :D( 9)=0 tEC 9)=0
C(10)=-1 :D(10)=0 tc(10)=0
C(11)=-1 :D(11)=0 SE(11)=0
C(12)=-1 :D(12)=0 tE(12)=0
HE(1),KS(4) K$S(E) ,KS(T7)="%" :
GOTO 1B&O

MAT C=CON IMAT C=(-1)%C :MAT D=CON tMAT E=ZFR
E(6)=1 tE(7)=1

GOTO 1260
MAT C=CON :MAT C=(-1)%C :MAT D=CON *MAT EsZER
E(6)=1 SE(7)=)
K$(1),K$(4) K$(6) ,KS(T7 1="nn 3
GOTD 1860

C( 1)=N( 1)%* 000000.00 :GOTO 3900
C( 1)=N( 1)%* 000000.00 :GOTO 3300
C( 1)=N( 1)% 000000.00 :GOTD 3900
Cl 2)=N( 2)» 400.00 .

C( S)=N( S)» 2.00

Ct 8)=N( B)» 42.00

Ci10)=N(10)% 50.00 +GOTO 3900
C( 1)=N( 31)= 40.00

Cl 4)=N( 4)» 75.00

Cl €)=N( 6&)» 400. 00

CC T)=N( T7)% 200.00 :GOTO 39200
C( 1)=N( 1)% 000000.00 :GOT0 3900
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2170
2190
2210
2230

2270

2310
£330
2350
2370
2371
2372

2610
2430
2450
2470
2490

a510

OO0 NANANNNNALNANNANNNNNONNODNOHODNDON00ON00N

-
.

a:

EH
10:
112
e
13:
14:
152
162
17:

e
-

17:
18:
19:
202
21z
222
23:
242
52

av:

TABLE A.2 (cont.)

1)=N(
1) =N(
1)=N(

1)=N¢(
1)=N¢(
1) =N(
1)=N(
1)=N(
1)=N(
4 ) =N(
6€)=N{
T =N(
1)=N(
1)=N¢
13 =N(
1) =N(
1) =N(
1)=N¢(
1)=N(
1)=N¢(
1) =N¢(
1) =N¢(
1)=N¢
1) =N¢(
2)=Nt(
S)=N(
7)=N(
8)=N(
1)=N¢(
2)=N(
5)=N(
T)=N(
B)=N(
9)=N¢
1)=N(
1)=N¢(
1)=N¢(
1)=N{(
1)=N(
2)=N(
3)=N¢(
4)=N¢
S)=N(

1)»
1)+
1)+
1)
1)%
1)+
1)+
1)+
1)%
1)
Hyw
)
Ty»
1)
1)
1)%
1)»
1)
1)»
1)
1)»
1)
1)»
1)»
1)»
arw
S)y#
7))
B)*
1)»
a2y
S)%
T)w
8)»
9=
1)»
1)s
1)»
)=
1)e
2)»
3)»
4)n
S)y#

000000. 00

000000, 00

000000, 00
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B. 64%Q(2)
2.16%0()
2.88%Q(4)
25. 90%Q(S)

:GOTO0
:GOTO
:GOTO
$GOTO
:GOTO
:GOTO
:GOTO

:GOTO
:GOT0

EEE
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73:
T4
75:
-3

TABLE A,2 (comt,)

C( 7)=N( 7)%*
C( 9)=N( 9%
C(11)=N(11)%*
C( 2)=N( 2)*
C( S)=N( S)*
C( B)=N( B)%*
C(10)=N(10)*
C( 1)=N( 1)*
C( 1)=N{ 1)

12.95%Q(7)
B.64*3(9)

17.27#Q(11)
276, 32%3(2)

34, 50*Q(5)
37.30%Q(8)

11.31%Q(10)
00000. 00
000000. 00

Ct T)='(
C( 1)=N(
Ce 1)=N(
CC 1)=N(
C( 1)=N(
Ct 1)=N(
CC 1)=N(
C( 1)=N(
C( 1)=N(
Ce 1)=N(
C( 1)=N(
C( 1)=N(
C¢ 1)=N(
C( 1)=N(
C( 1)=N(
Ct 1)=N(
CC 1)=N(
C{ 1)=N¢(
C( 1)=N¢
C( 7)=N(
C( 4)=N(
Ce 1)=N(
CC 1)=N(
C( 1)=N(
C( 1)=N¢(
C( 1)=N¢(
C( 1)=N(
CC 1)=N¢(
C( 1)=N(
Ct 1)=N(
CC 1)=N(
C¢ 1)=N(
C( 1)=N¢(
CC 1)=N(
Ce 1)=N¢

Ty
1)
1)%
1)#
1)%
1)
1)
1)%
1)+
1)+
1)»
1)»
1)+
1)
1)+
1)»
1)+
1)»
1)%
T)%
4)»
1)»
1)»
1)%
1)»
1)#
1)»
1)»
1)»
1)s
1)»
1)»
1)»
1)»
1)»

51.81
000000. 00
0C0000. 00
000000, 00
000000. 00
000000, 00
000000. 00
000000. 00
000000. 00
000000. 00
000000, 00
000000. 00
000000. 00
000000. 00
000000, 00
000000. 00
000000. 00
000000. 00
000000. 00
000000. 00
000000. 00
000000, 00
000000, 0O
000000. 00
000000. 00
000000. 00
000000, 00
000000. 00
000000. 00
000000, 00
000000. 00
000000. 00
000000. 00
000000. 00
OVO0000. 00
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TABLE A.2 (cont.)

3570 REM € 77: C( 1)=N( 1)* 000000.00 :GOTO 3300

9010 READ M2: DATA 12: REM % M2 IS THE NUMBER OF COMPONENTS

020 READ 21: DATA 72: REM ##% 71 IS THE NUMBER OF NODE POINTS
(BRANCH & SUM & EXTRAS)

903C READ 22: DATA B: REM %%+ 72 IS THE NUMBER OF BRANCH POINTS

9,40 READ 23: DATA Bi: REM ##% 73 IS THE TOTAL NUMBER OF PATHS
NS0 READ Z4: DATA Bl: REM #+% 74 1S THE NUMBER OF PATHS WITH
ASSOC IATED COST

9120 DATA 1, 2,-1,-1,-1, 3, 4, 0,-1, 5, € 7, 0,-1, B,
0,-1,"1,‘1,‘1, -1’-1.-1,-1,-1’ '1,"1,"1,'1.‘1,
_1’_1.-1,-1’—1, -1’-1'-1,-1'-1

9122 DATA -1’“1'-1,_1’-1’ -1’-1’-1,-1’-1’ -1'-1.—1,-1,-1.
-1'-1,_1’_1’-1, -1.-1,_1._1’-1, o' 0."1,"1, 0,
-1’-1

9230 DATA 1,32, 1, 1,30, 1, 0, 0,0 0,0, 0,

9232 DATA 30,35,31, 35,34,36, o, 0, O, 36, 37,38,

9234 DATA 40, 4,41, O, O, O, 42,17,44, &4, 5,45,

923 DATA ©0, 0, 0, 0, 0,0, ©O, 0,0 0,0, O,

9238 DATA 0, 0,0, ©0,0,0, ©0, 0,0, O, 0, O,

9240 DATA O, O, O, 0o, 0, O, 0, 0, O, o, 0, O,

9242 DATA O, O, O, o, 0, O, o, 0, O, 0, 0, O,

9244 DATA O, O, O, 0, 0, O, 0, 0, O, o, 0, O,

as6 DATA O, O, O, o, 0, O, o, 0, O, 0, 0, O,

9248 DATA 0, 0, O, 0. 0, O. 0, 0. O, O. O. 0,

9250 DATA O, O, O, 0, 0, O, 0, O, O, o, 0, O,

9260 DATA 58, 38, 59, 0, 0, O, o, 0, O, 2,59, €0,

9310 READ R: DATA 15

9331 DATA 1, 1, &4, °"GD*, O

9332 DATA 2, 1, 38, *“6D*, O, 3, 1, 38, °“GD", O

9333 DATA 4, 1, 38, °"GDL", O, 4, 2, &4, °“GD*, O
9334 DATA 5, 1, 38, *"GD", O, 5, 2, 40, "GD*, O
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9335
933¢
9337
9338
9500
9510

9520
9610

9611

9613

9614

DATA €&, 1, 44,
DATA 7, 2, 44,
DATA 9, 1, 38,
pATA 11, 1, 38,
DATA 1,1,1,1,1,
1,1,1,1,1,
DATA 1,1,1,1,1,
1,1,1,1,1,
DATA 1,1,1,1,1,
MAT READ Z: DATA
DATA
DATA
DATA
DATA
DATA
DATA 0,1,10,
DATA 0,1,10,
DATA 0,1,10,
READ TO,T1,7T2

TABLE A.2 (cont.)

“GD*, 0, 7,
“Gb*, O, B8,
“GD*, O, 10,
0, 12,
v 1,1,

0,1,10,

t: DATA 0,1
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1

’

1 1,1,1, 1
1

1, 1,1,1,1,1,
1

1

L lililiill’

38, *GD",
450, *"GD",
40, *GC",
40, "GD",
!1!1'1’1,

1,1,1,1,1,

1,1,1,1,1,

. 0041708,
. 0458163
. 00930885,
.00B3417
. 0014820,
. 0041708
. 0250042,
.08333333
. 0041920,
. 0041920
. 0416666,
1.000000

o1

0,1,10,
0,1,10,

0000

1

0,1,10
0,1,10
0,1,10



(2) A set of D and E values of 0.1 and 0.9 for compcnent 6 is
entered as C(8) = -1: D= 0,1: E= 0,9. The C value of -1

must appear before the D and E values.

(3) 1If all components at a branch node are associated with the
same C value, it is not necessary to enter a separate C
value for each component. If the common C value is 0.349, thir
value can be entered by C(1) = 0,349: C9 = 1. The program
will then assign 0.349 to the C decision for each component
at that node.

(4) The default C value is zero (see discussion on topology below

for explanation of the reference path for the decision parameter
values).

(5) If a G paramete:r value for component 3 is 4,9, this value is
entered as G(3) = 4.9. No C, D, or E values should appear for
this component at the node.

(6) If components 4, 6, and 7 form an identifiable subassembly
at a node (e.g., » vheelset), they are identified as such by
K$(4), K$(6), KS(7) = "&n,

The unit path costs are entered into the program in subroutine '02 (program
lines 2xxx). Data need be entered only for those paths wvhich have costs, -
These paths are called cost paths and are a subset of the complete set of
paths given by the schematic diagram. Unit path costs for cost path y

are eatered into the program on program line y = 2030 + 20-(cost path
number). Line numbers between 2030 + 20°(cost path number) and 2050 + 20.
(cost path number) are available for data of a given cost path. Sufficient
space has been provided in the program for 77 cost paths. Additional cost
paths can be employed by adding line numbers in & manner similar to that for
additional decision paramster values. The additionsl line numbers are 3seo0,
3610, etc.; such additional line numbers must then also appear in line 2047,
After the cost rath data have been entered for any of the cost paths, the
statemant GOTO 3900 suet appear.
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The format for entr: of the unit path costs is flexible, and allows for a
*

nonlinear cost representation, The following examrles {llustrate the

format for the cost values:

(1) A unit cost of $50.00 for component 3 (see cost path 4) is
entered as C(3) = N(3)*$50.00.

(2) A cost of $25,000 for component 1 (see cost path 30) is entered
as C(1> = 25,000,00., Note that this is not a unit cost in that
the cost for the path is not dependent on the flow of component 1.

(3) A cost of $17.25 for each defective unit of component 3 (see cost
path 40) is entered ar C(3) = N(3) * 17,25 * Q(3).

(4) A cost of $5 times the square root of the number of defective
units is eutared, for component 2, as C(2) = 5.00 * SQR(N(2)*C(2)).

All remaining data 2ro entered in lines which start with the number 9; e.g.,
9xxx. These data have comments (REM statements) nearby in the program to
describe the data requirements., These requirements are also described in
the discussion which follows.

Data in lines 9010 to 9050 describe the size of the model being created,
These data are

Line Number Guantity Definition
9010 I 2 Number of components in model,
9020 z1 Total number of nodes (branch, sum-
mation, and extra).
9030 z2 Number of branch nodes.
9040 z3 Total nuvber of paths.
9050 zZ4 Wusber of cost paths (paths with

associated cost).

*Soo Examnle 4.
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Examples of the data format can be found in the listing.

*
The branch nodes -~ summation nodes -- extra nodes are identified in line
numbers 9120 - 9129, An example of the data entry is

9120 DATA 1, 2, 3, 4, 0, 5, 6, 0, -1, 7.

In this example, 10 nodes are shown. Of these 10 nodes, 7 are branch nodes
A, 2, 3, 4, 6, 7, and 10, Nodes 5 and 8 are summation nodes (indicated by
& zero). Node 9 is an extra node (indicated by -1).

The topology of the schematic diagram is described i{n lines 9230 through 9269.
The data are entered as follows:

9240 DATA 63, 19, 64, 64, 7, 65, 66, 70, 67,

In this example (see Metroliner listing), data for 3 nodes are shown. These
are nodes 31, 32, and 33 since the numbers given are the 31st, 32nd, and 33rd
sets of 3 numbers. For node 31, the data indicate that the path into the
node is path 63, The node is a branch node (see data line 9120 and tha dis~
cussion sbove for thut data line). For branch nodes, the second nuuber
(e.8., 19) gives that departing path from the node defined as the "bad"
path., It is this path to which tts C, D, E, G, and K$ valuas for the node
are rchrcnccd.** The third number (e.g., 64) gives that depsrting path
from the node defined as the "good" path. Node 32 is a summation node (see
dats 1ine 9120). For summation nodes, the second nusber (e.g., 7) gives the
second path which joins at the node. The third number (e.8., 65) gives

the departing path from the node.

Rework dats are given in line 9310 and in lines 9331 through 9339. Line
9310 specifies how many reworkings occur in the system described by the
schematic disgram. The nusber given in that line is for the total reworkings

*ktn nodes are nodes vhich have beaen set aside for possible sdditiom to
the schematic diagram.

*X. an example, 1f C(10) = O at this node, them none of the vaits of
component 10 arriving on path 63 depart on path 19,

A-264



for all componeats and for all locations. In l1ines 9331 - 9339 the details
of the rework are given, Line 9337 from the Metroliner data is used as an
example. That lice is

9337 DATA 4, 1, 31, "GA", 0, 7, -, 34, "GD", O

which spacifies: Component 4 has {its first rework on an ocutgoing path from
vode 31. The "good" outgoing path is the one containing the rework and

811 units are reworked (these are defined by the "GA"), The quality of Com-
poneat 4 after its rework is 0 (all good). Also, Component 7 has its
seco:s rework on the "good" path from node 34. Only the defective units

in the path are reworked and the quality for Component 7 after rework is

0.

The next section of data is lines 9500 ro 9529. These lines indicate
which pathu are cost paths and which paths are paths with no (zero) costs.
A path with an associated cost (& cost path) is icvdicated by s 1. A

path with no costs is indicated by a O (zero). The total number of entries
1 and O must be 23; the total number of entries 1 must be Z4.

State variable data appear next in the program listing, lines 9610 through
9619. The state variables are entered for each component in the order:
population sise, representstive age for the population, and population
quality. This is {llustrated in the following example line:

9612 DATA 122, 1,5517, .0252918, 2644., 1.9975, .025803

The line specifies that Compoment 5 has a population size of 122, a
reprasentative age of 1.551; years and s quality of 0,252918". The line
also specifies that Component 6 has a population size of 244, & representa-
tive age of 1.9975 and a guality of .025803.

Weibull and population expansion rate data are entered next in the program.
The Weibull data are toqutnd only for si{mulations (not for base case or
sensitivity snalyses). The data are entered successively for each com=
ponent. The data consist, for eack compomnent, of its expansion rate, its

"
Data for components l-4 appear in lines 9610 and 9611.
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Weibull slope, and its characteristic life., The data entry is illustrated
by the following example line:

9630 DATA 0,2,1,82998, 0,2,1,82998, 0,2,1,82998, 0,2,2.32138

This line indicates that for Component 1, its expansion rate (in units per
year) is zero, its Weibull slope is 2, and its characteristic life is
1.82998 years. The line also indicates that similar data apply to com-
ponents 2, 3, For Component 4, the expansion rate, Weibull slope and
characteristic life are, respectively, 0, 2, and 2,32138.

The final data to be entered into the progrun are these which control the
details of a simulation: those data are entered in 1ine 9680 and provide
values for 10, Tl, and T2, These quantities are defined as Sollows:

TO = The number of years tc be simulated, If TO = 0, then just the
base case analysis (year 0 for the simulation) is provided.

Tl = The time step to be used for the simulation: this number is
0.05 to 0.5 years for typical simulations.

T2 = The number of time steps in a simulation at which a printout
(of flow results and cost results) is provided., For exampls,
1if 72 = 5, then a printout is nrovided every 5 iime steps.

In addition to the data dircussec above, the computer program requests
(during execution) certain inputs from the user. These are:

Line Nysber Question Asked of User !%m
9400 “DO YOU WANT TOPOLOGY PRINTOUT 1= yes
(1 OR 0)2" 0eno
9530 "SENSITIVITY AMALYSIS (1 OR 0)1?* 1= yes
0= no

*A topology printout describes how the paths and modes are §ntercommected
and where rework is done. Such s printout is useful for debugging of
the input data. It allows the user to verify that the schematic disgram
is being represented properly for amalysis.

!

A=26



(continued from previous page)

Line Number Question Asked of User
9535 "“SENSITIVITY ANALYSIS TO START AT Enter branch ncde
(1 TO Z2 FOR BRANCH NODES, -1 mmmb::) (:_ZLC:?:O
TO -Z4 FOR COST PATHS)?" psth number (not
path number)
95490 "HARD COPY (0, 1, OR 2)?" 0 = None (all output
on CRT screen)
1 = Population (path
1) quantities
only printed on
paper
2 = all results printed
on paper
9550 ""DISC TO BE USED (F OR R)?" F = Left disc

R = Right disc

For a given minicomputer system, minor modifications to the simulation cost
model program may be necessary for the program to execute, These wmodifica-~
tions are primarily in line numbers 7020 and 8010 where the device which
provides hard copy is identified. In the program listing, this device is
215(132) -- a printer coded 215 which has 132 columns of printing per line.

Program for Calculation of Decision Parsmeter Values (Table A.3)

The prograa for the calculation of the decision parsmeter values is a tool
which works with i{ndividual branch or sumsation nodes. The program accepts
known values of flow and quality on paths which surround a node. The pro-
gram then computes values of C (or D and E) for branch nodes and determines
unknown flows and qualities for both branch and summation nodes. PFor
branch nodes, the program allows the effects of component intersctiom to
be included as part of the determination of decision parsmeter values for
the individual components. All capabilities described in Section 4.1 are
provided by the prograa.

The prograa requires no entry of data via program lines -- all datz are

entered interactively during program execution. Questions asked of the
usii contein prowpting notes which {ndicate correct responses.
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TABLE A, 3

PROGRAM FOR CALCULATION OF DECISION PARAMETER VALUES

10 REM  S-HHEHHEEHHHE S HHHHHHEHHHE REM
20 REM * SIMALATION COST MODEL DATA CALCULATIONS * REM
0 REM SIS HHEHHHHHHHHHHHHHH REM
34 REM *  “DATACALC" DISK 16 -- LAST REVISION DATE --- 1/7B
36 REM S-S THEHEHEHHHHHEHEHSHHEHHHHHHHHHSHHHH S REM
37 REM

38 REM

40 DEFFN‘OO°LISTS":SELECT PRINT O005(64):SELECT LIST 005(64)

SO DIM T$1,F91,081,01862,N(12): INPUT "HARD COPY (Y OR N)*,P$

60 COSUB ‘02: PRINT HEX(OAOAOA): SELECT PRINT 005

70 PRINT HEX(OADAOA): INPUT °NODE NUMBER",K7

BO INPUT "BRANCH OR SUMMATION NODE (B OR S)",Te

90 KS=0

100 INPUT “NUMBER OF K& COMPONENTS®,K
110 KS=KS5+1: IF KS>X THEN 70
3§ou§_v=_'!:--a- THEN 490: PRINT ¢ PRINT : PRINT "K¢$ COMPONENT ®:KS

[ ] [
130 PRINT @ INPUT "WHICH FLOW IS UNKNOWN (1=INPUT #1, 2=INPUT #2
» O=OUTPUT)" F$
140 IF FSC"1" THEN 180
150 INPUT *2ND INPUT FLOW®,F2
160 INPUT *OUTPUT FLOW®,FO
170 F1=FO-F2: GOTD 260
180 IF Fe<>"2" THEN 220
190 INPUT *1ST INPUT FLOW®,F1
200 INPUT °OUTPUT FLOW®,FO
210 F2sFO-F1: GOTD 260
220 IF F$<>"0" THEN 130
230 INPUT *1ST INPUT FLOW",F1
260 INPUT *3ND INPUT FLOW®,F2 .
250 FO=F1+F2
260 PRINT :INPUT “WHICH FLOW GUALITY IS UNKNOWN (1=INPUT #1, 2=1
NPUT #2, O=OUTPUT)®,Gs
IF 08<>"1° THEN 330
INPUT *2ND INPUT FLOW GUALITY®,Q2
INPUT "OUTPUT FLOW GUALITY®,QO
IF F1<>0 THEN 310: Q1=0: GOTD 410
Q1=(QO"0-G2*F2) /F1: GOTD 410
IF G8<>°2" THEN 370
INPUT *1ST INPUT FLOW GUALITY®,Q1
INPUT *OUTPUT FLOW GUALITY®,QO
IF F2<>0 THEN 360: G2=0: GOTD 410
Q2= (FOMQ0-F1%01) /F2: GOTD 410
IF G$<>"0°THEN 260

28443

J84L4Y
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TABLE A.3 (cont.)

380 INPUT "1ST INPUT FLOW QUALITY",Q1

390 INPUT "2ND INPUT FLOW GUALITY®,Q2

400 QO=(F1%Q1+F2*Q2)/FO

410 GOSUB ‘O2: PRINT : PRINT "SUMMATION NODE - NODE NUMBER °;K7;
*  K$ COMPONENT “;KS5:* OF "3 K

420 PRINT °"OUTPUT FLOW IS *3FO

430 PRINT "1ST INPUT M.Ow 1S ";F1

440 PRINT "OND INPUT FLOW IS *;F2:PRINT

450 PRINT °*DUTPUT QUALITY IS ":Q0

460 PRINT "1ST INPUT QUALITY IS *;Q1

470 PRINT *“2ND INPUT QUALITY IS *;@2

480 SELECT PRINT O05: GOTD 110; REM # # # & #

490 PRINT : PRINT : PRINT °"K$ COMPONENT *;KS;* OF ®;K

S00 PRINT : INPUT “UNKNOWN FLOW (F=FROM PATH, B=BAD PATH, G=GOOD
PATH) ", F'$

510 IF F$<>*F* THEN S50

S20 INPUT *BAD FATH FLOW®,F1

530 INPUT "GODD PATH FLOW®,F2

5S40 FO=F14F2: N=F1/FO: GOTD €30

550 IF F$<>*B* THEN 590

560 INPUT *FROM PATH FLOW®,FO

S70 INPUT "GOOD PATH FLOW®,F2

S80 F1=FO-F2: N=F1/1'0: GOTD €30

597 IF F8<>"G* THEN 490

600 INPUT °*FROM PATH FLOW®,FO

€10 INPUT *BAD PATH FLOW®,F1

€620 F2=FO-F1: N=F1/FO

630 NS=N: N=1-(1-NS)$(1/K)

640 IF KS5>1 THEN 750: IF K=1 THEN 760: MAT REDIM N(K): MAT NeCON
$ MAT N=(N)*N

650 PRINT *COMBINED SPLIT IS ";NS;*, ALL INDIVIDUAL SPLITS WILL

BE "3N

660 PRINT * UNLESS OV
ERRIDDEN"

€70 INPUT "OVERRIDE (Y OR N)*,Y$: IF Ye=*N* THEN 750

680 INPUT "LEAST IMPORTANT COMPONENT®,L: 39w}

690 FOR J=1 TO K: IF Js=i THEN 720

700 PRINT °INDIVIDUAL SPLIT FOR COMPONENT ®;J;° (MUST BE LESS TH.
AN COMBINED SPLIT)®

710 INPUT N(J): TO=TO#(1-N(J))

720 NEXT J

730 N(L)=1-(1-NS)/T9: PRINT : PRINT °*INDIVIDUAL SPLITS®: MAT PRI
NT N

740 INPUT "ARE THESE INDIVIDUAL SPLIT VALUES D.K. (Y OR N)*,Ys.
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TABLE A.3 (cont,)

IF vYe="N" THEN 6BO
750 N=N(KS)
760 PRINT : INPUT *UNKNOWN DECISION FACTOR OR FACTORS (C=C, DE=D
M, D=D, E=E)",Q01%
770 IF Q1$<>"C" THEN 790
780 Z=31: C=N: GOTO 1230
730 IF Q1$<>°DE" THEN 970
BOO INPUT “UNKNOWN FLOW QUALITY PATH (F=sFROM PATH, B=BAD PATH, G
=GO0OD PATH)",Q%
- B1O IF G3%<>"F" THEN BS0O
820 INPUT *BAD PATH QUALITY".Q1
830 INPUT "GOOD PATH QUALITY® o2
B40 QO=(F1%Q1+F2%Q2)/FO: GOTO 30
8BS0 IF a%<>“B" THEN 890
BEO INPUT “FROM PATH QUALITY",Q0
870 INPUT *"GOOD PATH GUALITY",G2
Qi=1: IF Fi=0 THEN 930: Oil(OO*FO-QE’FE)/FI: GOTO 930
IF O08<>“G"* THEN 800
INPUT "FROM PATH QUALITY®,Q0
INPUT "BAD PATH GUALITY",Q1
G2=0: IF F2=0 THEN 930: G =(QO%0-Q1#F1i)/F2: COTD 930
Z=1: IF QO=0 THEN 940: Z=(1/Q0
GoORB ‘01
D=N#Z: E=0: IF QO=1 THEN 1230
E=N#(1-Z%Q0)/(3--G0): GOTO 1230
IF Q1$<>"D" THEN 1100
E=0: Q1=1
INPUT "UNKNOWN FLOW QUALITY PATH (F=FROM PATH, G=GOOD PATH)®
as
1 4

1000 IF G8<>*"F* THEN 1030

1010 INPUT "COOD PATH GUALITY",G2
1020 00=(F1%Q1+F2*A2)/FO: GOTO 1070
1030 IF O%<>"C*" THEN 930

$83888u83838

1060 O2=(QO*FO-Q1%F1)/F2

1070 ZI=1: IF GO=0 THEN 1080: Z=G1/QG0

1080 COSUB ‘O

1090 D=N#*Z: GOTO 1230

1100 IF Q19<>"E" THEN 630

1110 D=1: Q2=0

1120 INPUT "UNKNDWN FLONW QUALITY PATH (FsFROM PATH, B=BAD PATH)®
as

’

1130 IF G8<>"F* THEN 1160
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TABLE A.3 (cont.)

11640 INPUT “BAD PATH GUALITY®,Q1

1150 QO=(F1#Q1+F2*G2)/FO: GOTD 1200

1160 IF @$<>"B* THEN 1120

1170 INPUT "FROM PATH QUALITY®,Q0

1180 Q1=1: IF F1=0 THEN 1200

1190 Q1= (FO*Q0-F2#G3) /F1

1200 Z=1: IF QO=0 THEN 1210: I=01/G0

1210 GOSUB ‘01

1220 E=0: IF QO=1 THEN 1230: E=N*(1-I%G0)/(1-G0)

1230 REM # # » % #» BRANCH POINT PRINTING

1240 GOSLB ‘02: PRINT : PRINT “BRANCH NODE - NODE NUMBER *;K7;°®
K$ COMPONENT *;KS5;* OF “; K

1250 PRINTUSING 12€0,FO: PRINTUSING 1270,F1,NS: PRINTUSING 1280,

Fa,N
1260 INPUT FLOW (COMBINED) = #4MHMMNN

1270X BAD PATH FLOW (COMBINED) = S##titens N1 (COMBI
NED) = #. SN

1cPOX GOOD PATH FLOW (COMBINED) = #MHIOHHHI N1 (INDIVID

UAL) = #. S808neh

1230 PRINT : IF Q1$<>"C* THEN 1300: PRINT °Q) = °32,°C = *;C: SE
LECT PRINT 005: GOTO 110

1300 PRINTUSING 1310,Q0: PRINTUSING 1320,Q1,25: PRINTUSING 1330,
a2,z

13102 INPUT FLOW QUALITY (COMBINED) = #.#HMN®

1320 BAD PATH FLOW GUALITY (COMBINED) = #. #0MMMMM a1 (ComMBI
NED) = #4#, #05h

1330 GOOD PATH FLOW QUALITY (COMBINED) = #.00800¢ Q1 (INDIVID
UAL) = 086, SNnEs

1340 PRINT "D (INDIVIDUAL) = ";D,"E (INDIVIDUAL) = ":E

1350 SELECT PRINT 005: GOIMD 110: REM # # # & #

1360 DEFFN’O1

1370 I5=2

1380 IF NS<>1 THEN 1321 Z=1: RETURN

1390 Z=(ZSWNS*(1-N) +N-NS)/ (N*(1-NS) )

1400 RETURN

1410 DEFFN’O2 .

1420 IF P$="N* THEN 1430: SELECT PRINT 2:5(132)

1430 RETURN
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The program first asks for the number of the node under consideration.

This number is that on the schematic diagram and is included in the out-
put for proper referencing of results. The program then asks {7 the node
is a branch or summation node. The program also asks how many components
at the node are part of an identifiable subusembly.* If the node is‘a
summation ncde (the simpler case), the program asks for flows and qualities.
Flows on two of the three paths and qualities on two of the three paths

are requested, The program then computes the remaining flow and quality,
If the node is a branch node, the program proceeds as follows.

For a branch node, the program first requests flow data for the com-
ponent on two of the three paths., If a component is being considered
which {s not part of, or not the first component of an identifiable sub-
assembly, the actions in the next paragraph are skipped. If the component

is the first of an identifiable subassembly, the program proceeds as follows

For a component k which 1is the firut of an identifiable subassembly, the
program computes a proportion C as described in Section 4.1.1. The user
can override this proportion and must then specify the individual propor-
tions for all but one of the componments in the subassembly, In this, the
procedure and equstions given in that section are followed,

Next, the program requests that the user enter the type of decision which
occurs at the node for the component. If the decision is a C decision,
the C parameter value for the component and the remaining unknown flow is
computed.

I1f the decision 1s a D and E decision, quality data are requested of the
user. These quality values can be those for any two of the three nodal
paths. If the decision is a D decision (E = 0) or an E decision (D = 1),
the quality data are also requested of the user. In these cases, the

*If 4 component 1is being considered which is not part of an identifiable
subassembly, the response of the user is 1.
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user need supply a quality value on only one path, The program then com-
putes the D and/or E value and the remaining unknown path flow and path
quality.

At this point, the program is finished with the comporvent. If the com-
ponent just considered is part of &n identifiable subassembly, the pro-
gram then proceeds to the next component in that assembly. If the com-
ponent is the last component in the subassembly, or if the component

is not part of an identifiable subassembly, the program starts its execu-
tion over (the program again asks for the node number, etc.). Another
component at the same node can be treated or another node can be con-
sidered. By working successively through the various components and nodes,
the user can "hand calculate” the base case analysis. In so doing, the

uger will identify gaps in the -aw data and will obtain values for all the de~
2ision parameters in the simulation cost model.
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APPENDIX B

AMCOACH FLEET: MAINTENANCE AND DATA FROM THE
COMPUTERIZED MAINTENANCE ANALYSIS PROGRAM

This appendix provides a brief description of the procadures and data
storage process used in maintaining the Amcoaches. The majority of infor-
mation provided in this description was obtained by visiting the 30th
Street (Philadelphia) Amtrak Maintenance facility. That facility maintains
about 275 of the approximately 492 Amcoaches in service.

The maintenance procedure contains two parts: the scheduled or program
maintenance and the unscheduled or bad ordered maintenance. Each of these

is described separately below.

The program maintenance is generally performed by the facility to which a car
is assigned. If that facility is overloaded, cars may be assigned for program
maintenance to another facility. The maintenance can be either a monthly, a
90 day, a 180 day, a 270 day, or a 360 day (days are measured from the previous
yearly maintenance). The 360 day is the most comprehensive, followed by the
180, the 90 - 270, and the monthly. The 90 and 270 day maintenance are
essentially the same. The monthly inspections are just spot checks and are
not formally considered part of the program. The items checked under each of
the three program maintenance categories are listed in forms completed during
the maintenance operation.

When a car enters the Philadelphia facility, it first goes to a pit area. At
the pit, the trucks are inspected and serviced. Servicing involves, if neces-
sary, replacement of brake components, suspension components, or vheel-axle
assemblies. Secondary suspension springs and air bags are replaced by jacking
up the car body — the truck is not removed from the car. If wheel-axle
assemblies are defective, the entire assembly is removed and replaced with
another wheelset. The wheelset includes the wheels, bearings, axle, and disc
brake plates.
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After the pit area, the car goes to track 32 for other servicing. This
servicing includes car cleaning, car repair, etc. Wheel turning, if neces-
sary, is done under the car. A separate enclosed track area houses the

in-place wheel turning machine.

At Philadelphia on a given day, about, 15 cars are in the shop for the
program. Between 0 and 15 or so may be in the shop for unscheduled main-

tenance.

The unscheduled maintenance can arise because of a terminal ingpection bac
order, a conductor bad order, or a monthly inspection bad order. No attempt
is made to send the bad ordered car back to the maintenance facility which
ordinarily performs its program service — the most convenient facility is
used. The problem with the car is attended to and then the car is placed
‘back into service. The date of the next program service is not affected by
the performence of unscheduled maintenance on the car.

According to the conversations with the foremen, Amtrak performed all the
service since Amtrak took over the Philadelphia facility. The majority of
the Amcoaches were put into service since that time. During the initial

stages of Amcoach use (late 75 and early 76), Budd personnel assisted Amtrak
in the maintenance.

Several forms are associated with the maintenance of the Amcoaches. These
are as follows:

1. The Maintenance Analysis Program Card (Map #21A) records that the
progran maintenance was done to the car. This card stays in the
car. '
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The Car Condition Report (Form 1000A) is used by the conductor
or othexr Amtrak employee to record probleus perceived during
car operation. This card stays in the car and is referred to
during program servicings and during unscheduled servicings.
When the card gets full or becomes soiled, it is removed at a
program service and is filed with the program service records.
The place that the card is fii:d depends on where the program
service is done at the time the card is replaced.

The shop sheet contains a record of all maintenance actions
conducted by the Philadelphia shop during a given day. The
sheet contains space for 12 cars. The sheet will list whether
the car is in the shop for a program service (and, if so, which
one) or for a specific problem (and, if so, what that problem
is). If the car ls in the shop for a specific problem, the shop
sheet will show the problem as diagnosed by the Philadelphia
inspector (not the problem as suspected by the conductor or
other Amtrak employee on the 1000A Form).

The Maintenance Analysis Program Work Sheet (old Form) and the
Maintenance Analysis Program Original Record of Repairs (new
Form) list work performed on the car. The old Fora listed all
work performed during program servicings. For unscheduled
servicing, this sheet was not filled out. The Form was filed

in the car file at the maintenarce location where that particular
program service was performed. The new Form is filled out for
both program and unscheduled servicings. The information from
the new Form is entered into a computer system for on-line
storage in Washington, D.C. All maintenance performed on each
car is to be available vhen the system is fully operational (see
MAP description below),
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nspection Forms — These Forms describe the inspections which
must be performed at the 90, 180, 270, or 350 day maintenances.
The Forms are filed in the car file at the maintenance facility
which did the service. The Forms include:

&. The Monthly Tnspection Report

b. The 3 Months Inspection Report

c¢. The 6 Months Inspection Report

d. The 3 Months E Cleaning Repo:t

e. The Periodic Journal Bearing Lubrication Procedure
f. The Wheel and Coupler Inspeccion Report

8. The Inbound Inspection Report and Dispatchment Report —
Layover.

In order to establish the events which occurred in the life of a particular

car, access to records containing several of the above forms is necessary.

For events which occurred since July 1977, the computir record produced frow

the new Work Sheet (4) is sufficient. This computer record centralizes all
msintenance records for each car regardless of where the maintenance was per-
formed (see MAP description below). For events which occurred prior to July
1977, a rather difficult search procedure is necessary. This procedure includes:

1.

Review of the file for the car in Philadelphis. This file contains

the details of all program maintenance on the car for those progras
maintenances performed in Philadelphia.

Reviecw of the shop sheets for Philadelphia. These shop sheets will

show the unscheduled maintenance performed on the car in

Philadelphia.

Review of the records of the other meintenance locatioms. At each
location, the car file will contain the records (i.e., Work Sheet
Inspection Forms, and (possibly) 1000A sheet:) for the program



maintenances performed on that car by that facility. The shop
sheet will contain the record of the unscheduled maintenance
performed on that car at that faciltity.

The “omputerized Amcoach Maintenance Analysis Program (MAP) centralizes all
maintenance records for each car regardless of where the maintenance was per-
formed. This computerized system started operation in mid 1977, 7t has
gradually become fully operational since that time.

The Maintenance Analysis Program is useful fc- the simulation cost model in
that it can provide data on the occurrence rate of various maintenance labor
operations and on the associated costs. The occurrence rate allows various
flows in the schematic diagram to be established so that values of the
decision parameters can be computed. The costs allow unit costs to be
established on some of the raths in the diagram.

A typical output which the Maintenance Analysis Program produces and which
contains flow and cost data is shown as Table B.1. 1In this table various
repair operations are listed for the Philadelphia facility. For each oypera~
tion, the description, the repair, the number of repatitions, and labor costs
are shown. It should be noted that the labor Costs are not .ctual costs but
are costs computed on a standard rate of approximately $7 per hour.

In Table B.1, several rows are shaded. These rows represent repair operations
associated with the truck. Typically, most of the repair operations do not
involve the truck.

The MAP data will soon become the best source of Amcoach data. However, a

period of time should be allowed to pass before MAP data are used extensively
for the simulation cost model or for other economically oriented purposes.
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This period of time, lasting perhaps 2 - 3 years, will allow all Amtrak
personnel to become thoroughly familiar with the system. In addition,
during that time tlie number of repair operations should become sufficiently
large that statistically valid information can be obtained.
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APPENDIX €

TURBOTRAIN TRUCK

The turbotrain truck was intended, during the early months of the contract,
to be one of the subjects for the simulation cost model. To obtain infor-
mation and data on that truck, a visit was made to the Canadian National
Railroad (CNR) on April 26 and 27, 1977. The CNR has operate. a turbotrain

tor wany years and consequently represents a source of data for the truck.

During later months of the contract, it was decided not to apply the
3imulation cost model to the turbotrain truck. However, since information
and data were obtained from the visit, they have been organized and are
presented in this Appendix. )

GENERAL

The CNR turbotrain is a unit train consisting of two power dome (P.D.) cars
(one at each end of the train) and seven intermediate cars (1.C.). Each
P.D. car has one dual axle (D.A.) truck with each axle powered through an
axle mounted gear box. These gear boxes are driven from a cab mounted
"collector' gear box which in tura is powered by two P&WA PT-6 gas turbines.

A singfeigf}f (S.A.) truck is employed between each car - P.D.'s and 1.C.'s.
Thus, there are eight S.A. trucks per train. All cars are mechanically
attached such that the entire train becomes an integrated unit. Once the
train is assembled, cars are not sdded, subtracted, or replaced - except

for changes in "mission" - as approximately three days is required to "break"
a car from the train.

Three trains are employed on the twice per day Montreal-Toronto run (667

miles round trip). Thus, each train is in revenue service 67X of the time
(one train is always either undergoing major maintenance or is in reserve).
Each train averages approximately 140,000 miles per year (accounting for once~-
per=day trips on Sundays).
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TRUCK DEFINITIONS

D.A. Prinary Truck is removed from the P.D. car as a unit and consists of

wheels, axles, gear boxes, journal bearings, primary springs, side frames,
brake shoes, brake actuators, brake [inkages, and center pin bushing/
housing.

D.A. Secondary Truck is attached to the P.D. car and consists of the

bolster, center pin, torsion springs, dampers, secondary springs (air

bags), side bearings, and lateral stops.

S.A. Primary Truck is removed from between cars as a unit and consists of

wheels, axle, journal bearings, primary springs, torsion springs, lateral
stops, transom beams, brake shoes, actuators, and linkage, bell crank, and

lower guidance arms.

S.A. Secondary Truck is attache? ti eaclh car and consists of the upper

guidance arms, walking beams, secondary spr:ngs (air bags) and upper
suspension arms.

COMPONENT SPECIFICS

(1) Primary Springs are "Lord mounts" on both single axle (S.A.) and double
axle (D.A.) trucks similar to the Budd "Pioneer 3". They are replaced
on the average about every 200,000 miles.

(2) Secondary springs are air bags and are very seldom replaced on D.A.
trucks. Approximately 12 S.A. air bags are replaced every year indicat-
ing av average life of about 560,000 miles. S.A. suspension rod end
bearings are rebuilt on the average every 250,000 miles. The most
aggravating problem with the D.A. secondary suspension is maintenance
of the bearings which attach the air bag supporting plate to the P.D.
car - because bolster removal is required.
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(3)

4)

(5)

(6)

Dampers are of two types - viscous cn the D.A. secondary truck and
rubber shear (torsion springs) on the D.A. secondary truck and S.A.
primary truck. The viscous damper: are of questionable value (not
used on Amtrak turbotrain) and are replaced only if the bolster has
to be removed for other reasons. Torsion springs lart about
200,000 miles.

Bearings are standard Timken XP's. Bearings have presented no
problems (only a total of two failures since 1968). They go through
standard rework procedure at the time of each wheel change (approxi-
mately 42,000 miles). They are not relubed between rework. Bearings
are inboard on D.A. trucks and outboard on S.A. trucks.

‘ |
Frames per se are not a problem. Transom beams on S.A. trucks o
starting to give problems around dowel pin and cap screw holes and
are being modified as major tr ck refurbishmeat becomes ecessary,
D.A. truck side frame bushings are replaced at about 500,000 miles.

No center pin besrings have ever been replaced.

Axles/gear boxes are probably the biggest grief. Gear boxes require
majur maintenance about every 80,000 miles and this requires complete
disassembly of the truck including wheel removal. Primary problems
are high speed pinion and jack shaft bearings. Gears thenselves last
about 250,000 miles. All gear box work is done by P&WA which requires
that gear box be sent to their facility in Longueuil, Quebec (after
vheel removal at the wheel shop). In addition, some gear box work is
done about 30X of the time that wheelsets are pulled for attention
(approximately 14,000 miles). This usually consists of torque ara
work, jack shaft bearings, or labyrinth seals. 1In the latter case,
vheels must be pulled. Indications of gear box problems are leakage,
low oil pressure, and audible noise. Axles themselves must be
replaced after about three wheel changes because of fit problems.
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)

(8)

9)

(10)

(11)

Wheels are turned on the average of 14,000 miles and are good for
two turnings (42,000 miles total life). Primary prchblem 1is high
heat dissipation from tread brales (train does not emplor dynamic
braking) resulting from the combination of high speed operation

and few number of wheelsets. To avoid urdue heat cracking problems,
soft wheels are used which leads to low wear life. Wheels on D.A.
trucks are turned under the truck using a standard wheel turning
machine. However, the truck is removed from the car and sent to
the wheel machine for this operation. S.A. truck wheelsets are
removed from the truck for turning, but the truck is not removed

from the car (primary springs stay with the wheelset).

Brake shoes are replaced daily (at Montreal), thus have a useful
1life of 667 miles. Shoe replacement is straightforward (in the
absence of snow) and requires no other component removal. Brake
rigging (pins and bushings) require replacement every 9 to 12
months (100,000 to 140,000 miles).

Pneunatic systems are employed for brakes and car leveliag
(secondary springs). No particular pneumatic system problems
were noted (although we did not ask specifically about leveling
valves which we know are a problem on the Metroliner).

Alternators per se are not employed. Speed measurement is accom~
plished by a standard magnetic pick-up looking at a nmotched disc
fastened to the end of the axle. MNo problems were roted.

Bolsters are employed on the D.A. truck. The side bearings as
well as other previously mentioned sicondary suspension components
are attached to the bolster. Side bearings are easily replaceable
(after truck removal) Teflon pads and are replaced at about six
month intervals (approximately 70,000 miles). This is normally
done only at truck removal (wheel work) time.
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(12) Motors (traction) are

OPERATION TIMES

Remove S.A. truck
Install S.A. truck
Remove D.A. truck
Install D.A. truck

Remove und repiace gear box

not employed on the turbotrair..

men,

men,

3
3
= 2 men, 6 hours
2 men,
2

men,

4 hours

4 hours (assumed)

6 hours (assumed)

6 hours (complete D.A. truck
disassembly)

SUMMARY OF PERIODIC (PROGRESSIVE) INSPECTIONS

Inspection Required
Number Ejuipment
108 None
110 None
115 Dip Stick
and 011

Frequency

(Days)
1

c-5

Description

Dual Truck Area Inspection

Visual wheels inspect (dual

axle) trucks for cracks broken

welds slider plate metal-metal

contract. Bolts and studs.

Teflon extrusion pilot plate

and top of rail 3"-6" clearance

oil leaks

universal joints

lateral rubber bumper

center pin

leaking/over heat/broken roller
bearings

Single Axle Truck Inspection

Same as Inspection Number 108.
Air suepension (visual rubber)

Axle Gear Box Lubrication
0il Level Check

Axle gear box lubrication




Inspection
Number

118

119

120

121

128

130

132

133

134

Required Frequency
Equipment (Days)
Grease/Gun 30
Jacks

None 30
None 30
6" Rule 30
6" Rule 30
Wheal Gage 30
Wrench 30
Solvent

Comp. Aflr

GCrease Gun 30
& Crease

0 rings, fluid
Torque VWrench
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Description

Walking Beam Lubrication
Grease ball joints

Dual Axle Truck &
Drag Link Bolt Inspection

Dval axle truck bolt security
check

Single Axle Truck & Guidance
Arm Bolt Ingpection

Same as Inspection Number 119

Single Axle Truck &
d A I

Check air suspension on dual
axle, Truck clearance and
level check.

Single Axle Air Suspension
System Check
Check air suspension on single

axle, Truck clearance and
level check.

Wheel Inspection

Visual wvheels mesasure flange
thick, height, renge thickness
wvheel dismeter.

Axle Gearbox 011 Screen
—Tilter Imspection
Axle filter imspection,

Remove screen-clean. Replace
on each dual axle trucks DC,

Propeller Shaft Slip Coupler
—ldibricetion ___

Shaft coupler

Main lube System, Collector
Cearbox and Axle Gearbox 01l

e teplacenent

Change oil {n gearbox filter to
0.C. for ultrasonic clesning.



Inspection

—Number

136

141

144

147

149

150

15

133

Required Frequency
Equipment

Mirror/Scale 90
Flashlight

Grease Gun 90
etc.

None 1080
Grease Gun 360
Matal Spacer 90
Up Stop

Lock-wire Tool 150
and Torque
Wrench

Lock-wire Tool 150
& Torque Wrench

Grease 90

c-?

description
Single Axle Truck

Clegrance Check

Clearance check 5/16 ¥ 1/16
Clear - bearing flange to
truck assembly

Drag Link Lubrication

Lubrication drag 1ink

To Inspect Centre Pin

Rubber Bushing

Look, see, report, put back rug

Wheel ing Lubricati

Lubrication Timken wheel bearings
12 oz. annually

Dual Axle Truck Side
'

Side bearing inspection (dual
axle truck)

Fut in lock blocks.

Lift car,

Look for wear.

If bad check ball of spherical
bearing on bolster,

Dual Axle Truck Area
k
Check torques/many nuts (dusl
truck)
Single Axle Truck Ares
k

Single axle truck

Lub, of the Single Axle Guid,
$

Lubrication guidance snd belil-
crank bearing



Inspection Required
Number Equipment
157 Flashlight
302 None
303 None
304 None

Frequency

(Dayse)
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Description

Inspection of Levelling
__Valve Inspection

Lev~1lling Valve.
Visual wear/secure/missing
bolts enlongated bolt holes.

Durl Axle Brake Shoe Slack
Adjuster Adjustment

Brake shoe slack adjustment.
Check/adjust clearance between
shoes and wheel. Fix at 5/8".

Tread Brake Components
Inspection Rotochamber
Air Leakage Check

Inspection for wear. Condemn
at 3/8" thick. New = 1-3/4".
Check broke/cracked pins and
bushing wear 1/16 maximum clear.

Must have 3/4" to leave station
inspection rotochamber boot
Rotochamber Air Leakage Check

Check rotochamber for leaks.
Listen for leak.




APPENDIX D

SPECIFICATION ON HIGH SPEED PASSENGER TRAIN TRUCKS

This appendix presents two tables which acdress the topic of specifica-
ticns on high speed passenger train irucks. The first table, Table D.1,
gives a list of those areas where speciii.stions could be applied. The
second table, Table D.2, outlines a number of specific features of rail-
way truck specifications which are desirable and may have been omitted,
overlooked, ¢t neglected. For the most part, Table D.2 addresses the
performance characteristics of a truck. Data on these characteristics
are needed to determine the level and frequency of the maintenance
required to keep a truck within its allowable range of performance.
Maintenance criteria must be considered at the initial stage of design.
These criteria can be specified, incorporated and modified appropriately

as the final design is developed and approved.
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TABLE D, 1

AREAS FOR HIGH SPEED PASSENGER TRUCK SPECIFICATIONS

Design Speed
Acceleration
Deceleration
Design Load

Maximum Static Axle Load
Short Duartion Static Overload
Dynamic Load

Component Dynamic Loads

Maximum Weight
Design Life
Design Braking

Dynamic
Friction
Emargency

Wheel Out of Round

Wheel Balance

Equalization

Curving Performance (Depends on Track and Carbody)
Ride Quality Requirements (In Conjunction with Car)
Primary Suspension Rate

Secondary Suspension Rate

Vibration Frequencies

Noise (In Conjunction with Car)

Clearance Envelope (In Conjunction with Car)
Salety Springs

Maintainsbility

Reliabilicy

Guaranteed Components
Quality Control in Manufacturing



1)

2)

3)

4)

5)

6)

7)

8)

TABLE D,2

FEATURES DESIRABLE IN TRUCK SPECIFICATIONS

The specification should include a definition of the ride quality
objectives as well as a detailed definition of tte track iaput. This
will enable the manufacturer to design a truck and suspension system
to a clear-cut design requirement.

The car body elastic properties must be given to perform meaningful
ride quality analysis. The characteristics of the car body above the
secondary suspension must be known tc the truck manufacturer.

Modeling simulations should be required of the manufacturer to enable
tie characteristics of the system to be more completely understood,
and to allow revisions to be made in the design stage.

Provisions should be made for life testing of truck components by
simulating the expected load environment. This will allow the manu-
facturer to detect any flaws in the components or their associated
attachments.

Full scale structural fatigue tests should be performed on a prototype
truck structure.

Full scale dynamic truck tests should be performed in the laboratory to
study the behavior of the suspension system with all {ts components to
verify at an early stage that all components are compatible and that
desired system performance is achieved.

An evaluation of a completely instrumented prototype vehicle should be
provided. The purpose of this would be to verify performance before
committing to final production.

Truck specifications should include data on the property's existing
maintenance facilities and practices and should require the manufacturer
to provide an estimate of the maintenance cost for the assumed life

of the truck using the specified maintenance facilities. The builder
should also specify s maintenance plar for the truck,

D-3/D-4



APPENDIX E

REPORT ON INVENTIONS

The work described in this report concerns the application of a methodology,
the simulation cost model (SCM), to the economic aspects of maintaining high
speed passenger train trucks. Because the work was not concerned with de-
vices, no inventions were developed. However, the work did result in a meth-
odology which can be zpplied to economic systems beyond those associated with
passenger train truck maintenance. The systems most appropriately treated by
the SCM consist of large fleets of individual units. Each unit contains sev-
eral components and each component is interrelated with thevother components
in its unit through cost or system actions. For such a system, the SCM
technique provides a consistent means for its characterization, a process tor
determining the data requirements, a developed computer program, and a set of
specific useful outputs. These outputs irclude s quantitative description of
current (present time) annual system operation and annual costs, a sensitivity
analysis which indicates quantitatively the most costly portions of the system,
and projections of future system operation and costs.
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