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1. INTRODUCTION 

The high speed passenger t r a i n  truck is required to  perform a l a rge  va r i e ty  

of tasks. These tasks include supporting and guiding the ca r ,  generating 

the braking (and, frequently, the t r ac t ion)  forces,  and providing an acceptable 

r ide  t o  the  passengers. Because the t ruck has so many functions, i t  i s  a 

complex electromechanical system with many i n t e r r e l a t e d  components. The 

truck is consequently expensive t o  purchase and can be expensive t o  

maintain. 

A purchaser of a s e t  of high speed passenger t r a i n  trucks can determine 

re la t ive ly  e a s i l y  the i n i t i a l  purchase cos t .  I t  i s  much more d i f f i c u l t ,  

however, to  determine how much h i s  truck f l e e t  w i l l  cos t  t o  maintain. The 

maintenance cos t  problem i s  made especia l ly  d i f f i c u l t  by fac tors  such as the 

following: 

o The maintenance cos t  i s  influenced by the maintenance pol ic ies  

and procedures of the user  as  well as by the design of the  truck. 

The cost i s  a l so  influenced by the type of service  required of 

the truck. 

o The maintenance cos t  f o r  a subassembly o r  component can be 

influenced by the o ther  subassemblies and components i n  the  

truck. 

o The maintenance cos t  i s  produced by a combination of planned 

servicing6 a s  well a s  by unplanned occurrences. The unplanned 

occurrences a r e  s t a t i s t i c a l  i n  nature because they cannot be 

predicted precise ly .  

o The most important maintenance cos t  areas  and components may 

be d i f f i c u l t  t o  i d e n t i f y  and the  maintenance cost  associated 

with these may not be known. 

o The maintenance cos t  typ ica l ly  w i l l  vary with time even f o r  

a given use and s e t  of trucks. 



The d i f f i c u l t i e s  associated with assess ing the  maintenance cos ts  of a  l a rge  

s e t  o f  trucks motivates the  development of an overa l l  economic maintaina- 

b i l i t y  model. This methodology must incorporate,  a t  t he  very l e a s t ,  those 

f ac to r s  which s t rong ly  influence any pa r t  of the  truck cos t  o r  usage charac- 

t e r i s t i c s .  This repor t  presents such a methodology. The methodology -- 
the  simulation c o s t  model (SCM) -- i s  a consis tent  quan t i t a t ive  technique 

which provides 

o the  annual t o t a l  maintenance c o s t  and breakdown of t h i s  c o s t  

o a q u a l i t a t i v e  and quan t i t a t ive  descr ip t ion  of the  maintenance 

operat ion 

o a means of evaluating a l t e r n a t i v e  designs and the  economic 

e f f e c t  of spec i f i ca t ions  

o a means of est imating t r ans ien t  (time dependent) maintenance 

cos t s  and maintenance operat ions 

o i d e n t i f i c a t i o n  of the  data  which a r e  required i n  applying the  

technique ( these  data  requirements a r e  general ly compatible with 

those da ta  typ ica l ly  ava i l ab le  i n  the  industry) 

The simulation cos t  modelling technique was f i r s t  developed under Contract 

DOTfTSC 917, which was concerned with r a i l road  r o l l e r  bearing c e r t i f i c a t i o n  

and diagnostics.  I n  tha t  work [I] - 121 ,* a single-component version of the  

model was used t o  est imate annual bearing operat ing cos t s  and t o  consider 

the  cos t fbenef i t  e f f e c t s  of c e r t a i n  diagnostic procedures. The model de- 

veloped under t h a t  contrac t  was subsequently general ized during work under 

Task V I I I  of Phase I1 of the  Track Train Dynamics (TTD) Program. In  t h a t  gen- 

, t he  c a p a b i l i t y  t o  t r e a t  the  presence of defec t ive  

* 
Numbers i n  brackets denote references ( ~ p p e n d i x  F) 



uni t s  was added t o  the model. Another f ea tu re  was a l s o  added. That fea- 

tu re  allowed the computer program of the SCM t o  be independent of the par- 

t i c u l a r  component and maintenance system being considered. During the TTD 

work, the  program was applied t o  f re igh t  c a r  r o l l e r  bearings, wheels, s i d e  

frames, and bols ters .  

The SCM described i n  the present  repor t  represents a fu r the r  genera l iza t ion 

of the technique. This genera l iza t ion primarily involves adding the capa- 

b i l i t y  t o  consider many components simultaneously. The resu l t ing  SCM i s  

then applied t o  t h e  t rucks  of two present-day high speed t r a i n s :  the Metro- 

l i n e r  and the  Amcoach. 

The present  report  is intended 

o t o  review the  high speed trucks which a r e  candidates fo r  

the  maintenance methodology 

o t o  present the SCM methodology 

o t o  describe the appl ica t ion of the  SCM t o  the  Metroliner (powered) 

and Amcoach (unpowered) trucks 

o t o  show the  type of r e s u l t s  ava i l ab le  from the SCM, and 

o t o  ind ica te  how such r e s u l t s  can be used. 

Review of the high speed trucks i s  considered i n  Section 2 .  That sec t ion  

i s  subdivided i n t o  3 subsections as  follows: 

2.6 L i t e ra tu re  Search 

2.2 Design Analysis 

2.3 Operational Framework 

The l i t e r a t u r e  search is  intended t o  i d e n t i f y  a l l  ex i s t ing  and near-term 

passenger t r a i n  trucks which a r e  s u i t a b l e  fo r  consideration by the  SCM. 

Only those few trucks capable of providing acceptable r ide  qua l i ty  fo r  modem 



l ightweight  r o l l i n g  stock a t  speeds of a t  l e a s t  125 mph a re  re levant .  From 

the  search,  4 1  t rucks  were iden t i f i ed .  The l i t e r a t u r e  search i s  a l s o  intended 

t o  ca tegor ize  those re levant  t rucks  i n  terms of generic design concepts. The 

re su l t ing  cha rac te r i za t ions  a r e  given i n  tabular  form. The l i t e r a t u r e  search 

indicated tha t  l i t t l e  published data  e x i s t  which a r e  d i r e c t l y  useful  f o r  the  

SCM. 

The design ana lys i s  i s  intended t o  i d e n t i f y ,  with respect  t o  each re levant  

t ruck,  the  f a c t o r s  f o r  which data  a r e  required.  This i d e n t i f i c a t i o n  process 

i s  influenced t o  a considerable extent  by the  requirements of the  maintain- 

a b i l i t y  methodology being used. For the  SCM technique, the  data  requirements 

evolve na tu ra l ly  from a schematic diagram which descr ibes  the  maintenance of 

t h e  truck.  A s  a  r e s u l t ,  t h i s  subsection character izes  each re levant  t ruck t o  

determine the  nature  of i t s  maintenance requirements. This character iza t ion  

is  i n  the  form of t ab les .  The character iza t ion ,  together with the  operat ional  

framework, can then be used t o  generate the  schematic diagram. 

The opera t ional  framework i s  intended t o  provide the  operat ional  and mainte- 

nance condit ions f o r  the  trucks.  The contents  of the  opera t ional  framework 

a r e  a l s o  influence by the  requirements of the  mainta inabi l i ty  methodology. 

For t h e  simulation technique, the  operat ional  framework is  a descr ip t ion  of 

how the  operat ing system i . . ,  the  r a i l road)  a c t s  t o  maintain i ts  trucks.  

This q u a l i t a t i v e  descr ip t ion  is  i n  the  form of a f igu re .  The f igure , together  

with the  maintenance evaluation of the  design ana lys i s ,  can then be used t o  

generate the  schematic diagram. 

In  Section 3. of the  r epor t ,  t h e  SCM technique is described. The descr ip t ion  

is  given i n  terms of two of t h e  major components of t h e  technique -- t h e  sche- 

matic diagram and the  computer program. The sec t ion  presents  and def ines  the  

SCM parameters f o r  which values need be obtained. The sec t ion  a l s o  presents  

an a n a l y t i c a l  background s u f f i c i e n t  f o r  a  bas ic  understanding of the  technique. 

A t  the  end of t h e  sec t ion ,  those schematic diagrams used f o r  the  Metroliner 

and Amcoach t rucks  a r e  given. 



Section 4. of the report discusses and presents the 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 base 

case analysis is a description of the current (present time) maintenance costs 

and truck maintenance actions. 

The base case analysis forms the reference for sensitivity analyses (effects 

on truck maintenance costs and operations produced by changes in the base 

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 the SCM technique. 

Conclusions and recornendations 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 lists areas appropriate to truck speci- 

fications and features which may be desirable in such specifications. Appendix 

E is the report of inventions statement, and includes a brief discussion of 

areas of SCM applicability. Appendices F and G give, respectively, the refer- 

ences and bibliography for this work. 



2. SURVW AND ANALYSIS OF TRUCK TECHNOLOGY AND USAGE 

2.1 L i t e r a t u r e  Search 

The l i t e r a t u r e  s e a r c h  c o n s i s t e d  of  two p a r t s  -- a s ea r ch  o f  publ ished l i t e r a -  

t u r e  and a manufacturer  survey.  

The s ea r ch  of  publ ished l i t e r a t u r e  involved t he  a i d  o f  

o The Rai l road Research Information Se rv i ce  (RRIS) B u l l e t i n s  

o Two Computerized Indexes 

- The Nat ional  Technical In format ion  S e r v i c e  (NTIS) 

- The Engineering Index  (EI) 

o The Budd Company 

The RRIS B u l l e t i n s  (and manufacturer ' s  l i t e r a t u r e )  produced a l i s t  of 38 

companies r e l a t e d  t o  t r uck  and/or  t r u c k  component design.  The Bulletins 

a l s o  produced a number of papers  which descr ibed  s e v e r a l  high speed t r ucks  

o r  d e a l t  wi th  t h e  a r e a  o f  t r u c k  economics. More papers o f  t he se  types were 

uncovered from t h e  computerized searches .  These searches  a r e  shown 

schema t i ca l l y  i n  Figures  2.1 and 2.2. 

F igure  2.1 de sc r i be s  t he  NTIS search.  The NTIS f i l e s  c o n t a i n  over  560.000 

a b s t r a c t s  from t h e  beginning of  1964. F igure  2.2 de sc r i be s  t h e  E I  sea rch .  

The EI f i l e s  c o n t a i n  more than  412,000 a b s t r a c t s  from the  beginning of  1970. 

The d i s t r i b u t i o n  o f  these  a b s t r a c t s  among t op i c s  o f  some i n t e r e s t  t o  t h e  

p r e sen t  program i s  i n d i c a t e d  I n  t he  f i g u r e s .  The shaded reg ions  i n  t h e  

f i g u r e s  i n d i c a t e  t hose  a b s t r a c t s  which a r e  p o t e n t i a l l y  a p p l i c a b l e  t o  t he  

work. 

The computer s ea r ches  showed t h a t  the  shaded reg ions  conta ined  approximately 

128 a b s t r a c t s .  A l i s t  o f  s u b j e c t s  of these  a b s t r a c t s  and t hose  from the  

RRIS is given i n  Table 1.1. Of t h e  NTIS and E I  a b s t r a c t s ,  21 appeared t o  

be o f  immediate i n t e r e s t  t o  t he  program. These 21 a r t i c l e s  were produced 

f o r  f u r t h e r  review. A l i s t  o f  these  procured papers and t hose  produced 

from the  RRIS B u l l e t i n  is g iven  i n  t he  Bibl iography (Appendix G). 
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Abstracts for Shaded 
Intersections on Order 
Total No. = 50 Articles 

RAILROAD 

ROLLING 

STOCK 

ENGINEERING INDEX 

GROUND TRANSPORTATION 
FILE 

FIGURE 2 . 2  VENN DIAGRAM OF KEY WORDS USED I N  COMWTER 
SEARCH 



TABLE 2.1 

LITERATURE SEARCH DISTRIBUTION RESULTS 

Description of Related Subject 

Train Truck Related 

Economic 

* 
Design Studies (including TDOP) 

High Speed Vehicles (plus SOAC)** 

Instrumentation 

Vehicle Subassemblies (springs/couplers/bearings/ 
wheels) 

System Maintenance 

Freight Train 

Locomotives 

Miscellaneous not applicable to this study 

Number of Articles 

13 

12 

4 0 

13 

8 

42 

Total: 151 

" 
Truck Design Optimization Project ** 
State of the Art Car 



The Budd Company has produced a  r e p o r t  6 on t h e  dynamic c h a r a c t e r i s t i c s  of 

high speed t rucks .  That r e p o r t  and d i s cus s ions  
L J  

wi th  Budd personnel  pro- 

duced some of t he  t rucks  i d e n t i f i e d  f o r  t h e  p r e sen t  work. 

The manufacturer survey  involved sending  a  letter of  i n q u i r y  t o  t h e  companies 

mentioned above. A copy of  t h a t  l e t t e r  is g iven  a s  F igure  2.3. Approximately 

one- th i rd  of  t he  companies responded. A summary l i s t  of  t h e s e  responses  i s  

given i n  Table 2.2. Nine companies i nd i ca t ed  t h a t  they manufacture h igh  speed 

t rucks .  

The r e s u l t s  of t he  l i t e r a t u r e  s e a r c h  i n d i c a t e d  t h a t  t he r e  is l i t t l e  publ ished 

maintenance d a t a  which a r e  d i r e c t l y  u s e f u l  * f o r  t h e  s imu la t i on  c o s t  model. 

The r e s u l t s  d id  produce a  l i s t  of  41 t rucks  which could have been considered 

under t he  c o n t r a c t .  These t r ucks  and c e r t a i n  in format ion  concerning t h e  

t r ucks  a r e  l i s t e d  i n  Tables 2.3a - 2.3d. 

Tables 2.3a - 2.3d have been developed such t h a t  they c h a r a c t e r i z e  t he  t r ucks  

i n  terms of  t h e i r  gene r i c  des ign  concepts .  Each t r u c k  i s  g iven  by a  row 

i n  t he  t a b l e s .  The columns of  t he  t a b l e s  g ive  t h e  important  f e a t u r e s  of  

t h e  t ruck .  The columns show t h e  count ry  of  o r i g i n ,  t he  manufacturer  o r  

u se r ,  t he  maximum des ign  speed, whether t he  t r u c k  i s  i n  revenue s e r v i c e ,  

i n d i c a t i o n s  of  any s p e c i a l  t r u c k  f e a t u r e s ,  and d e s c r i p t i o n s  o f  t h e  

c h a r a c t e r i s t i c s  of i t s  major subsys t em.  These s u b s y s t e m  a r e  t he  pro- 

pu l s i on  system, t h e  wheel s e t s ,  t h e  primary suspens ion ,  t he  braking system 

and the  secondary suspension.  

Due t o  time and budgetary c o n s t r a i n t s ,  d e f i n i t i v e  in format ion  f o r  each 

trucklcolumn combination could n o t  be ob ta ined .  As a  r e s u l t ,  many o f  t he  

e n t r i e s  i n  t he  t a b l e  a r e  t o  some e x t e n t  uncer ta in .  Such e n t r i e s  a r e  s o  

- 

* 
- 

Complete a s  of  Apr i l  15, 1977. 



SUBJECT: SALES LITERATURE PERTAINING TO HIGH SPEED RAILWAY TRUCKS 

Gen tl emen : 

We are seeking t o  i d e n t i f y  a l l  manufacturers o f  h igh  speed passenger 

ra i lway  t rucks.  I f  you design, bu i l d ,  and/or s e l l  r a i l w a y  t rucks  

capable o f  operat ion a t  125 MPH (200 KMIHR) o r  greater ,  please i n d i -  

ca te  t h i s  t o  us so t h a t  we add your company t o  our l i s t  o f  p o t e n t i a l  

sources. 

We would a l s o  appreciate sales 1 i t e r a t u r e  i d e n t i f y i n g  your r a i l  t r uck  

systems and the address o f  your nearest d i s t r i b u t o r .  

Thank you f o r  your cooperation. 

Very t r u l y  yours. 

FIGURE 2 . 3  LI3TF.R OF INQUIRY 



TABLE 2.2 

COMPANIES RESPONDING TO SURVN 
(As o f  April 15, 1977) 

RESPONSE MANUFACTURES DESIGN 
L = LETPER TRUCK HIGH SPEED SPEED LITERATURE 

COMPANY NAME P = PHONED DESIGNATION DESIGN KMIHRINTH RECEIVED C o m m s  

B r i t i s h  Rail  L Apt Yes 2501155 Yes Development Stages 
Engineers 

Yes 2501155 Yes 
Yes 2801174 Yes 

GSI (Buckeye S t e e l )  L GSI Yes 2001125 Yes Response £ran GSI 

M.A.N. L ET-403 Yes 2001125 

Nippon Sharyo L None Yes 2861178 

Standard Car L None Yes 2001125 F re igh t  - New Design 
Not Marketed Yet 

SIG L None Yes 200/125(?) Y e s  

Midland-Ross L None No None None 

Kockvell I n t e r n a t i o n a l  L None No None None 

Rohr L None No None None 

S c u l l i n  L None No None None 

Wes t inghouse L None No None None 

Adirondack S t e e l  P None Maybe None None Referred Us t o  CE T b c o ~ t i v e  

AiResearch (Garre t )  L None NO None None Prime Cont rac tor  Only 
Suggests:  Boeing Ver to l  

Urban Development 
Hawker-Siddeley 
S o c i e t e  Franco 

P 
N 



TABLE 2.3a 

HIGH SPEED TRJCK CHARACTERISTICS 
(Symbole d e f i n e d  a t  end of t a b l e )  

TRUCK TRUCK OR VEHICLE MANUFACTURER (M) MAXIMUM DESIGN I N  REVENUE 
I D  NO. DESIGNATION COUNTRY OR USER (U) SPEED MPH @/h) SERVICE SPECIAL FEATURE 

1 L RC Canada Dominion Foundries  120  - A c t i v e  T i l t  C o n t r o l  
Passenger  Bogie and S t e e l  Ltd. (M) (193) 

(DOFASCO) 

2 LRC Canada DOFASCO (M) Secondary Suspeneion 
Locomotive Bogie Bellows A i r  S p r i n g  i n  

P a r a l l e l  w i t h  Coi l  

3 BTlO England B r i t i s h  Railways (U) 143 X Sv lng  Hanger 
Passenger  Bogies f o r  (230) 
High Speed T r a i n  
( E T )  

4 HS T England B r i t i s h  Railways (U) 143 
Locomotive Bogie (230) 

5 APT-E England B r i t i s h  Railways (U) 155 Long B o l s t e r  Swinging 
Passenger  Bogie (250) A m  

6 APT-E England B r i t i s h  Railways (U) 155 Advanced Secondary 
Locomotive Bogie (250) Suspeneion 

7 APT (BT12) England B r i t i s h  Railwaye (U) 155 A c t i v e  T i l t  Control  
End T r a i l e r  Bogie (250) 

8 APT (BT11) England B r i t i s h  Railways (U) 155 A c t i v e  T i l t  Cont ro l  
I n t e m e d i a t e  Bogie (250) A r t i c u l a t i o n  Bogie 

9 APT (BT17) England B r i t i s h  Railways (U) 155 
Locomotive ~ m c k s  (250) 

w 
w 



Table 2.3a (continued) 
(Symbols defined a t  end of t r b l e )  

TRUCK 'RUCK OR VEHICLE 
I D  NO..  - .. DESIGNATION COLWTRY 

MANUFACTURER 
OR USER (U) 

(M) I ~ I ~ M  D E S I G N  

SPEED MPH (laR/h) 
I N  REVENUE 
SERVICE SPECiP.1. FL4WP.E 

10 Y-28 France SNCF (U) 
National 

(French 
Railways) 

125 
(200) 

X Traction Linkages 

11 Y-32 France SNCF (U) 155 
(250) 

X Traction Linkages 

Y-223 France SNCF (U) 125 
(200) 

France SNCF (U) 

P 
P 14 Y-225 France SNCF (U) Art icula ted  Train 

Radius A r m  Primary 

15 Y-226 France SNCF (U) Body Suspended 
Motors 

16 CC6500 France SNCF (U) 
Als thom-MTE (M) 

17 CC7100 France SNCF (U) 

18 CC21000 France SNCF (U) 
Als thorn-MTE (M) 

19 CC40100 France SNCF (U) 
Alsthom (M) 



Table 2.3a (continued) 
(Symbols def ined  a t  end of t a b l e )  

TRUCK TRUCK OR'VEHICLE: :.*rbXUFAClVRER (M! XUIMlJM DESIGN I N  REVENUE 
I D  NO. . - DESIGNATION COUNTRY - 0% 'JSER (I!) SPZED ETPH (Irmlh) SERVICE -_ 

20 ET403 Germany MAN (M) 125 X 

(200) 

SPECIAL FEATURE 

Bols t e r l e s s  

21  Minden Deutz Germany Klockner 155 
~ u m b o l d t  ~ e u t z  (M) (250) 

Swing Hanger 

Germany Henschel (M) 

Germany Henchel (M) P lvo t l e s s  Lightweight 
Bogie 

24 F i a t  Furofa I t a l y  FIAT (M) 

I t a l y  BREDA (M) Sving Hanger 

26 Y 0160 I t a l y  FIAT (M) Body Suspended Fbtors ,  
T i l t  Control  

Swing Hanger 
2 Axles 

3 Axles 

27 E444 I t a l y  I t a l i a n  Railways (U) 125 
(200) 

28 E666 I t a l y  I t a l i a n  Railvays (li) 125 X* 
(200) 

Japan JNR (U) 

30 951 Japan Shinkansen (U) 16 1 - 
Experimental (260) 

31  961 Japan 16 1 X* Shinkansen (U) 
(260) 

v 
VI 

I 

I 



Table 2.3a (continued) 

TRUCK 
1 . D L  

32 

TREK OR VE1tICI.E MA>:LIFACTURER (M) MAXIMUM DESIGN IN HEI'RTUE 
DESIGNATION COUNTRY OH VSER (O) SPEED MPH (kmlh) SERVICE SPECIAL FEATURE - 

Rc4 Sved en Asea (M) 

Improved Metroliner Svi tzer-  LTVISIG (M) 
land 

- Bel l  Crank 
Primary 

P-I11 U.S. Budd (M) 120 X Ar t icula ted  
(193) 

Me t r o l i n e r  U.S. GSI (M) 

E-60 U.S. General E lec t r i c  120 
(M) (193) 

UAC U.S. United A i r c r a f t  (M) 160 
Single  Axle Canadian (258) 

National Railroad (U) 
(CNR) 

UAC U.S. United A i r c r a f t  (M) 160 
Double Axle CNR (U) (258) 

AMT-125 U.S. General Motors (M) 125 
(200) 

Department of U.S. Budd (M) 
Comnerce Test Cars 

USSR Soviet  Railways (U) 125 
(200) 

X Equalizer Beam 

X Single Axle Truck 

X Art icula ted  Truck 

- Art icula ted  Truck 

(blank) Denotes t h a t  information is very uncer ta in  o r  is  - Denotes tha t  c h a r a c t e r i s t i c  does not  apply t o  truck 
not  ava i l ab le  

X Denotes t h a t  c h a r a c t e r i s t i c  app l i e s  t o  truck X* Denotes some uncer ta in ty  i n  a p p l i c a b i l i t y  of 
c h a r a c t e r i s t i c  t o  t ruck 



8
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Table 2.3b (continued) 
(Symbols def ined  a t  end of t ab l e )  

W H E E L  S E T S  

P R O P U L S l O N  SOLID 
JOURNAL BEARINGS 

TRUCK STEEL SOLID HOLLOW INBOARD OUTBOARD 
ID NO. POWERED UNPOWERED .LOCOMOTIVE COBENIS ON PROPlTLSION WEELS AXLES AXLES BEARINGS BEARINGS 

15  Body - - TAO 670 Direc t  Current  X* X* - - X 
Suspended 
Motors 

16 - - X S ing l e  Motor Truck X* X* - - X 
(2 gea r  r a t i o s )  

18  - - X Sing le  Motor Truck X X - - X 
F (2 gea r  r a t i o s )  
m 

19 - - X S ing l e  MDtor Truck X* X* - - X 
(2 g e a r  r a t i o s )  

23 - - X Brushless T rac t i on  X X - - X 
MDtors 3 Axle Truck 
w i th  one MDtor p e r  
Axle 



T a b l e  2 . 3 b  ( c o n t i n u e d )  
(Symbols d e f i n e d  a t  end  of  t a b l e )  

WHEEL SETS 

P R O ? l i L S I O N  SOLID AXLES JOURNAL BEARINGS 

TRUCK STEEL SOLID HOLLOW INBOARD OUTBOARD 
ID NO. POWERED INPOWERED LOCOMOTIVE COMMENTS ON PROPULSION AXLES WHEELS- AXLES BEARINGS BEARINGS 

26 Body - 
Suspended 
Motors  

Frame Suspended 

T750 Type 

275 ku Motors  o n e  p e r  
Axle Mounted on Bog ie  
Frame 

2  T r a c t i o n  Motors  
(Wes t i n g h o u e e  or 
G. E.) 

Wes t inghouse  & G.E. 
T r a c t i o n  Motors  



Table 2.3b (continued) 

WHEEL SETS 

TRUCK 
P R O P U L S I O N  S OLI 0 

AXLES JOCSAL BFAIIIS<.S 

STEEL SOL1 D HOLLOW INBOAR3 OL'TBOARD - ~ 

- WHEELS I D .  N S O U N P O W E R E D  PCOPULSIOX - AXLES AXLES BEARIXGS BFARIXGS 

38 X - - 2 Axle Hung Motors per X X - X - 
Truck 

40 X - - 2 G.E. Traction Motors X - X X - 
Per Truck 

(blank) Denotes tha t  information is  very uncertain o r  is  - Denotes tha t  charac te r i s t i c  does not apply t o  t ruck 

not avai lable  

X Denotes tha t  charac te r i s t i c  appl ies  t o  truck Denotes some uncertainty i n  a p p l i c a b i l i t y  of 
character is  t i c  t o  truck 



TABLE 2 . 3 ~  

H I G H  SPEED TRUCK CHARACTERISTICS 
(Symbols de f ined  at  end of t a b l e )  

P R I M A R Y  S U S P E N S I O N  
SOFT (LOW B R A K E S  

TRUCK COIL VERTICAL EDDY 
I D  NO. SPRING RmBER LINKS STIFFNESS) OTHER DAMPERS DYNAMIC INBOARD OUTBOARD TREAD CURRENT TRACK OTHER 

3 X - - X Radius X - Wheel Wunted Disks - 
Arm 

5 X - - w - X - - - X - Hydro- 
k i n e t i c  

Hydro- 
k i n e t i c  

Hydro- 
k i n e t i c  



Table 2 . 3 ~  (continued) 
(Symbols d e f i n e d  a t  end of table) 

P R I M A R Y  S U S P E N S I O N  

SOFT 
TCCt! COIL LEAF (LOW VERTICAL R R A K E S  EDDY 
2 .  SPRiNL RL%BB5! LINKS ? OTHLR UUi.FEilS D'INN.lIC INBOARD OUTBOARD TRFAD C I R R E h T  TRACK mHER 

18 X - X* X x* - - X - 
19 X - X* - - Xa X - 
20 X X X - X @ Wheel muneed Disks X* - ,x - 

33 X - - X Bel l  X X Wheel Mounted Discs X - 
Crank 



Table 2 . 3 ~  (continued) 

P R I X A R 7  S U S P E N S i O N  
SOFT LOW B R A K E S  

TRUCK COIL LEAF VERnAAL EDDY 
I D  NO. SPRING .I(UBBER LINKS STIFFNESS) OTHER DAMPERS DYP:K.UC L~%OARD OL'WOARD TREAD CUWWT I:.-~cK OTHER 

34 - X - - Bide - 
Bear- 

- - - - Hand- 
brake 

ings 

- - - - - 35 - - - - P i r e l l i  Pedestal x X 
Liner 

39 - 
: 40 - X - - Side 

Bear- 
ings  

X Wheel Mounted Discs X - 

(b1ank)Denotes t h a t  i n f o m t i o n  is very uncertain o r  is  
not ava i l ab le  

X Denotes tha t  c h a r a c t e r i s t i c  appl ies  t o  truck 

- Denotes t h a t  c h a r a c t e r i s t i c  does not apply t o  t ruck 

W Denotes some uncer ta inty  i n  app l i cab i l i ty  of 
c h a r a c t e r i s t i c  t o  truck 



TABLE 2.3d 

HIGH SPEED TRUCK CHARACTERISTICS 
(Symbols d e f i n e d  a t  end of t a b l e )  

S E C O N D A R Y  S U S P E N S I O N  
X ? C K  LEmLING CENTER PLATE 

I3 SO. COIL RUBBER AIR OTHER DAMTERS ANCHOR RODS VALVE WEAK PADS COMMENTS 

1 - X X - X - X* 

2 X - X - X - x* x* 

3 - X Swing X X X 
Links Secondary Yav 

5 X - - X - - Damping 

5 - - - Hydrau l ic  - X 2 Main Tmck 
Jacks  Frames w i t h  
w i t h  N i -  I n t e r m e d i a t e  
t rogen  Frame 
Accumula- 
t o r s  

X Swing X 
Links 

X Rol l  x 
Bar 

X Indepen- X 
d e n t  Secon- 
d a r y  Sus- 
pension 
Roll  Bar 

9 X X 

10 x - - Sving x 
Links 
Roll  
Bar 

11 X - - Roll  X 
Bar 

Secondary Yav 
Damping 



Table 2.3d (continued) 
(Symbols de f ined  a t  end of t a b l e )  

S E C O N D A K Y  S U S P E N S I O N  

Z V C K  LEVETJNG CENTER PLATE 
IU NO. COlL .- RUBBER AIR OTHER DAMPERS ANCHOR ROE VALVE WEAR PADS COMMENTS 

21 X - - Swing X 
Links 

24 X X - Rol l  X 

Bar 

25 X - - Sving X 

Links 

- Suing X 
Links 

Secondary Yaw 
Damping 
Secondary Yaw 
Damping 

Seco dary  Yaw 
DampTng 

S l i d e  Pad 

A r t i c u l a t e d  
Frame 



Table 2.3d (continued) 

S E C O K D A R Y  S U S P E N S I O N  

TPVCR LSVELINC CENTER PLATE 
:5 ?IC. -. pp COIL IU!BBER A 1  7, OTHER DAMPERS - VALVE WEAR PADS COMMENTS AXCHOK RODS 

28 - X - x* - 

34 x - X Lateral X X X 
Stab i l i z -  
ing Pnds 

- 

(blank) Denotes tha t  information i s  very uncertain o r  i s  - Denotes tha t  charac te r i s t i c  does not apply to  truck 
not avai lable  

X Denotes tha t  charac te r i s t i c  applies t o  truck X* Denotes some uncertainty i n  appl icabi l i ty  of 
charac te r i s t i c  t o  truck 

N 
01 



indicated by the  symbols used f o r  the  table .  The s e t  of t ab le  symbols and 

t h e i r  de f in i t ions  i s  given a t  the  end of each of the  tables.  

The tables  ind ica te  t h a t  there  i s  a  considerable va r i a t ion  i n  the  design of 

the  high speed trucks. This va r i a t ion  e x i s t s  primari ly i n  the  suspension 

arrangements, i n  the  type of braking used, and the  locat ion  of the  wheels 

with respect  t o  the bearings. Such di f ferences  among the  trucks a r e  re-  

f l ec ted  i n  t h e i r  maintenance requirements a s  shorn below. 

2.2 Design Analysis 

The i n t e n t  of the design analys is  and of the  operat ional  framework (Section 

2.3) i s  t o  provide information s u f f i c i e n t  t o  produce a schematic diagram. 

I n  t h i s  sec t ion ,  the  maintenance requirements of the truck a r e  developed. 

In  the next sec t ion ,  the  maintenance ac t ions  of the  operat ing system ( the  

ra i l road)  a r e  developed. The schematic diagram f o r  each truck-rai lroad com- 

binat ion  is then a descr ip t ion  of how a p a r t i c u l a r  r a i l road  operates a 

pa r t i cu la r  truck. 

There i s ,  i n  general ,  one schematic diagram f o r  each truck-rai lroad combina- 

t ion.  However, i f  the  maintenance f o r  one truck a s  used by a r a i l road  i s  

the  same as  tha t  f o r  another truck as used by tha t  ( o r  by another) r a i l road ,  

then the  same schematic diagram can be used for  both truck-rai lroad combina- 

tions. Consequently, the trucks a r e  characterized t o  reveal  s imi la r  mainte- 

nance requirements for  trucks which may not  appear t o  have [much s imi la r i ty .  

The cha rac te r i za t ion  of the  t rucks  i n  terms of t h e i r  maintenance require-  

ments is, a s  above, accomplished by using a tabular  format. Each truck 

f o r  which s u f f i c i e n t  information was avai lable  was considered i n  terms of 

i ts  components and i n  terms of severa l  maintenance subjec ts .  The r e s u l t  

f o r  each truck is  a t ab le  which describes the sequence of ac t ions  necessary 

t o  inspect  and t o  se rv ice  each of its components. The t ab le  f o r  each truck 

a l s o  i d e n t i f i e s  the  major subassemblies t o  which each component belongs, 

the  typ ica l  defec t  modes f o r  the  component, and whether the  component i s  

repai rable .  Tables f o r  1 7  of the  41 t rucks  were produced. I n  these  t ab les ,  



the  columns r e f e r  t o  the  components of the  truck--the d e f i n i t i o n s  of the  com- 

ponent numbers a r e  given i n  Table 2.4. The rows describe the  maintenance 

subjec ts  considered--definitions of these  subjec ts  a r e  given i n  Table 2.5. 

The e n t r i e s  i n  the  t ab les  a r e  defined a t  the  bottom of Table 2.4. 

The maintenance ca tegor iza t ion  t ab les  a r e  given a s  Tables 2.6 through 2.22. 

An example can be used t o  show how the  t ab les  def ine  the  maintenance ac t ions  

f o r  a truck. Considering the  Metroliner Table (Table 2.21) and component 7 

(wheels), i t  can be seen from Row 1 t h a t  the wheel i s  par t  of subassemblies 

B and C. From Row 2 ,  none of these subassemblies need be removed from the  

c a r  t o  inspect  the  wheel. From Row 3, none of the components i n  subassembly 

C need t o  be removed f o r  inspect ion  of the  wheel. Row 4 ind ica tes  t h a t ,  

t o  se rv ice  the  wheel, subassembly B must be removed from the  c a r  and sub- 

assembly C must be removed from subassembly B. Row 5 shows t h a t ,  f o r  

major service  i . .  replacement) of the  wheel, the  bearing and the wheel 

have t o  be removed from subassembly C. Typical de fec t  modes as l i s t e d  

i n  Row 6 a r e  wear, fa t igue ,  and broken. Row 7 shows t h a t  i t  is possible 

t o  r e p a i r  a  de fec t ive  wheel (e.g., by turning) so  t h a t  the  complete s e t  

of ac t ions  culminating i n  wheel removal may not  be necessary. 

A l l  of the  components of i n t e r e s t  f o r  the  present work a r e  considered i n  the  

maintenance ca tegor iza t ion  tables .  Therefore, i f  the maintenance policy 

(i.e.. t he  operat ional  framework) of the  r a i l road  which operates the  t ruck 

i s  known, the  tables  and the  policy together def ine  the  way the  truck is 

maintained. Suf f i c i en t  information then e x i s t s  t o  const ruct  the schematic 

diagrams of Section 3. 

2.3 Operational Framework 

The operat ional  framework was, fo r  the  purposes of t h i s  repor t ,  taken t o  be 

t h a t  which describes the  Amtrak system. Ihe r a t i o n a l e  f o r  t h i s  i s  t h a t  the  

simulation technique typ ica l ly  w i l l  be applied t o  Amtrak's use of any of the  

trucks given i n  Section 2.1. Therefore, the  generation of an opera t ional  

framework f o r  another ra i l road does nor e e m  t o  be warranted. even though 

t h a t  framework may d i f f e r  only s l i g h t l y  from t h a t  f o r  Amtrak. 



TABLE 2.4 

COMPONENT NUMBER DESCRIPTIONS 

AND TERMINOLOGY 

Primary Springs 

Secondary Springs (Coil o r  Air) 

Secondary Hydraulic Damper 

F r i c t i o n  Snubber 

Primary Hydraulic Damper 

Bearings 

Frame 

Axles 

Gearboxes 

Wheels 

Brake Linings 

Brake Actuator 

Brake Disc 

Pneumatic System - (Air Reservoir & Leveling Valve) 

Al ternator  (Speed Transducer) 

Bols ter  

Traction Motor 

Components Which Go With Car When Detruck 

Components Which Go With Truck When Detruck 

Wheelset - Axle - Bearing - Gearbox Assembly 

Yes 

NO 

U Uncertain 

- None 

Blank Component Not Contained I n  Truck 
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TABLE 2..5 

DESCRIPTION OF MAINTENANCE SUBJECTS 

I N  CATEGORIZATION TABLES 

1. Assembly containing the component such t h a t  the assembly and component 

a r e  removed together fo r  inspection o r  service.  

* 
2. Subassemblies t h a t  must have been removed previously fo r  i f s ~ e c t i o n  

of t h i s  component. 

3. Components t h a t  * must have been removed previously from subassembly 

f o r  inspection of  t h i s  component. 

4 .  Subassemblies t h a t  must have been rermved previously f o r  major service  

of t h i s  component. 

5 .  Components t h a t  must have been removed previously from subassembly 

f o r  major se rv ice  of t h i s  component. 

6. Typical de fec t  mode: B = Broken, W = Wear, F = Fatigue 

C = Creep o r  Bent, L = Leak 

* 
7. I s  the component repai rable  ? 

* 
Inspection - The decision regarding whether work on the 

component is  needed. 

Repairable - Defective component which can be maintained, 
i .e .  by adding f l u i d ,  replacing subcomponents 
(0 r ings,  brushes, bushings, etc.) ,  s t r a igh ten-  
ing, shimming, cleaning,  welding, remachining. 

Nonrepairable - Defective component which no design provision 
f o r  maintenance has been made, i.e. wear out 
l i m i t s  reached ( s ide  bearings, snubbers, brake 
l in ings ,  etc.) sealed u n i t s  (automotive type 
shock absorbers) .  



TABLE 2.6 

MA1 NTENANCE CATEGORIZATION TABLE 

Truck vpe: LRC Passenger Bogie Component 



,TABLE 2 . 7  

LWINTENANCE CATEGORIZATION TABLE 

~~~k 'rype: LRC Locomotive Component 







TABLE 2.10 

MAINTENANCE CATEGORIZATION TABLE 

Trvck Type: 32 Component 

1 2 3a 3b 3c 4 5 6a 6b 7 8a 8b 8c 9 10 11 12 

A 

- 

- 

B 

2a,3a, 
lla 

F,C 

N 

- 

B.C 

- 

- 

B.C 

la.3~. 
4a,7a, 
8c 

W.F 

N 

B 

- 

- 

B 

9a 

L,F 

Y 

- 

- 

- 

B 

3c 

L,W 

Y 

- 

- 

B 

3a 

L,w 

Y 

B F 

- 

- 

B ,C 

la,5a 
3c 

B,C, 
F 

B 

- 

- 

B 

2a 
lla 

B,C, 
F 

Y Y  

B,C 

- 

- 

B,C 

la,3c 
5a,4a 

All 

Y 

B 

- 

- 

B 

la.3c, 
2a,3a, 
lla,5a 

F,C 

Y 

B,C 

B ,C 

- 

B,C 

la,3c, 
4a,7a, 
8c 

C,F 

N 

B ,C 

- 

- 

B ,C 

la,3c. 
4a,7a 

W,F 
B 

Y 

-- 

- 

- 

- 

- 

8a 

W 

N 

B 

B 

- 

B 

8b 

W.B, 
C.L 

Y 



TABLE 2.11 



TABLE 2.12 

MAINTEXANCE CATEGOUZATION TABLE 

Truck Type: Y  224 Component 

1 2 4 5  6a 6b 7  8a 8b 8c 9 10 1: 12 3a 3b 3c 

B .C 

- 

- 

B PC 

1,5, 
3c 

F,C, 
W 

Y  

B VC 

- 

- 

B ,C 

1.3~. 
4,7 

W,F,B 

Y N  

U 

B 

- 

- 

B 

2 .5 ,  
11 

B,C, 
F 

Y  

U 

B 

- 

- 

B 

9 

L,F 

Y  

U 

A 

- 

- 

B 

2,3a, 
11 

F,C 

N 

- 

- 

- 

- 

8a 

W 

- 

- 

- 

- 

3a 

wsL 

Y  

- 

- 

- 

- 

8b 

W,B, 
C,L 

Y  

U 

- 

- 

- 

3c 

W,L 

Y  

B,C 

B,C 

- 

B ,C 

8c 

W,F 

Y  

U 

B.C 

- 

- 

B,C 

la,3c, 
5,4  

All 

Y  

U 

B 

- 

- 

B 

1,3c, 
2,3a 
5  

F,C 

Y  

U 

B.C 

B,C 

- 

B,C 

1,3c, 
4 ,7 ,  
6a 

F,C 

N  



TABLE 2.13 

MAINTEtiANCE CATEGORIZATION TABLE 

Truck Type: Y 225 C o m p o n e n t  

1 2 3a 3b 3c 4 5 6a 6b 7 8a 8b 8c 9 10 11 12 

B , C  B  B , C  B  B , C  B  B , C  - - - 

- 

- 

- 

9 

L , C , F  

Y 

U 

- 

- 

B . C  

l,5, 
3c 

C , B  

Y 

- 

B  

B  

- 

B  

10 

W,B,C 

Y 

U 

B  

- 

B  

5.2 

F , B .  
L,W 

Y 

- 
B  

- 

- 

B  

12 

W,B, 
F  

Y 

- 

- 

- 

3a 

W,L 

Y 

- 

- 

- 

3c 

W,L 

Y 

- 

- 

B , C  

1,3c, 
5,4 

All 

Y 

u 

- 

- 

B  

1,3c, 
2,5, 
12 

F , C  

Y 

B  ,C 

- 

B , C  

1,3c. 
4.5.7, 
6a 

F , C  

N 

U 

- 

- 

B  

6b 

W,F,L 

Y 

U 

- 

- 

B , C  

1,5, 
3c,4, 
7 

W,F,B 

Y 

U 

- 

- 

- 

8a 

W 

N 

U 

- 

- 

- 

8b 

W,B, 
C , L  

Y 

U 



TABLE 2.14 

MAINTENANCE CATEGORIZATION TABLE 

Truck Type: Y 226 Component 

1 2 3a 3b 3c 4 5 6 a  6 b  7 8a 8b 8c 9 10 11 12 



TABLE 2.15 

MAINTENANCE CATEGORIZATION TABLE 

Truck Type: ET 403 Component 



TABLE 2.16 

MAINTENANCE CATEGORIZATION TABLE 

w p e :  Minden Deutz Component 







MAINTDIANCE CATEGORIZATION TABLE 

 ruck 'mpr: DT 200 Component 







TABLE 2.22 

MAINTENANCE CATEGORIZATION TABLE 

Tmck Type: ER 200 Component 



The operational  framework f o r  the maintenance of the Metroliner by Amtrak 

i s  shown i n  Figure 2.4.  This f igure ,  which a l s o  i s  appropriate f o r  Amtrak 

i n  general ,  shows the  manner i n  which a truck is processed fo r  maintenance. 

The f igure  indicates  t h a t  the  c a r  i n  service  i s  given an inspection i n  the 

c a r  shop. The r e s u l t s  of t h a t  inspection can be rout ine  service  o r  some 

amount of repai rs .  The repa i r  can be in-place o r  can require removal of 

the primary truck (truck frame and associated components). I f  removal i s  

required, t h i s  can be f o r  secondary suspension repa i r  o r  f o r  primary truck 

repair .  I n  the l a t t e r  case,  the truck i s  fu r the r  inspected and, i f  

necessary, disassembled t o  a g rea te r  extent .  Upon completion of a l l  

appropriate r epa i r  work, successive reassembly res tores  the t ruck and c a r  

t o  service.  

The spec i f i c  ac t ions  taken within the severa l  boxes of  Figure 2.4 depend 

on the  individual  cha rac te r i s t i c s  and requirements of a pa r t i cu la r  truck. 

I t  is a t  t h i s  point t h a t  the maintenance requiremen 'B of Section 2.2 

combine with the operational  framework. The r e s u l t  i s  the schematic 

diagram which describes Amtrak's maintenance of t h a t  truck. These diagrams 

f o r  the Metroliner truck and f o r  the Amcoach truck a r e  given i n  the  next 

sect ion (Section 3). 

2.4 Review of  the  Survey and Analysis of Truck Technology and Usage 

The large  number of  sources used fo r  t h e  l i t e r a t u r e  search and the 

par t ic ipat ion of the Budd Company i n  the  l i t e r a t u r e  search s u g g e s t t h a t  

a r a the r  complete l i s t  of current  high speed trucks has been produced. 

The character iza t ion of these trucks i n  t e n s  of generic design concepts 

i s  complete f o r  such famil iar  trucks as  the  Metroliner, Turbotrain, 

Pioneer 111, E-60, e tc .  The character iza t ion i s  not  complete fo r  many 

of the o the r  trucks,  pa r t i cu la r ly  those manufactured o r  used overseas. 





There e x i s t  l i t t l e  published maintenance data  f o r  any one truck. The 

majority of such data  have t o  be obtained from the  user and manufacturer 

of the  truck. 

The procedure f o r  the  maintenance ca tegor iza t ion  of high speed trucks has 

been developed and applied. This procedure Fs d i r e c t l y  su i t ed  t o  the  develop- 

ment of schematic diagrams f o r  the  simulation cos t  model. The appl ica t ion  

of the  procedure t o  each of the  more f ami l i a r  trucks i s  complete. 

The nature of the  operat ional  framework i n  r e l a t i o n  t o  the s i m l a t i o n  c o s t  

modelling technique has been defined. An operat ional  framework f o r  Amtrak 

has been developed. 



3. SCM MAINTAINABILITY MODEL 

The SCM technique i s ,  e s s e n t i a l l y ,  a representation of the  maintenance 

act ions  which a f f e c t  the truck. This representation employs a schematic 

diagram which describes how a p a r t i c u l a r  r a i l road  maintains a pa r t i cu la r  

type of truck. A computer program is  used to  implement the  diagram and the 

associated data.  The da ta  requirements f o r  the  computer program a r e  

defined i n  l a rge  p a r t  by the  schematic diagram. 

The SCM technique calcula tes  the cos t  per un i t  time ( typ ica l ly ,  a year) 

required by the  system under consideration (e.g., Amtrak) t o  operate the 

t ruck under consideration. Operation includes both maintenance cos t s  and 

cos t s  t o  acquire pa r t s .  The calcula t ion involves three  par ts :  a schematic 

diagram, the  computer program, and data .  Each of these p a r t s  is described 

b r i e f l y  below ( technical  descr ip t ions  of port ions of t h e  technique a r e  given 

i n  more d e t a i l  i n  Subsection 3.3). 

3.1 Schematic Diagram 

The schematic diagram i d e n t i f i e s  the truck-related par ts  of the  system, 

the  in te rac t ions  which involve the t ruck and i t s  components, and t h e  de- 

c i s ions  which take place concerning the truck. To describe the  schematic, 

a very simple diagram can be used. This diagram i s  i l l u s t r a t e d  i n  Figure 

3.1. This f igure  i s  a s impl i f ied  schematic diagram f o r  a port ion of the  r a i l -  

road f re igh t  c a r  r o l l e r  bearing system. The port ion shown i s  fo r  the  cos t s  

a t t r i b u t a b l e  t o  r o l l e r  bearings because of ho t  box setouts.  

Several segments of the  system a r e  shown i n  the  diagram. "In use" is 

productive operation of the  bearings. "Field" includes ac t ions  taken 

regarding bearings but associated with t h e i r  productive use. "Yard" r e f e r s  

t o  the  c l a s s i f i c a t i o n  yard. "Wheel Shop" is where demounting of t h e  bear- 

from the ax le  occurs. "Bearing Shop" is where bearing maintenance occurs. 

The f i g u r e  indicates  t h a t  bearings move from In  Use along path 39 (uncircled 

number). This path conta ins  those bearings involved i n  hot box indicat ions  



FIGURE 3.1 ROLLER BEARING SYSTEM COST MODEL FOR SET-OUTS 
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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 so 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 

joint 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 schematic merely 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 

(summation 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. 



The example used f o r  t he  d i s cus s ion  above conta ined  only one component ( t h e  

f r e i g h t  c a r  r a i l r o a d  r o l l e r  bear ing) .  The p r e sen t  program i s  concerned wi th  

t h e  e n t i r e  high speed passenger  t r a i n  t ruck .  The e s s e n t i a l  d i f f e r e n c e  i s  

t h a t ,  i n  t h e  h igh  speed t r u c k  ca se ,  a  l a r g e  number of components and t h e i r  

i n t e r a c t i o n s  must be  cons idered  s imultaneously.  This  r e q u i r e s  a  more com- 

p lex  schematic  diagram (and a s s o c i a t e d  computer program and d a t a ) .  A p a r t  

of such a  diagram i s  shown i n  F igures  3.2 - 3 . 4 .  'the schematic  diagram i s  f o r  

t he  Met ro l iner  t ruck .  

As wi th  t he  f r e i g h t  c a r  r o l l e r  bea r i ng  example, t h e  schematic  o f  F igures  3.2 - 
3 . 4  cons ide r s  i n d i v i d u a l  po r t i ons  of  t h e  maintenance system. 'these po r t i ons  are 

servicew, "car shop" and "Truck Shop". Each po r t i on  is shown on a  

s e p a r a t e  page t o  a l low p repa ra t i on  of t h e  schematic  diagram i n  a  "modularized" 

fash ion .  

'the n o t a t i o n  f o r  t h e  t r u c k  schematic  is s i m i l a r  t o  t h a t  used above f o r  t h e  

r o l l e r  bea r i ng  example. The pa th s ,  unc i r c l ed  numbers, i n d i c a t e  movements 

of  t r u c k  components. I n  gene ra l ,  a l l  of t h e  components can be a s s o c i a t e d  

wi th  a  p a r t i c u l a r  pa th  ( i f  t h e r e  a r e  twelve t r u c k  components, each pa th  

can r e p r e s e n t ,  s imul taneous ly ,  twelve flows). Each of t h e  twelve f lows con- 

sist of  t h r e e  q u a n t i t i e s  - t h e  number pe r  yea r  f o r  t h e  p a r t i c u l a r  component, 

t h e  r e p r e s e n t a t i v e  age  of t h e  component, and t h e  q u a l i t y  (p ropor t ion  defec-  

t i v e )  f o r  t h e  component flow. 

The p o i n t s  a t  which t h e  pa ths  s e p a r a t e  o r  j o i n  a r e  i d e n t i f i e d  by c i r c l e d  

numbers. J o i n i n g  p o i n t s  a r e  summation po in t s .  Separa t ion  p o i n t s  a r e  

branch o r  dec i s i on  po in t s  - a t  t h e s e  p o i n t s  d e c i s i o n s  and a p p r o p r i a t e  d a t a  

a r e  r equ i r ed .  These d a t a  can c o n s i s t ,  f o r  each component a t  each node, of 

a )  a  va lue  f o r  t h e  parameter C 

b)  va lue s  f o r  t h e  parameters  D and E 

c )  a  v a l u e  f o r  t h e  parameter G (descr ibed  below) 
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d)  a  s p e c i f i c a t i o n  of which components comprise a  subassembly which 

is t r e a t e d  a s  a  u n i t  (described below) 

e )  any gene ra l  funct ion  (nonlinear ,  time dependent, e t c . )  which 

desc r ibes  t h e  a c t i o n  concerning t h e  component which occurs a t  

t h e  node. 

Typical ly,  da t a  of the form a)-d) a r e  s u f f i c i e n t  t o  desc r ibe  t h e  a c t i o n s  

concerning each component which take  p lace  a t  t he  branch node. Decision 

a) is  t h e  s imples t  and s p e c i f i e s  t h a t  a  propor t ion  C of t h e  a r r i v i n g  flow 

f o r  t he  component branches t o  one of t h e  outgoing paths.  Decision b) 

s p e c i f i e s  t h a t  a  propor t ion  D of t h e  a r r i v i n g  good flow f o r  t he  component 

and a proport ion E of t h e  a r r i v i n g  bad flow f o r  t h e  component branch t o  

one of t h e  outgoing paths.  Decision c )  s p e c i f i e s  t h a t  t h e  proport ion of 

t he  a r r i v i n g  flow f o r  t he  component which branches t o  one of t h e  outgoing 

pa ths  depends on t h e  r ep resen ta t ive  age i n  t h e  a r r i v i n g  path. S p e c i f i c a l l y ,  

t he  major i ty  of t h e  flow switches from one of t h e  pa ths  t o  t h e  o the r  pa th  

when the  r ep resen ta t ive  age i n  t he  a r r i v i n g  path equals  t h e  G va lue  spec i f i ed .  
* 

The da ta  d)  spec i fy  component interdependencies.  For example, i f  a  t ruck  is 

removed from a car  because o f ,  say,  a  wheel problem, the  wheel and t h e  o ther  

components of t h e  t ruck  must be removed from t h e  c a r  simultaneously. The 

da ta  d) preserve  * t h e  i d e n t i t y  of d i s t i ngu i shab le  subsystems such a s  t h e  t ruck  

o r  t h e  wheelset.  

I n  gene ra l  each path w i l l  have a c o s t  o r  c o s t s  assoc ia ted  wi th  i t .  Typical ly 

the  c o s t  w i l l  be given i n  terms of t h e  d o l l a r s  per  each component on t h e  path. 

I n  c e r t a i n  cases ,  t h e  c o s t  w i l l  be given i n  terms of t he  d o l l a r s  pe r  each de- 

f e c t i v e  component on the  path.  

To i l l u s t r a t e  t h e  meaning of t h e  schematic diagram, consider  Figure 3.3. This 

f i g u r e  shows t h e  maintenance a c t i o n s  t h a t  a r e  taken fo r  t h e  Metrol iner  when 

i t  e n t e r s  t he  "Car Shop" o r  maintenance f a c i l i t y .  Upon enter ing  t h e  Car Shop 

(Path 36) t he  t ruck  is inspected.  If  no problems r equ i r ing  maintenance a r e  

* 
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- 
r - 3  r , 

sented by Path 37). At node 11, problem components @ , , 8-1 , ,-? , and bl 
are separated from the rest, i.e., along path 39. (See Table 3.1 for the 

definitions 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. If 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 m, B, 
and and their associated good primary trucks are treated on paths 

43 - 45. Problem components , , , , , 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 BASIC computer language, has the capability 

of producing the following outputs: 

a) Printout of 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- 



TABLE 3.1 

COMPONENT DESIGNATION 

PRIMARY SPRINGS 

SECONDARY SPRINGS 

DAMPERS 

BEARINGS 

FRAMES 

AXLES/GEAR BOXES 

WHEELS 

BRAKES 

PNEUMATIC SYSTEMS 

ALTERNATORS 

BOLSTERS 

MOTORS 



gram f i r s t  accepts da ta  which def ine  the number of components i n  the truck,  

the number of nodes, the  number of paths, etc.  The program then accepts 

da ta  which def ine  the  topology of the  schematic diagram ( the  node and path 

numbering, the manner i n  which the  paths a r e  connected, tec.). The program 

then "assembles" the schematic diagram numerically during the execution 

process. In order t o  assess  whether the  node and path data  have been 

cor rec t ly  speci f ied ,  t h e  user can request a pr in tout  of the  topology of the  

schematic diagram. This pr in tout  contains,  fo r  each node, t h e  information: 

1. Node number 

2. Branch node number ( i n  terms of a sequential  numbering of 

a l l  branch nodes) 

3.  The paths associated with t h e  node. 

4 .  The rework ( i f  any) associated with the  path(s)  from t h e  node 

and t h e  component(s) being reworked. 

I f  the  pr in tout  of the  topology i s  found t o  agree with t h a t  necessary fo r  

the  schematic being t r ea ted ,  the computer program i s  ins t ructed t o  compute 

the  base o r  reference case. This base or reference case i s  a description 

of t h e  present annual truck usage and costs .  To perform the computation, 

addi t ional  data  a r e  needed by the  program. These data  a r e  the  values fo r  
* 

the  decision parameters fo r  each component a t  each node, the  un i t  cos ts  fo r  

each component on each path, and the  number, representa t ive  age, and qua l i ty  

(proportion defective) fo r  each component i n  the population. 

The base case r e s u l t s  from a "sweep" through the nodes of the  schematic. 

S ta r t ing  a t  node 1, the var iables  on the  path out of node 1 are  computed. 

These var iables  a r e  the numberlyear, representa t ive  age, and qua l i ty  fo r  

each component on the  path. A t  node 2 ,  a  s imi lar  computation i s  made f o r  

the  var iables  on the  output(s)  from node 2 .  The computation proceeds node by 

node - i f  the  node under consideration is a branch node, two paths leave from 

the node and t h e  decision parameters fo r  t h a t  node a r e  employed. I f  the  node 

under consideration i s  a summation node, the  values of the  var iables  on the  

one leaving path r e s u l t  from the  values of the  var iables  on the  two input 

paths. During the  sweep through the  nodes, the  program accounts automatically 

*It should be noted t h a t  add i t iona l  data,  i f  avai lable ,  can be used by 
the model. For example, nonlinear andlor time varying representations 
fo r  the path cos ts ,  decisions,  e tc .  can be employed d i rec t ly .  
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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 cost data are employed. For each 

path, the number of components, number of good components, or number 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 produces the annual operating cost for the base or reference case. 

The reference case 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 change in total operating 

cost (maintenance and acquisition cost) associated with a 1% change in 

o the number of units branching to one ofthe outgoing paths at the 

node (C decision), or 

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

paths at the node (D decision), or 

o the number of good units branching to one of the outgoing paths 

at the node (E decision), or 

o the number of identifiable subassemblies branching to one of the 

outgoing paths at the node (K$ decision - See Section 3.3) 



o the age a t  which the majority of the uni ts  switches from one of the 

outgoing paths to  the other outgoing path (G decis ion) ,  o r  

o the uni t  path cos t  for  each component. 

Predict ion of fu ture  truck usage and costs  involves using the computer program 

i n  i t s  dynamic simulation mode. In order t o  run the SCM i n  t h i s  mode, data 

i n  addit ion t o  those mentioned above are  required. These data a r e ,  fo r  each 

component, i t s  Weibull s lope,  its c h a r a c t e r i s t i c  l i f e ,  and the r a t e  a t  which 

its population s i z e  is planned t o  change with time. 

To perform t h e  simulation,  the  program performs t h e  following s t eps :  

1. Using known values of t h e  time, decision parameters, and the 

s i z e ,  representa t ive  age, and qua l i ty  (proportion defective) 

fo r  each component's population, the program does ca lcu la t ions  

a s  for  the  reference case. The r e s u l t s  of t h i s  a r e  the  number, 

age, and qua l i ty  for  each component on each path. 

2. For each component and each path, t h e  program computes the  

associated cos t .  A summation over a l l  paths gives the annual 

operating cos t .  

3. The r a t e s  of change of the  population s i z e ,  age, and qua l i ty  

f o r  each component a r e  computed. These r a t e s  of change a r e  

used t o  predic t  the s i z e ,  age, and qua l i ty  ( the  s t a t e  var iables)  

f o r  each component a t  t h e  next time of i n t e r e s t .  

4 .  A t  t h e  next time, s t e p s  1 and 2 a r e  repeated. Since the 

decision parameters and individual  paths cos t s  can vary with 

time and/or with population s i ze ,  age, and qua l i ty ,  a  new s e t  

of flows and cos t s  a r e  computed. Continuation of t h e  process 

produces a dynamic simulation projection of component usage 

and cost  a t  fu ture  times. 



The c h a r a c t e r i z a t i o n  of each component on each pa th  i n  terms of q u a n t i t y  

(number p e r  y e a r ) ,  r e p r e s e n t a t i v e  age, and q u a l i t y  (p ropor t ion  d e f e c t i v e )  

a l lows r e l a t i v e l y  genera l  d e c i s i o n s  t o  occur  a t  each branch po in t .  The 

dec i s i ons  can be non l i nea r  f u n c t i o n s  of t ime,  of t h e  number of u n i t s  i n  

t he  a r r i v i n g  pa th ,  of t h e  r e p r e s e n t a t i v e  ages i n  t h e  pa th ,  and of t he  

q u a l i t i e s  i n  t h e  pa th .  From t h e  s e t  of p o s s i b l e  dec i s i ons ,  f ou r  a r e  deemed 

t o  be  r e p r e s e n t a t i v e  of a c t u a l  e v e n t s  which involve  t h e  t r uck .  These a r e :  

1. The d e c i s i o n  made f o r  a  component (component k )  is  no t  

dependent on i ts  q u a l i t y  i n  t h e  a r r i v i n g  s t ream. 

S p e c i f i c a l l y ,  i f  N u n i t s  p e r  y e a r  a r r i v e  a t  t he  node, 
k  

%Nk u n i t s  branch t o  one of t h e  ou tgo ing  pa ths  and 

(1-Ck).Nk u n i t s  branch t o  t h e  o t h e r  outgoing path.  
The 5 

va lue  d e f i n e s  t h e  d e c i s i o n  and can be  ob ta ined  e i t h e r  

d i r e c t l y  o r  i n d i r e c t l y  from a v a i l a b l e  da t a .  I n  gene ra l  Ck 

can be  a  known f u n c t i o n  of t i m e .  

2. The d e c i s i o n  made f o r  a  component (component k )  is  dependent 

o n i t s  q u a l i t y  i n  t h e  a r r i v i n g  s t ream. S p e c i f i c a l l y ,  a  pro- 

po r t i on  D of t h e  a r r i v i n g  d e f e c t i v e  u n i t s  a r e  c o r r e c t l y  
k  

c l a s s i f i e d  a s  d e f e c t i v e  and a  p ropo r t i on  % of t h e  a r r i v i n g  

good u n i t s  a r e  i n c o r r e c t l y  i d e n t i f i e d  a s  d e f e c t i v e .  I f  Nk 

u n i t s  p e r  year  having a  q u a l i t y  of Q a r r i v e  a t  t h e  node, then  k  
t h e  p ropo r t i on  Ck o f  a r r i v i n g  u n i t s  which branches t o  t h e  pa th  

intended f o r  t h e  d e f e c t i v e  u n i t s  is g iven  by DkQk+E< (1  - Qk). 

I n  a d d i t i o n ,  t h e  q u a l i t y  Qlk on t h a t  depa r t i ng  pa th  is  

Dk Qk/(DkQk + ( 1  - qk)). The propor t ion  which branches 

toward t h e  o t h e r  depa r t i ng  pa th  and t h e  q u a l i t y  on t h a t  pa th  

a r e  obtained from conservation-of-flow requirements  a t  t h e  

branch po in t .  The v a l u e s  of Dk and 5 d e f i n e  t h e  d e c i s i o n  

and can be obtained e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  from 

a v a i l a b l e  da t a .  I n  gene ra l ,  Dk and % can be known func t i ons  

of time. 



3. The decis ion made fo r  a component (component k )  is  dependent 

on t h e  representa t ive  age, A,, of the component i n  the  a r r iv -  

ing stream. Specif ica l ly ,  the decision t o  switch the majori ty 

of the  flow from one of the  outgoing paths t o  the  o ther  out- 

going path is made when $ is equal to  Gk. I f  N u n i t s  per year 
k 

a r r i v e  a t  t h e  node, then the  proportion Ck of a r r iv ing  u n i t s  

which branches t o  the  path intended fo r  defect ive  u n i t s  is  

given by A,/(2Gk). In  addi t ion,  the representa t ive  age $k 

on t h a t  depart ing path is  2 G k .  The constant Gk def ines  the  

decision and can be obtained d i r e c t l y  o r  ind i rec t ly  from avai l -  

able data .  In  general, G can be a known function of time. k 

4 .  The decision made f o r  a component (component k) is affected 

by the  decision made fo r  o the r  components a t  the  branch point. 

The in tere la t ionship  a r i s e s  because these components, 

iden t i f i ed  i n  the  nodal data  by the  parameter K$,  a r e  pa r t  of 

a dist inquishable subassembly. For any such component, i f  Nk 

un i t s  per year having a representa t ive  age of $ * and a qual i ty  

of Qk a r r i v e  a t  the  node, the proportion C of each which 

branches t o  the  path intended f o r  defect ive  u n i t s  is c*=l-@l-ck). 

The product i s  taken over a l l  K components i n  the subassembly. 

The representa t ive  age and qua l i ty  on tha t  depart ing path a r e  

respectively 

Alk.Ck/C* + ' - (I-Ck/C*) and 
4, 

The quanti ty C i s  t h a t  of 1 ( o r  the  equivalent Ck of 2 o r  3) and 
k 

i s  evaluated p r i o r  t o  the coupling of the decision f o r  component 

k with those f o r  the o the r  components i n  the subassembly. 



?he express ions  i n  1 and 2 a r e  e a s i l y  ob ta ined  by cons ide r i ng  F igure  3.5. 

This  f i g u r e  shows an a r r i v i n g  s t ream having  a  f low of  Nk u n i t s  per  y e a r  

and a  q u a l i t y  of  Qk. The flow towards pa th  1 mst be  

The propor t ion  which branches towards pa th  1 i s  then  

The f low of d e f e c t i v e  components on pa th  1 is DkQkNk. Consequently t h e  

q u a l i t y  on pa th  1 i s  

The express ion  i n  3 above a r i s e s  from t h e  requirements  t h a t  t h e  flow be 

equa l l y  s p l i t  t o  t h e  two outgoing pa ths  when % = Gk and t h a t  t h e  flow t o  

t h e  pa th  intended f o r  d e f e c t i v e  u n i t s  be zero  when \ = 0. These r equ i r e -  

ments a r e  s a t i s f i e d  by t h e  s t r a i g h t  l i n e  Ck = (112 Gk).\. 

The s t r a i g h t  l i n e  a l s o  g ives  C = 1 a t  \ = 2 .Gk  Consequently, i f  t h e  age  k 
on t h e  path in tended  f o r  d e f e c t i v e  u n i t s  is  set t o  2.Gk, t h e  C va lue s  a t  t h e  

k 
downstream age d e c i s i o n  nodes a r e  equal  t o  1. Consequently,  downstream age  

d e c i s i o n s  (e.g.  - reworking o r  d i s ca rd ing )  a r e  p rope r ly  produced by upstream 

age dec i s i ons  (e .g .  i d e n t i f i c a t i o n  o f  t r u c k s  with an overage component). 

The f i r s t  exp re s s ion  i n  4 can  be ob ta ined  by regard ing  t h e  C dec i s i ons  f o r  
k  

t h e  K components i n  t h e  subassembly t o  be s ta tements  of p r o b a b i l i t y .  For 
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component k, the probabil i ty t h a t  a given uni t  w i l l  branch t o  the path 

intended fo r  good un i t s  is l - C  For a l l  components i n  the subassembly, the 
k' 

probabil i ty t h a t ,  t rea ted  individually,  a l l  un i t s  w i l l  branch t o  t h a t  path 

i s  (l-Ck) . Because these components are  pa r t  of the same subassembly, a l l  

must be intended for  t h a t  path i f  the  subassembly is t o  branch t o  t h a t  path. 

As a r e s u l t ,  the proportion of a r r iv ing  subassemblies branching t o  the path 

intended fo r  good uni ts  i s  T ~ 1 - c ~ )  and the  proportion of a r r iv ing  subassemblies 

branching t o  the path intended fo r  defect ive  un i t s  is  1 - q ( l - C k ) .  

Ihe re la t ionships  for  age and qua l i ty  i n  4 can be obtained by considering the 

addi t ional  un i t s  required t o  produce complete subassemblies. For component k, 

the  number of uni ts  branching t o  the path intended f o r  defect ive  uni ts  is CkNk 

i f  the  component i s  t rea ted individuallv.  The associated age and qua l i ty  f o r  the  

cornponeat on the  path a r e  Alk and Qlk. The increase * i n  the number of u n i t s  on 

the path t o  maintain i n t e g r a l  subassemblies i s  (C -Ck)'Nk. This increased number 

has an age and a qual i ty  equal t o  the ones i n  the outgoing path 2 (see Figure 3.5). 

Consequently, the age and qua l i ty  on the depart ing path intended fo r  defect ive  

un i t s  a r e  changed from 

C 
where C N i s  the t o t a l  number of uni ts  on the path. The quan t i t i e s  A and 

k 2k 
Q2k a r e  the age and qua l i ty  on the outgoing path 2 before coupling of the 

decision fo r  component k with those for  o ther  components i n  the subassembly. 

Ihe quan t i t i e s  A2k and Q2k can be eliminated from the above expressions as  

follows. The number of un i t s  on the outoing path 2 fo r  component k, t rea ted  



individually,  is  N (I-Ck). The representa t ive  age and qua l i ty  of these u n i t s  
k 

a r e  determined by the  ages and q u a l i t i e s  on the input path and on t h e  outgoing 

path 1 (see Figure 3.5). m e s e  a r e  

or,  a f t e r  using N = C N and N = ~ ~ ( 1 - C k )  I k  k k 2k 

Upon subs t i tu t ion  of these equations i n t o  expressions (1) above, the re la t ionships

i n  4 resul t .  

3.4 Schematic Diagrams 

The simulation cos t  model i s  being applied i n  the present  work t o  two 

trucks. These trucks a r e  the Metroliner t m c k  &d the  Amcoach truck. A 

port ion of the schematic diagram fo r  the Metroliner truck was presented 

i n  Section 3.1. The complete schematic diagram fo r  t h i s  truck is given i n  

Figures 3.6 t o  3.10. Table 3.1, which i d e n t i f i e s  the component numbers i n  the 

schematic, i s  repeated fo r  convenience as Table 3.2. 

The schematic diagram f o r  the  Amcoach t ruck i s  given as  Figures 3.11 and 3.12. 

The t a b l e  which i d e n t i f i e s  the  component numbers fo r  t h e  Amcoach schematic 

i s  given as Table 3.3. 

It can be observed from the Metroliner and Amcoach schematics t h a t  the Metro- 

l i n e r  schematic i s  the  more complex. There a r e  two reasons fo r  t h i s .  The 

f i r s t  reason i s  t h a t  the Metroliner truck has more components (e.g.,  motors, 

gearboxes). The second reason is  tha t  the  Metroliner maintenance f a c i l i t y  
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is complex - maintenance is performed on nearly all truck components. 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. (Amcoach 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 

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

An attempt has been made to keep the Metroliner and Amcoach schematics as 

similar as possible. Such similarity aids in the preparation of data.and in 

the interpretation of results. For this reason, the same node numbers and 

path numbers have been used in similar places on the two diagrams. Also, the 

same numbers have been used to identify corresponding components in the two 

trucks. 
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TABLE 3.2 

COMPONENT - DESIGNATION FOR METROLINER 

PRIMARY SPRINGS 

SECONDARY SPRINGS 

DAMPERS 

BEARINGS 

FRAMES 

AXLESIGEAR BOXES 

WHEELS 

BRAKES 

PNEUMATIC SYSTEMS 

ALTERNATORS 

a BOLSTERS 
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TABLE 3 . 3  

COMPONENT DESIGNATION FOR AMCOACHES 

PRIMARY SPRINGS (RUBBER RINGS) 

SECONDARY SPRINGS (STEEL AND A I R  BAGS) 

DAMPERS 

BEARINGS 

S I D E  FRAMES (WEAR PADS) 

AXLESlBRAKE DISKS 

WHEELS 

BRAKE ASSEMBLIES 

PNEUMATIC S Y S T m  (AIR BAGS & LEVELING VALVES) 

DECELOSTATS & SPEED SENSORS 

BOLSTERS 



4. DATA COLLECTION AND BASE CASE ANALYSES 

I n  t h i s  s e c t i o n ,  the  d a t a  used t o  produce t h e  base c a s e  ana lyses  f o r  t h e  

Met ro l iner  and Amcoach t rucks  a r e  presented.  'Ihe s e c t i o n  a l s o  presen ts  

t h e  base c a s e  ana lyses  which a r e  produced by t he  SCM. 

The d a t a  t o  be c o l l e c t e d  f o r  a  given t r u c k  i nc lude  maintenance i n t e r v a l s ,  

i n s p e c t i o n  p r a c t i c e s ,  u n i t  c o s t s ,  and component r e l i a b i l i t i e s .  However, t h e  

d a t a  a v a i l a b l e  f o r  one type of  t r uck  need not  be t h e  same a s  those  a v a i l a b l e  

f o r  another  t ruck .  Maintenance a c t i o n s  and record-keeping can vary  among 

t rucks  even w i th in  a  given ope ra t i ng  o rgan i za t i on  such a s  Amtrak. A s  a  

r e s u l t ,  t h e  d a t a  which can be ob ta ined  f o r  a  t r uck  can be i d e n t i f i e d  on ly  

a f t e r  some s t udy  of  t he  t r u c k  and i t s  maintenance ac t i ons .  From such a  d a t a  

s e t ,  t h e  va lues  of t h e  parameters needed t o  run t h e  model must be  der ived .  

This r equ i r e s  a  f l e x i b l e  technique f o r  determining t h e  parameter values  s o  

t h a t  a  v a r i e t y  o f  a v a i l a b l e  primary d a t a  can be u t i l i z e d  f o r  t h e  computer 

model. Such a  technique is descr ibed  i n  Sec t i on  4.1. 

Sec t ion  4.2 presen ts  t h e  da t a  ob ta ined  f o r  t h e  two t rucks .  The ma jo r i t y  o f  

those d a t a  a r e  t h e  u n i t  c o s t  d a t a  and t h e  f low-decis ion da t a .  The s e c t i o n  

a l s o  g ive s  t h e  r e s u l t i n g  values  o f  t h e  parameters used i n  t he  s imu la t i on  

model f o r  each t ruck .  

The base  c a s e  a n a l y s i s  f o r  each t ruck  is g iven  i n  Sec t i on  4.3. 

4.1 Determinat ion of  Values f o r  t he  SCM Parameters from Ava i l ab l e  Data 

Sec t ion  3 cons idered  t h e  d a t a  t h a t  a r e  needed i n  o r d e r  t o  produce a 

base c a s e  ana ly s i s .  These d a t a  a r e  t he  va lues  of t h e  u n i t  c o s t s  f o r  each 

path, t h e  d e c i s i o n  parameters a t  each branch node, and t he  number, represen-  

t a t i v e  age ,  and q u a l i t y  (p ropor t ion  d e f e c t i v e )  f o r  each component i n  t he  

populat ion.  

Of t h e s e  d a t a  requirements ,  t he  u n i t  c o s t s  a r e  t h e  e a s i e s t  t o  o b t a i n  and 

t he  most s t r a i gh t fo rwa rd  t o  de sc r i be .  Typical  u n i t  c o s t s  a r e  t h e  c o s t  t o  

t u r n  a  wheel, t h e  c o s t  t o  i n spec t  a  t ruck  f o r  s p e c i f i c  d e f e c t s ,  t he  c o s t  t o  



For a component which is par t  of a dist inguishable subassembly, the  program 

estimates the  proportion (of t h a t  component's a r r iv ing  un i t s )  which branches 

t o  the outgoing path intended f o r  defect ive  un i t s .  This proportion applies 

only to t h a t  component;' i .e.,  the decision i s  not coupled t o  others f o r  the  

subassembly. However, the proportion s a t i s f i e s  a const ra int .  The const ra int  

i s  t h a t  the coupling of the decision fo r  t h i s  component with those f o r  the  

other  components i n  the subassembly produces the  known flow proportion f o r  

the e n t i r e  subassembly a t  the  node. The estimate i s  made by t rea t ing  a l l  

components i n  the subassembly as  equally l i k e l y  to cause the subassembly to 

be sent  on the outgoing path intended f o r  defectives.  I f  not a l l  the  com- 

ponents i n  the  subassembly * a r e  Bqually l i k e l y  t o  cause t h i s ,  t h a t  est imate 

can be overridden. To override the estimate, t h e  user spec i f i es  the extent 

t o  which some of the  components i n  the  subassembly control  the  decision made 

f o r  the e n t i r e  subassembly a t  the branch node. A t  t h i s  point, the program 

contains e i t h e r  the  estimated o r  overridden value ( f o r  each component, treated 

individually,  i n  the subassembly) of the proportion which branches t o  the  

path intended fo r  defectives.  I n  e i t h e r  case, the  program then uses these 

values fo r  the  individual components i n  the  subassembly t o  compute values f o r  
*S< 

t h e i r  decision parameters (C, o r  D and E values). 

m e  r e s u l t  of the above technique is tha t ,  fo r  each branch node i n  the 
**4 

schematic diagram, a value of C (or  D and E) fo r  each component i s  d e t e r -  

mined from the  avai lable  flow data. I f  a component is  not par t  of a d i s t i n -  

guishable subassembly, i ts  C (or D and E) value, i s  determined d i r e c t l y  

from the  f l o w  and qua l i t i e s  of t h a t  component on the paths associated with 

the  node. I f  a component is  par t  of a dist inguishable subassembly i t s  C 

* 
An example of such a case i s  the  decision made t o  send wheelsets to the 
wheel shop. Typically, t h i s  decision i s  based on the need f o r  wheel main- 
tenance. The bearings and axle  then must accompany the wheels t o  the wheel 
shop. I t  i s  s i g n i f i c a n t l y  less  l i k e l y  t h a t  the  bearings o r  axle  w i l l  cause 
a wheelset t o  be sen t  t o  the wheel shoo. . ** 
See Section 4.1.1 of th i s  repor t  f o r  a more deta i led  discussion of t h i s  

*** 
calcula t ion process. 

The decision parameter G (age decision) is  not computed by t h i s  program 
and was not used f o r  e i t h e r  the Metroliner o r  Amcoach trucks. The reason 
fo r  t h i s  is  t h a t  age-based decisions a r e  generally t reated as periodic 
decisions fo r  which the C decision parameter is  employed. 



(or D and E) value i s  determined only i n  par t  by the flows and q u a l i t i e s  

of the subassemblies on the  paths associated with the  node. I t s  C (or  D 

and E) value i s  a l s o  determined by the r o l e  the component plays i n  the  

decision being made a t  tha t  branch node. 

Use of the  technique typ ica l ly  s t a r t s  a t  nodes i n  the schematic diagram 

where some flow and qua l i ty  data a r e  known. These a r e  frequently nodes 

associated with scrap paths or  with rework paths. The i n t e r a c t i v e  computer 

program then provides the  user with the  decision parameter values ( for  a l l  

components) a t  the  node. The program a l s o  produces values f o r  the  remaining 

unknown flows and q u a l i t i e s  on the  paths associated wfth the  node. Using 

the  flows and q u a l i t i e s  so  determined, the  user can proceed t o  another node. 

As t h i s  o ther  node (the i n t e r a c t i v e  program can work with summation as well 

a s  branch nodes), the process is repeated. The r e s u l t  i s  a node-by-node 

calcula t ion process which u t i l i z e s  known path flow and qua l i ty  data ,  a s  well 

as known decision data,  to  y ie ld  values of a l l  decision parameters a t  a l l  

branch nodes. 'Ibese decision parameters a r e  then used wfth the  cos t  da ta  

and population d a t a  t o  produce the  base case analys is ,  s e n s i t i v i t y  analyses, 

and simulations. 

Details  of the  Calculat ion Process Used to  Compute Decision Parameter 

Values from Flow and m a l i t v  Data 

?he ca lcu la t ion  process used t o  compute the  C, o r  D and E values from flow 

and qua l i ty  data  employs the re la t ionships  given i n  Section 3.3. The s i t u a -  

t i o n  i n  which the component is not part  of an i d e n t i f i a b l e  subassembly i s  

considered f i r s t .  The s i t u a t i o n  i n  which the  component is part  of such a 

subassembly i s  then discussed. 

When a flow of a component, say component k, a r r ives  a t  a branch * node, a 

proportion i s  d i rec ted toward the path intended f o r  defect ive  un i t s .  This 

proportion can be computed once 2 of the 3 flows associated with the  node 

.. 
'"The term "defective" i s  used merely to  iden t i fy  th i s  outgoing path. By 
convention, i t  is label led  path 1 i n  t h i s  sect ion and i n  Section 3.3. 



purchase a new damper or spring,  e t c .  Unit cos ts  generally are given i n  

terms o f  dol lars  per component or dollars 
* 

per subassembly, although any non- 

l inear  cost re la t ionship  can be used. Values f o r  u n i t  cos t s  can be 

obtained i n  a number o f  ways. Purchase prices are determined from vendors 

or from purchase orders. Labor cos ts  are calculated from the time t o  do a 

s p e c i f i c  task  or se t  o f  tasks  and generally include appropriate overhead 

fac tors .  Frequently, 
** 

standard labor times or rates f o r  particular tasks 

can be employed. Shipping cos t s  can be estimated using the  distances 

between maintenance f a c i l i t i e s  and the  mode o f  transportation employed. 

Inventory, f a c i l i t y ,  and delay cos t s  can be produced by using conventional 

accounting cos t s  and by associating these costs  wi th  the  components or sub- 

assemblies responsible for  those cos t s .  

Obtaining values for  the  decision parameters a t  each branch node i s  more 

d i f f i c u l t .  These decis ion parameters are t h e  C ,  D ,  E ,  K$, and G quant i t ies  

described i n  Section 3.3. In  general, these  parameters d e f i n e ,  for the u n i t s  

arr iv ing a t  a branch node, tha t  proportion which branches t o  one o f  the  two 

departing paths. For some branch nodes, these proportions may be obtained 

d i r e c t l y  from the  primary data.  As an example, inspections are generally 

given periodically ( a t  fixed in te rva l s  o f  t ime)  t o  each truck i n  a f l e e t .  

This process i s  equivalent  t o  requiring tha t  a known percentage o f  t h e  truck 

population or  o f  an arriving path t o  a branch node branches t o  t h e  inspect ion  

path. Numerically, i f  each truck i n  a f l e e t  o f  120 trucks  i s  inspected 

monthly, and i f  a l l  trucks arr ive  once a day a t  the  place where those t o  be 

inspected are se lec ted ,  then the proportion o f  those arriving which i s  i n -  
120x12 

spected ( t h e  "C" value) i s  - = 0.0329. 120x365 

For many branch nodes, the  values o f  the decision parameters cannot be ob- 

tained d i r e c t l y  from the  available data. In such cases ,  the number o f  com- 

ponents and t h e i r  q u a l i t y  (proport ion  d e f e c t i v e )  i n  some paths a t  a s p e c i f i c  

time may be known. However, the  decisions made a t  the branch nodes which 

produced these component flows are not  known. As an example, generally the 

number o f  components scrapped or reworked i s  known; Also,  the  proportion 

o f  these components which i s  d e f e c t i v e  a t  scrapping or prior t o  rework i s  

*- 
An example o f  such a nonlinear re la t ionship  i s  a u n i t  cost  dependence on 
the  number o f  u n i t s  purchased or  processed. 

** 
An example i s  the CRB (Car Repair B i l l i n g )  System used by the  r a i l  f re ight  
industry .  
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known. However, the  D and E values  a t  t he  upstream branch nodes which pro- 

duced t he  s c r ap  flows a r e  no t  known. To complicate  ma t t e r s ,  i t  is pos s ib l e  

t h a t  component flows may be known on some, b u t  no t  a l l ,  paths  between t he  

i npu t  path t o  a maintenance f a c i l i t y  and t he  s c r a p  pa th  from t h a t  f a c i l i t y .  

As an  example, t he  number o f  wheels turned i n  t h e  wheel shop may be known. 

bu t  the  number o f  wheels a s s o c i a t e d  wi th  o t h e r  opera t ions  i n  t h e  wheel shop 

may no t  be known. 

m e r e  is a f u r t h e r  complicat ion.  At many branch po in t s  i n  t he  schematic 

diagram, i t  i s  necessary t h a t  complete subassewblies  depa r t  on the  outgoing 
4 

paths .  Such a c a s e  e x i s t s ,  f o r  i n s t a n c e ,  f o r  t h e  branch node j u s t  p r i o r  t o  

the  wheel shop. I n  t h a t  c a s e ,  complete wheelsets  (e .g . ,  a x l e ,  bea r i ngs ,  

and wheels) must l eave  t he  node i n  o rde r  t o  a r r i v e  a s  complete wheelsets  

a t  t he  wheel shop. For these  branch nodes, va lues  of dec i s i on  parameters 

f o r  the  i nd iv idua l  compments must be produced from primary d a t a  c o n s i s t i n g  

of flows and q u a l i t i e s  f o r  t he  complete subassemblies .  ( I t  i s  t he  dec i s i on  

made f o r  each component o f  the  subassembly which, when coupled w i th  t he  

dec i s i ons  made f o r  t he  o t h e r  components o f  the  subassembly, determines t he  

number o f  subassemblies  on each outgoing path.) 

Tne above cons ide r a t i ons  sugges t s  t he  need f o r  a f l e x i b l e  technique t o  compute 

the  va lues  of t he  nodal d e c i s i o n  parameters  f o r  s i t u a t i o n s  i n  which t he  

primary d a t a  c o n s i s t  of flows and q u a l i t i e s .  This technique has  been de- 

veloped. I t  c o n s i s t s  of a BASIC computer program (Appendix A) f o r  ope ra t i on  

i n t e r a c t i v e l y  on a minicomputer. The computer program al lows t h e  u s e r  t o  

e n t e r  known flows and q u a l i t i e s  f o r  pa ths  surrounding a node. The program 

then computes t he  remaining unknown flows and q u a l i t i e s  on t he se  paths .  

I f  t he  component be ing  cons idered  a t  the  node is no t  p a r t  of a subassembly, 

i t s  C ,  o r  D and E values  a r e  computed d i r e c t l y .  I n  t h i s  r e l a t i o n s h i p s  given 
...... ,. ,. 

i n  Sec t i on  3.3 a r e  used. I f  t he  component being cons idered  i s  p a r t  o f  a d i s -  

t i ngu i shab l e  subassembly, the  fol lowing method i s  employed. 

... 
Node 2 2  f o r  t h e  Met ro l iner  

44 
See Sec t ion  4.1.1 o f  t h i s  r e p o r t  f o r  a more d e t a i l e d  d i s cus s ion  of  t h i s  c a l c u l a -  
t i o n  process .  



a r e  known. I f  t he  dec is ion  f o r  t he  component a t  the node i's a C dec is ion  

(a dec i s ion  not  a f f e c t e d  by the  q u a l i t y  of a r r i v i n &  u n i t s ) ,  t he  propor t ion  

is simply the  va lue  of C.  I n  t he  no ta t ion  of Sectior,  3.3, 

I f  the dec is ion  is a D and E dec is ion  (a dec i s ion  a f f ec t ed  by the q u a l i t y  

- propor t ion  de fec t ive  - of a r r i v i n g  u n i t s ) ,  then the  proport ions of the 

u n i t s  which a r e  de fec t ive  i n  2 of t he  3 flows must be known. I n  t h i s  case ,  

the remaining q u a l i t y  can be computed from 

which is the  statement  of conservat ion of de fec t ive  components a t  t he  node. 

The D and E values a r e  

These expressions can be obtained from 

- DkQk 
Q l k  - DkQk + Ek(l-Qk) 

which were given i n  Sect ion 3 .3 .  

Idhen t h e  component i s  p a r t  of an i d e n t i f i a b l e  subassembly, t he  i n t e r -  

r e l a t i o n s h i p  of the component with the  remaining components of the sub- 

assembly must be considered. The flow and q u a l i t y  da ta  a r e  those f o r  the 



complete subassemblies;  n e v e r t h e l e s s ,  t h e  C ( o r  D and E) va lues  f o r  t h e  

i n d i v i d u a l  components ( a s  unaf fec ted  by t h e  remaining components of t h e  sub- 

assembly) mst be determined. To do so ,  t h e  p ropo r t i on  of  subassemblies  * 
which branch t o  pa th  1 is f i r s t  computed. This p ropo r t i on  i s  C . From 

Sec t ion  3.3 

where C is t h e  p ropo r t i on  f o r  component k  branching t o  pa th  1. This  
k 

p ropo r t i on  is t h a t  p r i o r  t o  t h e  coupl ing  of  t h e  d e c i s i o n  f o r  component k  

w i th  t h e  remaining components i n  t h e  subassembly. The va r i ous  Ck va lue s  

can a l l  be equa l  i n  t h e  even t  t h a t  a l l  components i n  t h e  subassembly a r e  

e q u a l l y  l i k e l y  t o  cause the  subassembly t o  branch t o  path 1. I n  t h a t  even t ,  

Ck i s  g iven  by 

f o r  a l l  k  components. I f  c e r t a i n  components dominate the  d e c i s i o n  a t  the: 

node, then  those  C va lue s  can be s p e c i f i e d  (.the above va lue  of Ck can be k * 
ove r r i dden ) ,  s u b j e c t  to  t h e  c o n s t r a i n t  t h a t  C (which i s  known1 i s  equa l  t o  

n(.l-Ck). The remaining s t e p s  f o r  ob t a in ing  t h e  va lu r s  of C ( o r  Dk and E ) 
K k k '  
a r e  t h e  sane  a s  those  f o r  components which a r e  n o t  p a r t  of an  i d e n t i f i a b l e  

subassembly. S p e c i f i c a l l y ,  i f  t h e  dec i s i on  f o r  subassem5j.y component k  is 

a  C d e c i s i o n ,  t h e  v a l u e  of Ck i s  t h a t  a l r e a d y  determined.. I f  the  d e c i s i o n  

is a  D and E dec i s i on ,  t h e  q u a l i t i e s  on 2 of t h e  3 nodal  pa th s  f o r  component 

k  a r e  needed. The remaining q u a l i t y  is computed u s ing  Equation (21 and t h e  

D and E va lue s  a r e  computed us ing  r e l a t i o n s h i p s  C3) 
k k 

4.2 Data f o r  t h e  Met ro l iner  and Amcoach Trucks , 

This s e c t i o n  p r e s e n t s  t h e  d a t a  f o r  t h e  Met ro l iner  and f o r  t h e  Amcoach 

t r ucks .  Because t h e  two t r ucks  a r e  d i s s i m i l a r  i n  cons t ruc t i on ,  popula t ion  

s i z e  and maintenance a c t i o n s ,  t h e s e  d a t a  a r e  p resen ted  s e p a r a t e l y  f o r  each 

t ruck .  I n  Sec t i on  4.2.1, t h e  Met ro l iner  t r u c k  i s  considered.  The Amcoach 

t r uck  is considered i n  Sec t i on  4.2.2. 



4.2.1 Metroliner Data 

The da ta  used f o r  the  Metroliner truck were obtained primari ly from the  

Wilmington (Delaware) Metroliner Fac i l i ty .  Zhis f a c i l i t y  was v i s i t e d  during 

the contrac t .  Numerous telephone conversations with members of the  mainte- 

nance s t a f f  took place. I n  addi t ion ,  l e t t e r s  w e r e w r i t t e n  t o  appropriate 

members of the  s t a f f .  

The r e s u l t s  of the  comrrmnications were da ta  values f o r  various f ace t s  of 

the  Metroliner t ruck maintenance operat ions.  These data  included: 

. 

. 
cos t s  f o r  component purchase 

. 
amount of labor  required f o r  various ac t ions  

c o s t s  f o r  c e r t a i n  maintenance operat ions (e.g., t r a c t i o n  

. 
motor overhaul) 

. 
schedules f o r  maintenance of the  various components 

est imates f o r  the  inspection r a t e  of the  c a r s  

. 
i . .  number of c a r s  inspected per month) 

est imates of the  mileage t r ave l l ed  annually by a typ ica l  

. 
c a r  

the  average number of cars  i n  the  f l e e t  and the  number of 

. 
ca r s  out  of se rv ice  a t  any time 

f o r  some components, t he  number of components replaced 

annually and/or the  expected l i f e  of the  components. 

I n  addi t ion  to  the information obtained from Wilmington, add i t iona l  data 

were obtained from the  AAR. These data consisted primari ly of the  c o s t s  

f o r  new components, the  scrap  value f o r  components, and a representa t ive  

hourly labor  r a t e .  

The data col lec ted  were employed t o  compute values f o r  those c o s t  model 

parameters required f o r  a base case ana lys i s .  Tables 4.la and 4.lb present  

the  data which were used i n  t h i s  computation. Table 4.la l is ts  each com- 

ponent, i ts designation number, and the number of un i t s  f o r  the  component 



TgBLE 4. l a  

METROLINER INPUT DATA 

POPULATION SJZE AND UNIT VALUES 

Component 
Designation No. Name of Component 

# I n  
System 

New 
Cost (Each) 

Scrap 
Value ( ~ a c h )  Data Source and Remarks 

1 Primary Springs 488 $ 2 0 0  $ 1 AAR Office Manual Job 
Codes 3900-3968 

2 Secondary Springs 488 150 1 AAR Office Manual Job 
Codes 3900-3968 

3 Dampers 488 50 1 Estimation from Metro- 
l i n e r  maintenance s t a f f  

4 Bearings 488 150 6 AAR Office Msnual Job 
Codes 2800-2816 

1 
m 
m 
I 

5 Frames 122 10,000 250 Est. New Cost, Scrap a t  
25 cen t s f lb  - 1000 lbs. 

6 AxlesfGear Boxes 2 44  2,500 2 5 AAR Office Manual Job 
Codes 3250-3288 

7 wheels 488 200 20 AAR Office Manual Job 
Codes 3005-3180 

8 Brakes 488 8 0 AAR Office Manual Job 
Code 1830 

9 Pneumatics 122 2 50 0 Estimation from Metro- 
l i n e r  maintenance s t a f f  

10 Al ternators  122 50 0 Estimation from Metro- 
l i n e r  maintenance s t a f f  

11 Bolsters 122 1,000 20 AAR Office Manual Job 
Code 3500-3580 

12 Motors 488 18,000 200 Estimation from Metro- 
l i n e r  maintenance s t a f f  



TABLE 4.lb 

METROLINER INPUT DATA - ANNUAL MAINTENANCE COSTS AND FLOWS 

Annual 
** 

Component Flow 

CP ii* Description 

3 

10 

New dampers 

New a l t e rna to r s  

2 

9 

1 

4 

New primary springs 

New pneumatics 

New secondary springs 

New r o l l e r  bearings 

7 

6 

Data Source and Remarks 
(Rework Labor a t  $17.27/hr.) 

Estimates from 
Metroliner Maintenarice S ta f f  

Unless otherwise Noted 

New wheels 

AxleslGear boxes 

8 

3 

2 

Dampers replacee (reworked) every two years 

New brake shoes 

Scrap dampers 

Scrap secondary springs 

Alternators replaced (reworked) every two 
years 

Replace primary spr ing every f i v e  years 

Replace a i r  bags every three  years 

Replace secondary springs every f ive  years 

Replace bearings every th ree  years,  about 
500,000 miles. AAR Office Manual Job 
Codes 2800 - 2816 

See path 20. 

Rework and/or replace axle lgear  box assembly 
every f i v e  years ** 

Replace brake shoes every 4000 miles 

Scrap flows a r e  replaced by flows of new u n i t s  
I ,  3 ,  I, I, I, I, 

* 
CP # re fe r s  t o  t ruck component designation numbers (See Table 4 . h )  

$4 
Dashes ind ica te  t h a t  quant i ty  not used as  an input  d a t a  value o r  value given elsewhere i n  Table 4. la o r  4.lb. 

444 
Annual flow incorporates average c a r  mileage of 161,000 miles/year 



TABLE 4.lb (cont.) 

KETROLINER INPUT DATA - ANNUAL MAINTENANCE COSTS AND FLOWS 

Annual 
** 

Component Flow 

Data Source and Remarks 
(Rework Labor a t  S17.271hr.) 

Estimates from 
Metroliner Maintenance S ta f f  

Unless otherwise Noted 

18 Scrap primary spr ings  Scrap flows a r e  replaced by flows of new uni ts  

19 
,, ,, I, , I  

Scrap r o l l e r  bearings 

Description 
Computer 

Maintenance 
Path 

Scrap wheels 

CP #* 

Bad wheels and good mate wheels a r e  d is-  
carded on t h i s  path. Majority of d i s -  
carded wheels a r e  defective.  Remainder 
a r e  mate wheels. Discard r a t e  i s  40 
per month. 

Scrap flows a r e  replaced by flows of new un i t s  

21 

23 

30 

32 

* 
CP # re fe r s  t o  t ruck component designation numbers (See Table 4. la) .  

** 
Dashes ind ica te  t h a t  quant i ty  not used as an input data value o r  value given elsewhere i n  Table 4 . la  or  4. lb.  

6 

8 

A l l  

A l l  

Scrap axle lgear  boxes 

Total brake shoe mainte- 
nance 

Daily terminal inspection 

Monthly terminal inspec- 
t ions 

50 

19589 

32122 

1464 

1 

1 

- 

- 

- 
- 

- 

- 

- 
- 

25000 

25000 

I t  I, I, P I  

I, I ,  8 ,  9 ,  

Daily terminal enspections of  44 cars.  Es- 
timate of  t o t a l  system c o s t  for  these 
inspections.  

Monthly inspections of 61 cars.  Estimate of 
t o t a l  system cos t  fo r  these inspections. 



TABLE 4.lb 

METROLINER INPUT DATA - ANNUAL MAINTENANCE COSTS AND FLOWS 

Annual 
I* ( 

Component Flow 

CP re fe r s  t o  t ruck component designation numbers (See Table 4. la) .  , 
** Dashes indicate  t h a t  quanti ty not  used as  an input data  value o r  value given elsewhere i n  Table 4. la o r  4.lb. 

"'* Annual flow incorporates average c a r  mileage of  161,000 mileslyear. 
A..,.,.,. ,~ ,~ ~ . Flow based on estimate of 2-3 cars per day serviced a t  maintenance f a c i l i t y .  

Description 

Incoming maintenance 
f a c i l i t y  inspections 

f 
I 
I , 
I 

Y 

Minor se rv ice  

Disassemble trucks 61 re- 
rework 

Rework secondary springs 

Computer 
Maintenance 

Path 

36 

1 
rD ,- 
I 

38 

42 

43 

* 

CP I* 

1 

2 

3 

5 

7 

9 

10 

11 

A l l  

5 

2 

!+ 
QJ 
D 

z 

6980 

6980 

6980 

1745 

6980 

1745 

1745 

1745 

0 
- 

- 

u c u  
. * U W  

32: 

1.44 

.36 

1.44 

4.32 

2.88 

1.44 

2.30 

5.76 
- 

77.72 

207.24 

- 

Data Source and Remarks 
(Rework Labor a t  S17.271hr.) 

Estimates from 
Metroliner Maintenance S ta f f  

Unless otherwise Noted 

** 
5 minutes labor on each spr ing 

**** 
5 minutes labor f o r  four springs *** 
5 minutes labor each damper **** 
15 mfnutes labor each frame *** 
10 minutes labor  each wheel ** 
5 minutes labor each pneumatic system **** 
8 minutes labor each a l t e r n a t o r  **** 
20 minutes labor each b o l s t e r  

Path not used 

Single truck removed from car. Trucks 
exclusive of components 3, 9, 10. 
6 men fo r  314 hr. 

Disassemblelreassemble spr ing components 
4 men 3 hr. 314 of a l l  springs maintained 
o r  discarded each year. 

e 
0 QJ 

. * >  u .A 
L I Y  
O U  
O . Q  

2; 
a p  

- 

- 
- 
- 
- 
- 
- 
- 
- 
- 

- 

Q 

4 > 
L I Y  
Q U  
o Q 
E W  
2 8  

- 

- 
- 
- 
- 
- 
- 
- 
- 

- 

371 



. . 

TABLE 4, lb  
. . . . . . . . , . .  

METROLINER INPUT DATA - ANNUAL MAINTENANCE COSTS .yD FLOWS 

Annual 

Component Flow 

Computer 
Maintenance 

Path 

9 Rework pneumatics ( a i r  60.00 Disassemble/reassemble bad a i r  bags (Esti- 1 / bags) 1 - 1 - 1 - 1  I mate 3.5 man hour) 

$ 
-A 

I. U 
0 0 
P a 
E ' U  
1 U  z n  

I l1 l~ework bols ters  

CP f? 

Motor disassembly 

Inspect  bearings 

Inspect  axlelgear boxes 

Inspect wheels 

Turn wheels i f  needed 

Description 
U S U  
. 3 U w  
C a O  
2-0 

Data Source and Remarks 
(Rework Labor a t  S17.27lhr.) 

Estimates from 
Metroliner Maintenance S ta f f  

Unless otherwise Noted 

93 207.24 Disassemble/reassemble bols ter .  4 men 
3 hours. 314 of a l l  bo l s te r s  receive 
maintenance each year. 

51.81 

0.72 

8.64 

2.88 

6.48 

** 
Dashes ind ica te  that  quant i ty  not used as  an input data  value o r  value given elsewhere i n  Table 4. la o r  4.lb. 

Disassemble motor 3 hours. 

5 min per pa i r  ( m s t  look a t  a l l  bearings) 

112 hr. each assembly (must look a t  a l l  
axle lgear  boxes) 

10 min. per wheel ( m e t  look a t  a l l  wheels) 

Labor t o  turn.  314 hr. per pair .  
Turn 6 p a i r  of wheels per day. 

62 

64 

* 
CP f i  re fe r s  to truck component designation numbers (See Table 4 . la) .  

4 

4 

Remove bearings 

Rewrk r o l l e r  bearings 

479 

- 

- 

- 

- 

- 

4.32 

69.08 

15 min. each. Bearings from axles with 
wheel scrapped. 

Clean and reassemble a l l  i n  path. 4 hr /  
bearing. 



rpB_LE 4. lb  

METROLINER INPUT DATA - ANNUAL MAINTENANCE COSTS AND FLOWS 

Annual 

Component FIOW ** I 
Data Source and Remarks 

(Rework Labor a t  $17.27/hr.) 
Estimates from 

Metroliner Maintena~ce S ta f f  
Unless otherwise Noted 

Remove wheels f o r  discard 114 hr .  

Preparation axle lgear  box f o r  new 
wheels, 114 hr. 

Remove gear box 1 h r ,  

5-114 hr. labor  only. Parts  (new axles) 
costs  a re  on paths 9 and 21. Gear boxes 
remrked typical ly  each 3 years (about 
500,000 miles) 

Reassemble axle lgear  box subassembly 
1 hr. 

Remount wheels (114 hr.) 

Minor motor maintenance. Couplers, brushes. 
3 hrs. + par t s  t o  equal $100 per repair. 
Nearly a l l  motors receive minor maintenance 
each year. 

Major motor overhaul. Estimate $2000 per 
motor overhaul. Major overhaul approximately 
every three  years. 

* 
CP I re fe r s  t o  truck comp nent designation numbers (See Table 4 , la) .  

....,. " -  
Dashes ind ica te  t h a t  quant i ty  not used as an input data  value o r  value given elsewhere i n  Table 4 . l a  o r  4.lb. 



i n  the Metroliner f l e e t .  In  the remaining three columns, the t ab le  a l so  

l i s t s  the un i t  cos t  f o r  each component, its scrap value, and the source 

of these two pieces of cos t  data.  

Table 4.lb gives the  remaining data  used. This t a b l e  i s  organized by path 

number, given i n  t h e  left-hand column. Each path f o r  which da ta  were em- 

ployed i s  l i s t e d .  I n  the second column (from l e f t ) ,  t he  component having 

associated data  i s  shown, followed i n  the t h i r d  c o l u w  by a descr ip t ion of  

the event a f fec t ing  the  component i n  t h a t  path. The next column gives the 

annual flow of u n i t s  f o r  t h a t  component, t h e  proportion of * the flow defect ive ,  

and the annual flow of defect ive  un i t s  f o r  t h a t  component. Values a r e  

given only when the quant i ty  i s  an input datum -- dashes ind ica te  t h a t  the 

quanti ty i s  not used as an input datum o r  t h a t  i t s  value is  given elsewhere 

i n  the two tables .  Unit path cos ts  a r e  given i n  the  next column. These 

cos t s  are i n  do l l a r s  per uni t .  Dashes have the same meaning as f o r  the  

preceding column. Sources f o r  the data  values a r e  presented i n  the r igh t -  

hand column. Unless o thervise  noted, the information i n  t h i s  column was ob- 

tained from the Wilmington maintenance s t a f f .  

From the data  given i n  Tables 4 . la  and 4. lb,  values of those c o s t  model 

parameters s u f f i c i e n t  t o  produce a base case analys is  were obtained. These 

parameters a r e  the u n i t  path cos ts ,  the quan t i t i e s  C. D, E, and K$ (see 

Section 3 f o r  a descr ip t ion of these quan t i t i e s ) ,  and the base case values 

of the population (or  s t a t e )  variables.  The u n i t  path cos ts  a r e  those 

i n  Tables 4 . la  and 4.lb and a r e  applied,  a s  appropriate f o r  each compon- 

en t ,  t o  the flow of a l l  un i t s  i n  a path o r  to  the  flow of  defect ive  un i t s  
fk 

i n  a path. The values fo r  parameters C ,  D, E, and K$ a r e  obtained by 

using the technique described i n  Section 4.1.1. The resu l t ing  C, D, E, 

and KS parameter values a r e  given i n  Table 4.2. This t ab le  gives the 

number f o r  each branch node (decision node) a sequential  numbering of 

the branch nodes, the components f o r  which parameter values a r e  applied,  

* 
These three  items a r e  not  independent. The second number ( the  "quality") 
i s  the r a t i o  of the t h i r d  number t o  the f i r s t  number. 

*-R 
An example i n  which the cos t s  a r e  applied to  the flow of a l l  uni ts  i n  a path 
i s  an inspection operation (both good and defect ive  uni ts  must be inspected). 
An example i n  which the cos ts  a r e  applied t o  the flow of defect ive  un i t s  i n  a 
path i s  a r epa i r  operation (generally, only the defect ive  un i t s  must be repaired).  



TABLE -. :- 
4.2 

VALUES OF THE PARAMETERS C, D,. E, and KS,, 

FOR THE WTRO1,INER 

Node Branch Component Ident i f iable ,  ** 
No. Node No. No. Subassembly C D E 

1 1 A1 l KS 12.000 

2 2 A1 1 K$ 263.000 

3 3 A1 1 KS 263.000 

4 4 8 1.000 0.000 

6 5 A l l  K$ 0.05 

7 6 A l l  K$ 0.045 5.0 x 

10 7 A l l  K$ 1.000 0.870 

11 8 1 K$ 1.000 0.999 

2 KS 1.000 0.999 

4 K$ 1.000 0.999 

5 K$ 1.000 0.999 

6 KS 1.000 0.999 

7 KS 1.000 0.994 

8 KS 0 

9 0.354 0 

11 KS 1.000 0.999 

12 KS 1.000 0.999 

12 9 3 0.750 0.000 

10 1.000 0.000 

14 10 1 KS 1.000 0.993 

4 KS 1.000 0.993 

5 KS 1.000 0.993 

* 
The component i n  p a r t  of  an i d e n t i f i a b l e  subassembly a t  t h i s  node i f  
K$ parameter i s  used. 

** 
Value of C f o r  a component a t  a branch node i s  zero  i f  a value is not  
given i n  the  t a b l e  f o r  C ,  D, o r  E. 



TABLE 4.2 

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

FOR THE METROLINER 

Node Branch Component I d e n t i f i a b l e  
No. Node No. No. Subassembly C D E 

10 6 K$ 1.000 0.993 

7 KS 1.000 0.976 

12 K$ 1.000 0.992 

11 2 0.250 0.000 

9 1.000 0.000 

12 1 KS 1.000 0.995 

4 K$ 1.000 0.996 

5 KS 1.000 0.996 

6 KS 1.000 0.996 

7 KS 1.000 0.984 

12 0.000 1.000 

4 K$ 1.000 0.256 

6 KS 0.372 0.192 

7 KS 0.992 0.240 

4 KS 1.000 0.014 

6 KS 1.000 0.001 

7 K$ 1.317 x lom5 
1 0.250 0.000 

6 KS 1.000 

7 KS 1.000 

4 1.000 1.000 

6 1.000 0.000 

7 1.000 

6 0.410 



TABLE 4.2 (cont.) 

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

FOR THE WTROLINER 

Node Branch Component I d e n t i f i a b l e  
No. Node No. No. Subassembly C D E 

50 21 12 0.250 0.000 

51 2 2 1 0.000 

Quali ty 
Component Number Population Size (Proportion Defective) 

1 488 0.030 

2 488 0.030 

488 0.030 

488 0.015 

122 0.025 

2 44 0.026 

488 0.306 

488 0.152 

122 0.036 

122 0.022 

122 0.030 

244 0.050 



and the  decision data. The base case values of the  population var iables  * 
include,  f o r  each component, the population s i z e ,  representa t ive  age . 
and qua l i ty  (proport ion defect ive) .  The population s i z e  f o r  each component 

was already given i n  Table 4.la. The qua l i ty  for  each component is ob- 

tained along with the  decision parameter values C, D, E, and KS. These 

q u a l i t y  values a r e  given, along with a r e p e t i t i o n  of the  population 

s i z e ,  a t  the  end of Table 4.2. 

4.2.2 Amcoach Data 

Data from the  Amcoach truck were obtained from severa l  sources. One 

source was the  Budd Company, the subcontractor t o  Shaker Research f o r  

t h i s  work. Budd provided data f o r  many components concerning m i n -  

tenance i n t e r v a l s ,  maintenance labor  and ac t ions ,  inspection require-  

ments, expected mileage, and replacement cos ts .  Additional information 

was obtained d i r e c t l y  from Amtrak. The 30th S t ree t  maintenance f a c i l i t y  

i n  Philadelphia was v i s i t e d .  This v i s i t  concerned the  procedure f o r  ** 
Amcoach maintenance and the  records t h a t  r e s u l t  from t h a t  maintenance. 

Also, rough data  values were obtained during the  v i s i t .  It was learned 

t h a t  only a port ion of the  Amfleet c a r s  a r e  maintained i n  Philadelphia;  

systemwide data  could r e a d i l y  be obtained only through a newly i n s t a l l e d  

computerized system. This system MAP (Maintenance Analysis Program), was 

therefore  a l s o  used a s  a da ta  source. *** Three months of r epa i r  records 

were obtained from the  computer. These da ta  were compared t o  the  in- 

formation from Budd and from the  v i s i t s  i n  order t o  a r r i v e  a t  the  data  

values used. Discrepancies were resolved through telephone conversations 

with personnel i n  the  Philadelphia f a c i l i t y .  

*- 
No age decisions (G decisions) a r e  used f o r  the  base case analys is  of e i t h e r  
the  Metroliner o r  Amcoach trucks. Consequently, a  value of the  representa t ive  
age f o r  each component is not  needed t o  produce the  base case  analys is .  ?his 

** 
value is needed, however, t o  produce simulations f o r  the two trucks. 

A discussion of Amcoach maintenance and the  associated da ta  records i s  given 

*** 
i n  Appendix . . B. 

A t yp ica l  output page from the  Maintenance Analysis Program is given i n  
Appendix B. 



The Amcoach t ruck is  represented fo r  the simulation cos t  model i n  terms of 

eleven subsystems (see Section 2). However, the information from Budd 

and from the MAP included some da ta  on s ign i f i can t ly  more individual  

components (approximtely 40). A s  a  r e s u l t ,  each of these individual  

components was associated with one of the  eleven subsystems fo r  the 

cos t  model. 

The data used t o  produce the Amcoach base case analys is  a r e  given i n  

Tables 4.3a and 4.3b. These tables  correspond t o  Tables 4.la and 4.lb 

fo r  the Metroliner. A s  f o r  the Metroliner, Table 4.3a gives the  com- 

ponent number, name, population s i z e ,  u n i t  cos ts ,  and data  sources. 

Table 4.3b gives, by path and by component, path flow and u n i t  path 

cos t  data. Sources and remarks f o r  the data a r e  given i n  the r ight-  

hand column. 

The branch node decision parameters, ca lcula ted  from the da ta  i n  Tables 

4.3a and 4.3b a r e  given i n  Table 4.4. This t ab le  corresponds ' to Table 

4.2 fo r  the Metroliner. A s  fo r  the Metroliner, the t a b l e  l i s t s  each 

branch node and i t s  associated node number and gives a  decis ion parameter 

value f o r  each appropriate component. Where no values a r e  given fo r  

a  component o r  where a  component is  not  l i s t e d ,  the C value f o r  tha t  

component a t  tha t  node i s  zero. A t  the end of the  table ,  values of 

the population s i z e  and qua l i ty  (proportion defective) f o r  each component 

a r e  given. 



TABLE 4.3a 

AMCOACH INPUT DATA 

POFTJIATION SIZE AND UNIT VALUES 

Component ii I n  New Scrap 
Designation No. Name of Component Sys tem Cost (Each) Value (Each) Data Source and Remarks 

1 Primary spr ings  3936 $ 40 $ 0  Purchase c o s t  of lubber r i n g  (no 
(rubber r ings)  l abo r ) ,  estimate* 

2 Secondary spr ings  1968 $400 $ 0  $200/coil + $200/air  bag, es t imate  
( s t e e l  and a i r  bags) 

3 Dampers 3936 $ 50 $ 0  Estimate 

Bearings 3936 $ 75 $ 6  Cost t o  rep lace  a bearing with a 
used bearing t h a t  has been re-  

worked* 

5 Side frames (wear 1968 $ 2  $ 0  Purchase p r i c e  of a new wear pad 
pads) (no labor)  

* 
6 AxleslBrake Disks 3936 $400 $ 1  Cost of  a rep lacemnt  brake d i s k  , 

est imate.  Axles designed fo r  
i n f i n i t e  l i f e  (Budd) . 

* 
7 Wheels 3936 $200 $20 New wheel replacement c o s t ;  AAR 

Off ice  Manual Job Codes 3005-3180. 

$35 per  brake shoe pa i r ,  $85 per  8 Brake Assembly 3936 $ 42 $ 0  
brake cy l inde r  and cab le  assembly, 
Budd est imate.  Cylinder and cable 
assemblies replaced a t  1/12 r a t e  
of  brake shoe pairs  ( see  pa th -39 ) ;  
i .e . ,  c o s t  is $35 + $85112. 

* 
Tota l  c o s t  of  a complete wheelset overhaul is approximately $1430. 



TABLE 4.3a 

AMCOACH INPUT DATA 

POPULATION SIZE AND UNIT VALUES 

Component 
Desimat ion No. Name of Component 

// I n  
Sys tem 

New 
Cost (Each) 

Scrap 
Value (Each) Data Source and Remarks 

9 Pneumatic system 1968 $ 25 $ 0  Leveling valve cos t ,  est imate 

10 Speed sensor 
decelos ta t  

and 1968 $ 50 $ 0  Cost of speed sensor, est imate 
f o r  typ ica l  replacement par t  

11 Bolsters  984 - - Bols ter  designed f o r  i n f i n i t e  l i f e  



TABLE 4.3b 

AMCOACH INPUT DATA - ANNUAL MAINTENANCE COSTS AND FLOWS 

Annual 
** 

Component Flow 

Computer 
Maintenance 

Path 

New a i r  bags - c o i l s  t 
... 

C P  ?I" Descript ion 

10 1 New speed sensor 

5 

8 

New wear pads 

New brake assembly 

Data Source and Remarks 
(Labor a t  S17.271hr.) 

1 

4 

6 

7 

Units m u s t  be replaced every 5 years,  492 
cars  x 4 u n i t s  per ca r  x 115 years = 394 
un i t s  per year 

Journal  rubbers 

replacement 

Wheels 

Units replaced i n  15 years,  es t imate  (492 
cars  x 4 un i t s  per ca r  x 115 vears = 131 *** 

Shoe pa i r s  replaced every 30.000 miles, 
Budd est imate,  492 ca r s  x 8 pai rs  per 
c a r  x 4 times a yea r  = 15744 

See path 16 

Wheelset overhaul every 5 ea r s  (600,000 *Y* 
m i .  wheel l i f e  est imate) ,  492 cars  
x 4 u n i t s  per  c a r  x 115 years = 787 per 

I year. 

* 
CP r e f e r s  t o  truck component deignation numbers (See Table 4.3a). 

** 
Dashes ind ica te  t h a t  quant i ty  not  used as  an input  da ta  value o r  value given elsewhere i n  Table 4.3a a r  4.3b. 

*** 
Annual flow incorporates average c a r  mileage of 120,000 mileslyear. 



TABLE 4.3b (cont

AMCOACH INPUT DATA - ANNUAL MAINTENANCE COSTS AND FLOWS 

* 
CP i! re fe r s  t o  truck component designation numbers (See Table 4.3a). 

** 
Dashes ind ica te  t h a t  quanti ty not used as an input  data  value o r  value given elsewhere i n  Table 4-34 o r  4.3b. 

*'.* 
Annual flow incorporates average ca r  mileage of 120,000 miles/year. 

4.2s.J 
4 U m  
C a 0  
,a, 

- 

- 
- 
- 

Annual 
** 

Component F l a t  

Data Source and Remarks 
(Labor a t  $17.27/hr.) 

i 
P 

f :
0 4 
3 . 1 3" a
a d
m w
0 Id 
mMaintenance Analysis Program data  

Description 

Scrap a i r  bags - c o i l s  

Scrap wear pads 

Scrap brake shoe pads 

Scrap speed sensor 

Computer 
Maineenance 

Paeh 

16 

I 

!- 
0 
w 

01 
I. 

o 

z 

394 

131 

15744 

394 

Replaced with flow of overhauled wheel- 
se t s .  Proportion defective estimated 
from discussions with maintenance s t a f f  
and with Budd. Wheel proportion defect ive
based on probable conditipp*of wheels 
a f t e r  5 year ca r  mileage. 

.,. 
CP C" 

2 

5 

8 

10 

17 787 OD35 - - 
- 

787 0.005 - - 
787 0 . m  

e 
0 01 

4.2- 
- >  

0 0  
b 4 . 2  

n o  
o u  
2 :  

1 

1 

1 

1 

? 
4 

0 1 0  
b 4 . 2  

D rY 
E "  
2 2  

- 

- 
- 
- 

.) 

m 

% m s  
3 C 

 0 a 
3 
"  E 
s c  a u  .* L U  

a 3 0  

 



TABLE 4.3b 

AMCOACH INPUT DATA - ANNUAL MAINTENANCE COSTS AND FLOWS 

Computer 
?!aintenance 

Path 

_.. 
c p  +" . 

i 

' Description , 
i 

2 

5 

7 

8 

I Inspect  wear pads each 
3 months, each 6 
months, and each 60 

Secondary springs 

" h . g l i d e  u frames 

5 Wheels 
m a 

(D Brake assembly 

2 Inspect  secondary 
springs each month and 
each 3 months. 

Annual 
** ( 

Component Flov 

7 

Data Source and Remarks 
(Labor a t  $17.27/hr.) 

months. 

Inspect wheels each 
3 months 

. 
12 seconds per c o i l  + 12 . ', .
secondsla i r  bag 

5 seconds per wear pad 

20 seconds per wheel 

20 seconds per brake pad s e t  

per month) = $0.48. 

10 minicar fo r  monthly inspection (0.67 
times per month) = $0.48 + 20 minlcar 
f o r  3 month inspection (0.25 times 

20 minlcar f o r  3 month inspection (0.15 
times per month) = $0.22 + 30 minlcar 
f o r  6 month inspection (0.15 times per 
month) = $0.33 + 40 minlcar f o r  60 
month inspection (0.017 times per month) 
= $0.05 

60 minlcar (0.25 times per month) = $0.54 

*' 
CP // re fe r s  t o  truck component designation numbers (See Table 4.3a). ** 
Dashes ind ica te  t h a t  quant i ty  not used as an input data value o r  value given elsewhere i n  Table 4.3a o r  4.3b. 

C** 
Flows computed from 492 x 12 cars lyear  x n o . o f  components/car. A l l  u n i t  cos t s  f o r  periodic inspections given on 

the bas i s  of equivalent monthly inspections.  Inspection times as estimated by Budd. 

 



TABLE 4.3b (cont. ) 

AMCOACH INPUT DATA - ANNIJAL MAINTENANCE COSTS AND FLOWS 

Annua 1 
** 

Component Flov 

Computer 
'laintenance 

Path 
Description 

Inspect  cables,  shoes, 
etc. each 3 months. 

Inspect  f lu id  level  
each 3 months. 

Incoming flow of trucks 
requiring service  

Tighten anchor rods. 

Tighten dampers and 
check f l u i d  level .  

Data Source and Remarks 
(Labor a t  S17.271hr.) 

30 minlcar (0.25 times per month) = $0.27 
0.5 minlshoe pa i r  (0.25 times per month) = 
$0.29 

10 minlcar (0.25 times per month) = $0.18 

Flow based on approximately 30 carslday 
a t  Philadelphia rat ioed t o  t o t a l  f l e e t  
by (4921275). Inspection costs  accrued 
i n  paths 30 and 32. 

Flow: each 6 months (492 ca rs  x 4 un i t s  
per ca r  x 2 per year), (Budd) 

Cost: 2 hours per c a r  (Budd) 

Flow: approximately each 2 years (492 cars  
x 8 un i t s  per c a r  x 0.5 per year) ,  
(Budd) 

Cost: 1 hour per c a r  (Budd) 

... 
"CP I r e f e r s  t o  truck component designation numbers (See Table 4.3a). * 
Dashes ind ica te  t h a t  quant i ty  not used a s  an input  data  value o r  value given elsewhere i n  Table 4 . b  o r  4.3b. 

**t 
Flows computed from 492 x 12 cars lyear  x no. of components1 car .  A l l  u n i t  cos ts  f o r  periodic inspection given on 
the  bas i s  of equivalent monthly inspections. Inspection times as est imated by Budd. 



TABLE 4.3b 

A X O A C H  INPUT DATA - ANNUAL MAINTENANCE COSTS AND FLOWS 

Annual * 
Component Flow 

- * 
CP // r e f e r s  t o  t r u c k  component de s igna t i on  numbers (See Table 4.3a). 

** 
Dashes i n d i c a t e  t h a t  q u a n t i t y  not  used a s  a n  i n p u t  d a t a  va lue  o r  va lue  given elsewhere i n  Table  4.3a o r  4.3b. 

,':*>'r 
Annual flow inco rpo ra t e s  average c a r  mileage of  120,000 mi l e s lyea r .  

v 
0 
IJ) 

I 

4 

5 

7 

9 

11 

Lubr ica te  bea r i ngs  

Shim s i d e  frame 

Turn wheels 

Add f l u i d  i n  pneumatic 
system 

Clean a i r  va lve  

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

1560 

8 

3936 

394 

1968 

$2.88 

$25.50 

$12.95 

$8.64 

$17.27 

Flow: approximately 30 months, AARCRB r u l e  
26 (492 c a r s  x 8 u n i t s  per  c a r  x 0.4 
p e r  yea r )  

Cost:  10 min p e r  bea r i ng  (Budd) 

Flow: 8-10 p e r  y e a r  (MAP) 
Cost:  3 h r s .  p e r  t r u c k  (Budd' 

*** 
Flow: Wheels turned each 120,000 mi les  

(wheels turned 4 t imes,  e s t ima t e )  
Cost:  314 hour  p e r  wheel ( k d d )  

Flow: Est imate  once eve ry  5 y e a r s  (492 
c a r s  x 4 sys tems/car  x 115 y e a r s ) ,  
(Budd) 

Cost:  2 hours  p e r  c a r  (112 hour  p e r  
va lve ) ,  (Budd) 

Flow: Once each 6 months (492 c a r s  x 
2 p e r  c a r  x 2 p e r  yea r ) ,  (Budd) 

Cost: 2 hours  p e r  c a r  ( 1  hour  p e r  v a l v e ) ,  
(Budd) 



TABLE 4.3b (cont.) 

AMCOACH INRlT DATA - ANNUAL MAINTENANCE COSTS AND FLOWS 

Computer 
Yaintenance 

Path 

39 

I ,- z 

-L 

** 
Dashes ind ica te  t h a t  quant i ty  not used as  an input data value o r  value given elsewhere i n  Table 4.3a o r  4.3b. 

.,..L.t. " " ,, 
Annual flow incorporates average car  mileage of 120,000 m i l e s / ~ e a r .  

CP I/ r e fe r s  t o  truck component designation 

CP I!* 

2 

5 

8 

10 

Annual 
* 

Component Flow 

I. 
a 

% 
2 
- 

- 

I - 
- 

numbers 

u c u  
2-Y) 9 0 sfiu 

276.32 

34.50 

37.30 

11.31 

Data Source and Remarks 
(Labor a t  S17.27Ihr.) 

F l m :  Replace each 5 years (replacement 
i n t e r v a l ) ,  (492 cars x 4 per c a r  
x 0.20 per year) 

Cost: 16 hours per spr ing (Budd) 

F l m :  Replace each 15 years (es t imate) ,  
(492 x 4 per c a r  x 1/15) 

Cost: X hours per pad (estimate) ** 
Flow: Replace each 30,000 miles (Budd) , 

(8 per car)  
Cost: (shoes): 2 hours per 8 pa i r s  (Budd) 

= $4.32 
(cylinders):  2 hours per cyl inder ,  
replace each 36 months ( 1  each 3 
3 years, (requirement) = $11.51 
(cables): 2 hours per cable,  replace 
each 36 months (Budd) = $11.51 
(other): 1.75 hours each s e t ,  replace 
each 36 months (MAP) = $9.96 

Total Cost: $37.30 

Flow: Replace a t  r a t e  of about 33 per 
month (MAP) 

Cost: About 40 minutes (MAP) 

Description 

5 
0 3 

- >  LI -.( 
L.LI 
o u  
nal 
0". 

k g  
- 

- 

- 

- 

4.3a). 

8 , m 
.-4 
n. 
2 

a 
2. + 

1 . 4 ,  
a l u  
e a  
E l u  
2 8  
394 

131 

15744 

394 

-Air springs - c o i l s  

Side bearing wear 
pad 

Brake shoes (pa i r s )  

Cylinders 

Cables 

Other brake com- 
ponents (hoses, 
keys, valves, 
heads, etc.)  

-Speed sensors 

(See Table 



TABLE 4.3b 

AMCOACH INFUT DATA - ANNUAL MAINTENANCE COSTS AND FLOWS 

Annual 

Component F l w  

CP 1) refers to truck component designation numbers (See Table 4.3a). 
1L.L 
Dashes indicate that quantity not used as an input data value or value given elsewhere in Table 4.3a or 4.3b. 



TABLE 4.4 

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

Node Branch Component I d e n t i f i a b l g  
No. Node No. No. Subassemblv c** D E 

1 1 A l l  KS 12.000 

2 2 A l l  KS 365 .OO 

* 
The component is pa r t  of  an i d e n t i f i a b l e  subassembly a t  t h i s  node i f  K$ parameter i s  used. 

>k'< 
Value of C f o r  a component a t  a branch node i s  zero i f  a value i s  not  given i n  the  
t a b l e  f o r  C ,  D,  o r  E. 

-109- 



TABLE 4.4 

VAI.UES OF THE PARAMETERS C ,  D, E, AND KS FOR THE 
AMCOACHES 

Node Branch Component I d e n t i f i a b l e  
No. Node No. No. Subassembly C D E 

6 5 0.000 0.000 
6 K$ 1.000 1.000 
7 KS 1.000 1.000 
8 0.000 0.000 
9 0.000 0.000 

10 0.000 0.000 
11 0.000 0.000 

Quality 
Component Number Population Size (Proportion Defective) 

1 3936 0.0041 
2 1968 0.0458 
3 3936 0.0099 
4 3936 0.0083 
5 1968 0.0014 
6 3936 0.0041 
7 3936 0.0250 
8 3936 0.0833 
9 1968 0.0041 

10 1968 0.0041 
11 984 0.0416 



4.3 Base Case Analyses 

?his sect ion gives the base case analyses which r e s u l t  f o r  the Metroliner 

and Amcoach trucks from the data  of Section 4.2. The base case analys is  

f o r  the Metroliner is presented i n  Section 4.3.1. That f o r  the Amcoaches i s  

given i n  Section 4.3.2. 

4.3.1 Base Case Analysis f o r  t h e  Metroliner 

The base case analys is  fo r  the EIetroliner is shown as  Table 4.5a and 

4.5b. Table 4.5a describes t h e  maintenance operations which occur i n  

the base case year. The t ab le  contains four columns. The f i r s t  column 

gives the  path numbers. The path numbers correspond t o  the uncircled 

numbers i n  the schematic diagram given as  Figures 2.6-2.10. Each path 

can contain one, some, o r  a l l  of the components -- those components t h a t  

have a non-zero annual flow i n  a path a r e  l i s t e d  i n  Column 2 of the * 
table.  In  Column 3 of the table ,  these annual flows a r e  then given. 

I n  Column 4 of the table ,  the qual i ty  of the  flow fo r  the component 

i n  the  path is shown. This qua l i ty  is the proportion (of the uni ts  

fo r  t h a t  component) which is defective.  This qua l i ty  is  zero on path 

containing replacement u n i t s  and i s  s e t  t o  zero on paths where rework 

occurs. 

Table 4.5b gives the cos ts  f o r  the base case analysis .  As i n  Table 

4.5a, the f i r s t  two columns give the path number and component number. 

Only those paths and those components f o r  which there  a r e  associated 

cos ta  a r e  given. 

<' 
It  should be noted t h a t  path 1 represents the population f o r  each component. 
Consequently, the number i n  Column 3 f o r  path 1 i s  the population s i z e  f o r  
each component i n  the year represented by the base case. The numbers 
i n  Column 3 f o r  the remaining paths a r e  the annual flows of the  components 
i n  t h a t  same year. 



TABLE 4.5a 

BASE CASE ANALYSIS FOR METROLINER -- 
FLOWS AND QUALITIES* 

YEAH 0 

PATH 1 CDMP1.WNT J W M  - - QUAI.-ITY = 0.023'3 
F'ATFI 1 COMPCmENT 2 NUM - - QLMLITY = o . o m  
PA'I'FI 1 C O M I a E N T  3 NUM - - W A L I T Y  = O.O~i3'3 
PATI-I 1 COMPONENT 4 NUM - - W A L I T Y  = 0.0145 
PATH 1 C O M P N N T  5 NLlM - - 

- 
W A L . I T Y  = 0.0252 

PATI-1 I COMPt3MNT En NUM - QUALITY = 0.Or258 
PATI-1 1 CDMPDNENT 7 NUM - - 
PATH S C W O M N T  8 NUM - - M I A L I T Y  = O.3C€>2 

W A L I T Y  = 0.1524 
PATI-I s COMPONENT 3 NLlM - - 

C W W N T  10 NCIM - W A L I T Y  = 0.0357 
PATH 1 - W A L I T Y  = 0.0217 
PATH 1 C D M P W N T  11 M.IM - - M M L I T Y  = 0.023'3 
PATH 1 CDMPONFNT 12 'NCIM - - QUALITY = 0.0498 

PATH 4 COMPCWENT 3 NClM/YR = QLJALIn'  = 0.0000 
PATI-I 4 CDmJt3NENT 10 NLIM/YR = QUALITY = 0.0000 

PATH 5 C L W O M N T  2 NUM/YR = 92 QLMI-XTY = 0.0000 
PATH 5 CDMPONEN'T 9 NtlM/YR = 33 W A L . I T Y  = O . O W  

PATH 7 COMPONENT 4 M / Y R  = 181 QUALITY = 0.0000 

PATI.1 8 COMPDNENT '7 RKIM/YR = 479 QUALITY = 0.0000 

PATI-1 9 COMPONENT 6 NUM/YR = 50 W A L I T Y  = 0.0000 

PATH 11 COMPOIW3JT 8 W / Y R  = 19589 W A L I T Y  = 0.0000 

PATH 16 CDMPOMNT 3 MJM/YR = 278 QLJALITY = 1.MXK) 
PATH 16 C D M P O W N T 1 0  MJM/YR = 67 WAl..ITY = 0. 3Y33 

PATH 1'7 COMPONt7NT 2 WM/YR = 32 QUALITY = 1.0000 
PATH 17 COMPONENT 9 NUM/YR = 33 QUALIT\' = 0. '3Tm 

PA'1-H 18 CDMPCMIEbJT 1T bJUM/YR = 32 QUALITY = 1.MX)O 

PATH 19 CflMPONENT 4 RKIM.lYR = 181 QUALITY = 1.0000 

PATH i?O C W O M N T  7 NI.JM/YR = 479 M I A L I T Y  = 0.6831 

-* 
Paths and components l i s t e d  are those for which non-zero f l o w  occur. 



TABLE 4 .5a  Ccont.) 

PAT14 i?t COMPOmNT 6 MJM/YR = 50 QLIALI'TY = 0. -3 

PATH i?3 COWONEM 8 NLIM/YR = 13583 QUALITY = 1.0000 

PATH COMPDNENT 1 WAL.,ITY = 0 . 0 ~ 3  
PATH COMPONENT 2 QLIAL.1TY = 0 ,0193  
PATI-I COMPUNENT 3 QUALITY = 0. 0cW 
PATI-1 COMPONENT 4 GUALITY = 0.0145 
PATI-! COMPONENT 5 QLIALITY = 0.0252 
PATI.1 C O M P M N T  6 QUALITY = 0.0258 
PATH COMPOMNT 7 W A L I  TY = 0. m.2 
PATI-1 COMF'C.M<M 8 QUAL.ITY = 0.1524 
PATH C D M P M N T  3 W A L I T Y  = 0.0357 
PATI4 C m L W N T  1 0  QUALITY = 0.0217 
PAT14 COMPOIENT 11 WAI - ITY  = 0.0299 
PAT14 COMPUWNT 12 QLIALITY = 0.0498 

PKrk i  COMPCWNT 1 MJALITY = 0.0tZZ6 
PATH COMPUWNT 2 W A L I T Y  = 0.0286 
PATI-I COMPLWENT 3 QUALITY = 0 . 0 ~ ~
PATI-1 C U M P N N T  4 W L I T Y  = 0.0138 
PATI-1 COMPLrnN'T 5 QUALITY  = 0.0241 
PATH COMPONENT 6 QUALITY = 0.0246 
PATI-! COMPOI'JENT '7 QUALITY = 0.236.5 
PATH COMPONENT 8 W A L I T Y  = 0.1.466 
PATI-I COMPONENT 9 QUALITY = 0.0341 
PATH COMPONENT 10 QLIALITY = 0. Om8 
PATI-I CCWPUNENT 1 1  OUCIIL.ITY = 0.02m 
PATI-I C O M P O K M  12 W A L I T Y  = 0.0477 

PATH COMF'OWNT 1 QLIALITY = 0.0~739 
PATI-1 COMPONENT 2 W A L I T Y  = 0.0~% 
PATI-1 COMPONENT 3 QUAI..ITY = 0 . 0 ~ 3  
PATH CmPclNENT 4 W A L I T Y  = 0.0145 
PATI-1 COMF'WNENT .S QUAL.ITY = 0.0252 
PATI-1 COMI'CWENT 6 QLlALITY = 0.0258 
PATH C W M N T  7 QLIAL.I~' = 0.30~2 
PATI-1 CrJMPONENT 8 QUALITY = 0.1%4 
PATH COMPUMNT 1 GUALITY = 0 .0357  
PATH CDMPONENT 10 QUALITY = 0.0217 
PATH carr=uw-Nr 11 QUAL.ITY = 0.0~- 
PATH C C W W N T  12 QUALITY = 0.0430 

 



TABLE 4 . 5 a  (cont . ) 

PFI'T'I.1 Q W L I T S  = 0.0~33 
PATH QLIAL I TY = 0.0~33 
PATI-1 QLMLITY = 0 . 0 ' ~ ~  
PATI-I QLIAL.ITY = 0.0145 
PATH QUALITY = 0.0252 
F'ATI.1 GUAL.Int = o.025~ 
PATH M L I T Y  = 0.30€>2 
PATI-I C4LIALITY = 0.1524 
PATH QUALITY = 0.0357 
PATH QUALITY = 0.0217 
PATI-I QLIALITY = 0.02'33 
PKTH QUALITY = 0.0438 

PATH COMPONENT 1 QLIALITY = 0.0~33 
PATI-I COMPONENT 2 QLIALITY = 0.0Z93 
PATH C r n P r n N T  3 QLIALI'n' = 0.01a3 
PAT14 COMPONFNT 4 QLIALITY = 0.0145 
PATH C O M P r n N T  5 QLWLITY = 0.0252 
PATI-! COMPONENT 6 QLJALITY = 0.0258 
PATI? CmPClNENT 7 QUALITY = O.30C42 
PKn-I CDMPONFNT R M J A L I T Y  = 0.1524 
PAT14 COMPONENT 9 QLIALITY = 0.0357 
PAT14 CCJMPrnNT 10 QLIALITY = 0.0217 
PAT14 COMPONFNT 1 1 G W L I T Y  = 0.0~99 
PATI-1 COMPMNT 12 QLJALITY = 0.0438 

PATI.1 Cl3MPOWNT 1 W F I L I T Y  = 0.0678 
PATI-I C O M P M N T  % C4UALITY = O.N>7R 
PA+H C m P O M N T  3 QUALITY = 0.067f3 
PATH COMPLrnN7' 4 MJAL.ITY = 0.0332 
PATH C O M P L X N T  5 W A L I T Y  = 0.0574 
PATH COMPLWNT E. QUALITY = 0.0505 
PATI-1 C O M P O ~ N T  7 W A L I n '  = 0 . 5 ~ 0  
PATH COMPONENT 0 QUALITY = 0.3220 
PATH C W C l W N T  3 QLIALITY = 0.08M~ 
PATI-I COMPMENT 10 GUALITY = 0.0435 
PATI-! COMPONENT 11 GUALITY = O.Of.78 
PATH COMF'GNEiNT 12 QLIALITY = O. 1110 

PATI.1 COMF'OMNT 1 QUALITY = 0.0532 
PATI-1 CLVlPONENT 2 QLIALITY = 0.0532 
PATH CLIMPL3NF:NT 3 QLlAL.ITY = 0.0532 
PATH CCJMPCJNENT 4 QLIALITY = O.OX,>O 
PATJ-1 COMF'LIWNT 5 QLlFV.ITY = 0.0450 



TABLE 4.5a ( c o n t . )  

PATI-I QUAL.ITY = 0.0459 
PATI-I MIAL.ITY = 0.4787 
PATH QUALITY = 0.2566 
PA'TH QUAL-ITY = 0.0633 
PAT14 M I A L I l Y  = 0,03823 
PATI-I Q W L I T Y  = 0.0532 
PAT14 W A L I n l  = 0.0~79 

PATH COMPLJNENT I MJALITY = 0. 05-X7 
PATH CDMPONENT 2 QUALITY = 0.0532 
PATI-1 CDMPnWNT 3 Q M L I T Y  = 0.0532 
PAT14 COMPW.NT 4 WAL.IT\' = 0. OEWI 
PAT14 COMPOM.NT S W A L I T Y  = 0.0450 
PATI-I CDMPMENT E. MJALITY = 0.0459 
PATH CCIMPOWNT 7 W L I T Y  = 0.47%' 
PATH COPlF'ClNFNT 8 W A L I T Y  = 0.25Gf. 
PAT14 CCIMPONENT 9 QUALITY = 0.0633 
PATH COMPDM.NT 10 QLRL I T Y  = 0.0388 
PATI-I C O M P W N T  1 1  QLIALITY = 0.0532 
PATI-I COMPOWNT 12 Q W L I T Y  = 0.0879 

PAT14 33 COMPOMNT 3 6980 MJCILITY = 0.0532. 
PAT14 m c m n m w  9 1706 WJALITY = O.041R 
PATI-I 39 COMPONENT 10 1745 MIALI'TY = 0.038 

PAT14 40 CDMPONMT 3 G702 GMI- ITY = 0.0000 
PAT14 40 C W O W N T  9 1 7M. W A l - I T Y  = 0.0000 
PATH 40 COMPONENT 10 1677 WAL-ITY = O.OM)O 

PATH 4 1 CCIMPWNT 3 69M) GLYILITY = 0.0000 
PATH 41 COMPOMNT 9 170E. W A L I T Y  = 0 . m  



TABLE 4.5a (cont.) 

PA'TI-I 4 1 COMPCINENT 10 MJM/YR = 1745 QUALITY = 0.0000 

PATI.1 CUMPrnNT 1 QUALITY = 0.0532 
PAT14 COMI-'UWNT ri QLJALITY = 0.0532 
PATH COMPOMNT 4 W A L I T Y  = 0.OE.O 
PA714 CLIMPCENT 5 WALIT-  0.0450 
PATI-I CfJMPWNT 6 QUALITY = 0.0459 
PATI-I COMPWNT 7 MJAl,.ITY = 0.4787 
PATI-I COMPLJNENT 8 WAL.ITY = 0.2S€& 
PATH COMPONENT 9 QUALITY = 0.39% 
F'ATI-I COMPONENT 1 1  GUALITY = 0.0532 
F'AT1.1 CUMPWNT 12 W A L I M  = 0.0879 

PATI-I CGl'lPflNENT 2 QUALITY = 0.0532 
PATI-I COMPONENT 8 QUAL.ITY = 0.2566 
PAT1.I COMPCINENT 9 QUALITY = o.33'm 
PATI-I COMPONENT 11 M L J T Y  = 0.0532 

PA-r1-1 CDMPOMZNT 2 GUALITY = 0.0000 
PATI-I COMPMNT R WAL-ITY = 0.25(i6 
PATI.1 COblPCJIUEN'J 1 1  GUF\LITI1 = 0.0000 

PATI-! C r n F ' r n N T  2 MIALIT\ '  = 0.0000 
F'ATI-t CUMPONENT 8 QUAL-ITY = 0.2566 
PA'TI-1 COMPflrnN7' 9 GUAILITY = 0.0000 
PATI-1 COMPI.NENT 1 1  QUALITY = 0 . m o  

PAT14 CWONENT 1 GUALITY = 0.0532 
PATH CLIMPUENT 4 MVILITY = 0. OZGO 
PATI-I CCJMPMNT 5 QUALITY = 0.0450 
PATI.1 CDMPUIENT 6 W A L I T Y  = 0.0453 
PATI-I CUMPOIVENT 7 QUALITY = 0.4787 
PAT14 COMPONF.NT 12 QUAL.ITY = 0.0873 

PATI-I 4R COMPOIENT 1 NUM/YR = 6980 QUALITY = 0.0532 
PATI-I 48 CCIMPONENT 4 MJM/YR = 6380 W A L I T Y  = O.OLX-0 
PATI-1 4R COMPONENT 5 W / Y R  = 1745 OCVILITY = 0.0450 



TABLE 4.5a (cont.) 

PATH 48 OUALITY = 0.0459 
PATH 48' GUPlLITY = 0.4787 
PATH 4X W A L I T Y  = 0.0000 

PATI-I 43 W A L I T Y  = 0.0373 
PATH 43 W I T Y  = 0.0502 
PATI-1 43 M I A L I T Y  = 0.6031 

PATH 50 C m M J E N T  1 OUCV.ITY = 0.0532 
PATH 50 C W M \ I E N T  4 W A L I T Y  = 0.0000 
PATH 50 C O M P M N T  5 M I A L I T Y  = 0.0450 
PATH 50 COMPMJENT 6 m L I n f  = 0.03~0 
PATH 50 CDMPOMNT 7 QUALITY = 0.0100 
PATH 50 COMPONENT 1Z MICIL ITY = 0.0000 

PATH 51 CDMPDNENT 1 W A L I T Y  = O.OOn0 
PATH 51 C U M P W N T  4 QUALITY = 0.0000 
m n . 1  51 CaMPONENT 5 W A L . I T Y  = 0.0000 
PATH 51 C a M P W N T  6 W A L I T Y  = 0.OX0 
PATl-1 51 C O I V W N T  7 W A L I T Y  = 0.0100 
PA'TFI 51 C W Q W M  12 W A L I T Y  = 0.0000 

PAT I i  52 COMPONENT 1 OUALITY = 0.0000 
PATH 52 CCIMPM\lfNT 4 W A L I T Y  = 0.0000 
PATH r5 CDMPMVENT 5 W A L I T Y  = 0.0000 
PATH 52 CMWDNENT 6 M I A L I T Y  = O.OXO 
PAT I i  52 CDMPDNENT 7 W L I T Y  = 0.0100 
A T  52 CDMPCINENT 12 MJAL.ITY = 0.0000 

PATH 53 COMPDNENT 4 W A L I T Y  = 0.0000 
PATH 53 CDMPDMNT 6 M I A L I T Y  = 0.0000 
PATH 53 COMPCWNT 7 OWL- ITY = 0.0000 

PATH 54 C D M P O M M  1 W A L I T Y  = 0.0000 
PATH 54 COMPONENT 4 MICIL ITY = 0.0000 
PATH 54 CaMPoNENT 5 W L I T Y  = 0.0000 
PATl-1 54 CmflMNT 6 GCIALITY = 0.0109 
PATI-! 54 CDMP0IUE.M 7 MICIL ITY = 0.0030 
PATI-I 54 CaMPQNENT 12 (JLIALITY = 0.0000 



TABLE 4.5a (cont.) 

PATH ME. 

PATH COMPONENT 1 6980 WAL.ITY = 0 . m  
PATI-I COMPONEW 4 6980 M M L I T Y  = O.M)OO 
PAT14 COMPWN'T 5 1745 W L X T Y  = 0 . o m  
PATI-I C l 3 l P N W T  6 3430 W A L I T Y  = 0.0103 
PATH C O M P W N T  7 6380 W A L I T Y  = 0.0030 
PATI.! C O M P W N T  12 3430 M l f l L I T Y  = 0.- 

PATH CC@ltWEWT 1 6980 M.IALITY = 0.0000 
PA'TH COMF'CJICNT 2 6980 Mlf lL.ITY = 0 . m  
PATH C O M P M T  4 630  W A L I T Y  = O.OMX) 
PATH COMPONENT 5 1745 (KIAL.ITY = O.M#X) 
PAT14 C D M P W N T  b 3430 0 W . I T Y  = 0.0103 
PATH C O M P N N T  7 6380 MJALITY = 0.0030 
PATH COMPLMENT 8 6980 W A L I T Y  = 0.2566 
PA'TI-I COMPt-MNT 3 39 OUALITY = 0 . m  
PATtI  COMPOMNT 11 1745 QUALIT\' = 0.0000 
PA7'1-I C W O M N T  12 3430 OLIALITY = O.M#X) 

PATH C W C J W N T  1 aw+LInd = o.mm 
PATI-I COMPONENT 2 M J A L I n '  = 0.0000 
PATtI  COMPOW.NT 3 OLIALITY = 0.0000 
F'ATtI COMPtmNT 4 QUALITY = 0.0000 
PATH COMPONENT 5 W A L I T Y  = 0.0000 
PATH COMfaONENT 6 w s n '  = 0.0109 
PATI.1 CLXWOIE-NT 7 OUALITY = 0.0030 
PATI-t C O M P M N T  8 W A L I T Y  = O.ZSE.6 
FtAT14 COMPrnI*TT 3 W A L I T Y  = 0.0000 
F'ATI-I CUMPONENT 10 M M L I T Y  = 0.0000 
PATH COMPm:NT 11 WA1.ITY = 0.0000 
PATtI COMPONENT' 12 WAL.IT\' = O.OOM) 

PATH COMPONENT 1 OUALITY = 0.0000 
PATI-I C O M P M N T  2 W L I T Y  = 0.0000 
PATI-I COMPDIENT 3 MIALIT\ '  = 0.0000 
PATI i  COMPONENT 4 M L . T T Y  = O . W O  
PATI-I CmPONENT 5 u L I n g  = 0 . ~ 0  
F'ATI-I C O M P W N T  6 W A L I T Y  = 0.01V3 
PATI.1 C r n t r n N T  7 WALLIT\' = 0.0030 
PATtt COMPOMNT 8 OUALITY = 0.2566 
PATtI COMPW.NT 9 M I A L I T Y  = O.MXK) 
PATtt COMPCnKNT 10 QUALITY = 0.0000 
rA'rI.1 COMPONENT 11 QLIALITY = 0 . m ) O  
PA'I'II CClI?POMWT 12 M I A L I T Y  = O . O o 0  



TABLE 4 .5a  (cont .)  

PAT14 COMPCNENT 1 RUALITY = 0 .m0  
PAT14 COMPONENT 2 QUALITY = 0.0000 
F'ATH C W C H E N T  3 MIAL.ITY = 0.0000 
PATH C O M P l X N T  4 m L I n f  = 0.ot-m 
PAT14 C O M P C r n T  5 GCIALITY = 0 .W0 
PAT14 C W W N T  6 MJP1L.ITY = 0.0103 
PATI-I C W M N T  7 QUAL.ITY = 0.0030 
PATI-I c m 3 0 N E N T  8 QUALITY = 0.2565 
PAT14 CDMPOWNT 3 QUAL.ITY = 0.0000 
PATI-I C D M P W N T  10 W A L I T Y  = 0.0000 
PAT14 CLWLNENT 11 W A L I T Y  = 0.0000 
PATI-I C W O M N T  12 QUAL..ITY = 0 . m O  

PATI-I C W D M N T  4 GLMLI'TY = 0.OODO 
PAT14 C W O N E N T  6 OUALITY = 0,0000 
PAT14 COMPOiiENT 7 wInl = 0.ot-m 

PAT14 COMPONENT 4 QUALITY = 0.5'82 
PATI-! COMPOENT 6 RUALITY = 0.5091 
PAT14 COMPOWNT 7 W A t - I T Y  = 0.6831 

PATH COMPDMNT 4 OLNLITY = 0.3782 

PATI-I 64 CDMPOIENT 4 NUM/YR = 298 GUCILTTY = 0 . m  

PATI+ 65 COMPONENT 4 M/YR = 473 QI.I&.I~< = 0. MXK) 

PATI-I 66 COMPC.mNT ST6 NLM/YR = 233 OUAL..ITY = 0.5031 
PATH 66 C:OMPOMNT 7 NUM/YR = 479 OLIALXTY = 0.C.831 

PAT14 67 CtMiONENT 6 MIM/YR = 117 MJAL ITY  = O.OMX) 
PATI-I 67 COI IPW.NT 7 NUIWYR = 473 OUALITY = 0.6831 

PATI-I 68 C W L m N T  6 NUM/YR = 117 MIAL. ITY = 0.0000 

PATI-! 63 C W W N T  6 6 / Y R  = 117 OUALITY = 0.0000 
PATH 69 COMPOMNT 7 MIM/YR = 473 QUALITY = O.MXK) 

PATI-I 72 COMPOMNT 6 MJM/YR = 1 22 W A L I T Y  = 0.0000 



TABLE 4.5a (cont.) 

M M L I T Y  = O.Mm0 
QUALITY = 0.0000 

COMPONENT 4 QUALITY = O . m
COMPONENT 6 W A L I T Y  = 0.0000 
C O M P M N T  7 QUALITY = 0.0000 

C O M P m N T  12 GUALITY = 0.3339 

COMPONENT 13 o u A L I n t  = 0 . m

CLrnPLENT 12 MJALITY = 0.0000 

PATH COMPONENT 1 QUALITY = 0 . 0 ~ i 2

PATI-1 COMPOEJ'IT 2 Q M L I T Y  = 0 . 0

PATH C13MPOKNT 3 QUALITY = 0.0~W 

PATI-! COMPONENT 4 GLlALITY = 0.0145 
G M L I T Y  PAT1-I C W W N T  5 = 0.0252 
W A L I T Y  0.0258 PA'TI-i COMPONENT G = 
QUALITY PAT14 CDMPONENT 7 = 0 . m 2  

PAT14 CaMPOM-NT 8 W A L I T Y  = 0.1524 
PAT14 COMI'ONENT 9 GUALITY = 0.0357 
PATI-I COMPONENT 10 W A L I T Y  = 0.0217 
PATH Cc3lF'ONENT 11 M M L I T Y  = O.OL~?T~ 

PATH COMF'WNT 12 W A L I T Y  = 0.04'38 

PATI-! C D M P M N T  1 GUALITY = 0.0239 

PATI-I COMPONEWT 2 QUALITY = 0.0~233 
PATH C r n W N ' T '  3 GLIALI lY = 0.0=3 
PATI-1 CDMPONEWT 4 GUALITY = 0.0145 
PATI.1 CCQFONENT 5 G W L I T Y  = 0.0252 
PATI-1 COMPOMNT 6 QUALITY = 0.0258 
PATH COMP17M.NT 7 QUA1.ITY = 0.m2 
F'A'Tti C O M P L ~ N T  $3 WALI~Y = 0.0000 
PAT11 COMPUNENT 3 W A L I T Y  = 0.0357 
F'ATI-I CDMPONENT i n  W A L I T Y  = 0.0217 

PATI-1 CLlMPONFlNT 11 GUALITY = 0.0~33 

 

 

 
~  



TABLE 4.5a (cont .)  

Prn1-I COMPONENT 1 2  Q U A L I n f  = 0.0498 

PATH COMPONENT 1 w L . I n f  = 0 . 0
PAT1.I CCnWDNENT 2 W A L I T Y  = O . O i 3 9  
PATH COMPOMNT 3 W L I T Y  = 0.0~33 
PATH COM?ONR\IT 4 W L I T Y  = 0 . 0 1 4 5  
PATI.1 C O M P m a T  5 QUALITY = 0.0252 
PATI-I c0MPDM:N.r '5 QUALITY = 0.0258 
PATI-! C O M P W N T  7 QUALITY = 0.30t'30t'2 
PATI-I COWONENT 8 W L I T Y  = O.M)[X) 
PATI-1 CoMPOI\IENT 9 (KIAL-ITY = 0.0357 
PATI-I COMPONENT 1 0  OUALITY = 0 . 0 2 1 7  
PATH CnrlPONENT 1 1  (KIALITY = 0.0~T9 
PATI-I C W W N r  1 2  Q W L I T Y  = 0.0438 

~ ~  



TABLE 4.5b 

BASE CASE ANALYSIS FOR METROLINER - COSTS " 

PATH COMPONENT 3; PATH COST = 31 3328.95 
PATH COMPONENT 10; PATH COST = 83387.28 

PATH COMPONENT 2; PATH COST = 31 3328.95 
PATH C O W M M T  9; PATH C f f i T  = 3'3786.03 

PATH COMPONENT 1; PATH CDST = 818571.93 

PATH COMPDNENT 4; PATH C f f i T  = 327227.78 

PATH CDMPONENT 7; PATH COST = 895971.07 

PATH COMPONENT 6; PATH COST = 8125158.83 

PATH COMPONENT 3; PATH COST = 8-278.57 

PATH COMPONENT 2; PATH COST = 8-92.85 

PATH CDMPONENT 1; PATH CffiT = 3-92.85 

PATH COMPONENT 4; PATH COST = 3-1089.11 

PATH COMPDNENT 7; PATH COST = 

PATH COMPONENT E; PATH CffiT = 

PATH COMPONENT 8; PATH CDST = 

PATH COMPONENT 1; P A M  CDST = 

PATH COMPONENT 1; PATH COST = 

PATH COMPONENT 1; PATH CDST = 
PATH COMPONENT 2; PATH CDST = 
PATH COMPONENT 3; PATH CffiT = 
PATH CDMPONENT 5; PATH COST = 
PATH COMPONENT 7; PATH CDST = 
PATH COMPONENT 9; PATH C f f i T  = 
PATH COMPONENT 10; PATH COST = 
PATH COMPONENT 11; PATH C f f i T  = 

PATH COMPONENT 3; PATH CDST = 
PATH COMPONENT 9; PATH CffiT = 
PATH COMPDNENT 10; PATH COST = 

PATH COMPDNENT 5; PATH COST = 

- - 
.9. 

^costs are per component per year i n  the path indicated. Negative values 
indicate a return to  the maintenance system. 



TABLE 4.5b (cont.) 

PATH 43; COMPONENT 2; PATH COST = 376376.95 
PATH 43; COMPONENT 3; PATH COST = $2348.64 
PATH 43; COMPONENT 11; PATH COST = $13244.23 

PATH 44; COMPONENT 2; PATH COST = $0.00 
PATH 44; COMPONENT 11; PATH COST = $0.00 

PATH 47; COMPONENT 12; PATH CDST = $15932.6'3 

PATH 43; COMPONENT 4; PATH COST = $3433.73 
PATH 43; COMPONENT 6; PATH COST = 3ZOY38.43 
PATH 43; COMPONENT 7; PATH COST = $1338.35 

PATH 61; COMPONENT 7; PATH CDST = $28388.18 

PATH 62; COMPONENT 4; PATH COST = 82072.37 

PATH 64; COMPONENT 4; PATH COST = $20M)9.10 

PATH 66; COMPONENT 7; PATH COST = $2072.97 

PATH 68; CDMPONENT 6; PATH COST = 8508.77 

PATH 70; COMPONENT 6; PATH COST = 82103.61 

PATH 71; COMPONENT 6; PATH CDST = $64 16.86 

PATH 72; COMPONENT 6; PATH COST = $2103.61 

PATH 73; COWDNENT 6; PATH COST = 31036.48 

PATH 75; COMPONENT 12; PATH COST = 823020.63 

PATH 77; COMPONENT 12; PATH COST = $153471.28 

TOTAL COST = $1050373.21 
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These pa th  c o s t s  a r e  l i s t e d  i n  t h e  t h i r d  column of  t h e  t a b l e .  The c o s t s  
* 

p r e  t h e  d o l l a r s  per  yea r  r equ i r ed  f o r  t h e  component and pa th  i n d i c a t e d .  

Where t h e  c o s t s  a r e  nega t i ve ,  a  r e t u r n  t o  t h e  maintenance ope ra t i on  i s  

i n d i c a t e d  ( t y p i c a l l y ,  from t h e  s c r ap  v a l u e  of  a  component). A t  t h e  bottom 

of  t h e  t a b l e ,  t he  o v e r a l l  y e a r l y  ope ra t i ng  c o s t  f o r  t h e  base  ca se  yea r  is 

shown. This  t o t a l  y e a r l y  c o s t ,  f o r  t h e  Met ro l iner  t r uck ,  i s  s l i g h t l y  i n  

excess  of  $1  mi l l i on .  

The c o n t r i b u t i o n  of t he  va r i ous  pa th s  and of  t h e  va r i ous  components t o  t he  

$1.05 m i l l i o n  t o t a l  vary  cons iderab ly .  I n  Table  4.5b, t h e  major c o n t r i b u t i o n s  

t o  c o s t  can be  r e a d i l y  i d e n t i f i e d .  The top f i v e  i n d i v i d u a l  c o s t s  a r e ,  i n  

o rde r  of  dec r ea s ing  c o s t :  

1. The c o s t  t o  r e p l a c e  brakes  (pa th  23, component 8 ) .  This  c o s t  is 

the  l e ad ing  i n d i v i d u a l  c o s t  and accounts  f o r  about 15% of  t h e  

o v e r a l l  yea r l y  maintenance c o s t .  

2. The c o s t  f o r  major overhaul  of  t h e  t r a c t i o n  motors (pa th  7 7 ,  

component 12) .  

3. The c o s t  f o r  replacement  of gear  boxes (pa th  9 ,  component 6 ) .  

* 
It is t o  be noted t h a t  some of t h e  annual  c o s t s  may d i f f e r  from those  cur-  
r e n t l y  being produced by t h e  a c t u a l  maintenance ope ra t i on .  Such d i f f e r e n c e s  
between a c t u a l  c o s t s  and t hos e  computed by t h e  model a r e  t o  be expected - 
t h e  base ca se  ha s  been developed t o  r e p r e s e n t  t h e  even t s  of  s t e ady  s t a t e  
maintenance ope ra t i on .  For t h i s  even tua l  s t e ady  s t a t e  ope ra t i on ,  a l l  com- 
ponents a r e  being rep laced  a t  a  r a t e  which is  cons t an t  wi th  t i m e .  Conse- 
quen t l y ,  t h e  replacement of  a  component which l a s t s ,  s ay ,  f i v e  yea r s ,  has 
been taken  t o  occur  uniformly over  t h i s  per iod of  time i n  t he  model. The 
a c t u a l  maintenance o p e r a t i o n  may n o t  be i n  s t e a d y  s t a t e  s o  t h a t  t he  rep lace-  
ment c o s t s  can  vary  cons iderab ly  wi th  time ( e s p e c i a l l y  i f  t h e  t r u c k  is 
r e l a t i v e l y  new). I n  such a  case ,  t h e  average (over a pe r i od  of yea r s )  
even tua l  y e a r l y  c o s t  w i l l  be t h a t  g iven  by t h e  model. 



4. The cost  f o r  wheel replacement (path 8, component 7). 

5. The cos t s  f o r  truck removal and i n i t i a l  truck disassembly 

(path 42, component 5 ) .  

Combinations of individual  c o s t s  a r e  a l s o  of i n t e r e s t .  For example, the 

t o t a l  f o r  the per iodic ,  terminal, and in-shop inspection c o s t s  ( t o t a l  

for  paths 30, 32, and 36) is about $117,000. This t o t a l  inspect ion  c o s t  

i s  s u f f i c i e n t l y  high t h a t  i t  ranks within the  f ive  individual  c o s t s  given 

above. 

The r e s u l t s  given i n  Tables 4.5a and 4.5b can be considered i n  a number of ways 

f o r  the  purpose of evaluation. One way t o  do t h i s  i s  t o  develop a t a b l e  

which gives the r e s u l t s  i n  a summary form. For t h e  Metroliner, such a 

t a b l e  has been prepared and i s  shown as  Table 4.6. This t ab le  gives,  f o r  

the  various truck components, the  number of u n i t s  reworked, the  number of 

un i t s  scrapped, and the  c o s t  of the  rework. For the  purpose of the  t ab le ,  

rework is defined a s  pu t t ing  the  component i n t o  an "as new" condit ion.  

Scrapped r e f e r s  to  removal of the  component from service .  The ne t  cos t  of 

rework is the  sum of a l l  inspections,  disassembly-assembly labor ,  and p a r t s  

( including income from scrap) .  The percent t o t a l  c o s t  associa ted  with each 

component is a l s o  given. Only maintenance ac t ions  which occur i n  the  

maintenance f a c i l i t y  a r e  included i n  the t ab le .  

It can be seen from the table  t h a t  the  c o s t s  associa ted  with rework of the  

t r a c t i o n  motor a r e  grea ter  than those associa ted  with any other  component. 

However, the cos t s  f o r  brakes, wheels, and axles lgear  boxes a r e  only 

s l i g h t l y  smaller than those f o r  motors. It can a l so  be seen t h a t  the  

average cos t  for  t ruck rework i s  $1,000,97611745 = $574. 



TABLE 4.6 

TRUCK MAINTENANCE SHOP SUMMARY FOR METROLINER 

(Only maintenance act ions  which occur i n  maintenance f a c i l i t y  a r e  included) 

NUMBER NlTMBER NgT COST PERCENT 
COMPONENT TRUCK SUBASSEMBLY UNITS * UNITS ** OF TOTAL 

NLIMBER REWORKED REWORKED SCRAPPED REWORK** COST 

8 Brakes -- 19,589 156,716 15.66 

4 Bearings 298 182 52,320 5.23 

Wheels 

Motors 

Axles /Gear Boxes 72 G.B. 50 axles 157,088 15.69 

Springs 370 

Dampers 

Frames 

Bolsters 

Alternators 

Pneumatics 

TOTAL TRUCKS 
THROUGH SHOP 

.k 

** 
Rework re fe r s  t o  res tor ing component t o  an "as new" condition. 

Scrap re fe r s  t o  removal of the  component from service .  

** 
Net cos t  of rework i s  the  cost of a l l  inspections,  disassembly-assembly labor,  and par ts  
( including income from scrap) .  



4.3.2 Base Case Analysis fo r  the Amcoaches 

The base case analys is  fo r  the  Amcoaches is  shown as  Tables 4.7a and 

4.7b. These tables  correspond t o  Table 4.5a and 4.5b fo r  the Metro- 

l i n e r  and the  explanations of the content of those tables  apply to  
* 

Tables 4.7a and 4.7b . 
Table 4.7b shows tha t  the t o t a l  annual c o s t  for  Amcoach truck maintenance 

i s  computed t o  be approximately $2.73 mill ion.  Of t h i s  t o t a l ,  the top 

f i v e  individual  contr ibutors  a r e ,  i n  order of decreasing cost :  

1. The cos t  fo r  replacement brake p a r t s  (path 4 ,  component 8) 

This cos t  i s  the  leading individual  cos t  and accounts fo r  

about 24% of the overa l l  yearly maintenance cos t .  

2 .  The cos t  for  the  labor associated with maintenance of the 

braking system (path 39, component 8).  

3. The p a r t s  c o s t  for  brake d i scs  replaced during overhaul of the 

wheelsets (path 5, component 6 ) .  

4 .  The p a r t s  cos t  f o r  periodic replacement of the secondary 

springs (path 4 ,  component 2). 

5. The pa r t s  cos t  fo r  wheels replaced during overhaul of the 

wheelsets (path 5, component 7). 

* 
The footnotes i n  Section 4.3.1 a l so  apply f o r  the Amcoaches. 



TABLE 4.7a 

BASE CASE ANALYSIS FOR AMCOACHES - 

FLOWS AND QUALITIES* 

YEAR 0 

PATH 1 COMPONENT 1 Ntm - - GUALITY = 0.0041 
PATH 1 COMPONENT r7 NUM - - 

CDMPONENT 3 NUM - - GUALITY = 0.0458 
PATH 1 
PATH 1 CDMPONENT 4 NUM - - W A L I T Y  = 0.0039 

PATH 1 CDMPONENT 5 NUM - W A L I T Y  = 0.0083 
- 0.0014 

PATH 1 CDMPONENT MJM - GUALITY = 
6 - QUALITY = 0.0041 

PATH 1 COMPONENT 7 NUM - - GUALITY = 0.0250 
PATH 1 COMPONENT 8 MJM - - 
PATH 1 NUM - QUALITY = 0.0833 

COMPOI'ENT 3 - GUALITY = 0.0041 
PATH 1 C D M P M N T  10 MJM - - W A L I T Y  

1 NUM - - = 0.0041 
PATH CDMPOFENT 11 
PATH CDMPONENT NUM - - WCILITY = 0.0416 

1 12 GUALITY = i.M#)O 

PATH 4 COMPflWNT 2 NCIM/YR = QUALITY = 0.0000 
PATH 4 CDMPDNENT 5 NUM/YR = QUALITY = 0.0000 
PATH 4 CDMPflNENT 8 NUM/YR = QUALITY = 0.0000 
PATH 4 C W O N E N T  10 MM/YR = QUALITY = 0.0000 

PATH 5 COMPONENT 1 MM/YR = GUALITY = 0.0000 
PATH 5 COMPONENT 4 MJM/YR = GUALITY = 0.0000 
PATH 5 COMPONENT b MM/YR = GUALITY = 0.0000 
PATH 5 COMPONENT 7 MM/YR = GWILITY = 0.0000 

PATH 16 COMPONENT 2 MM/YR = 334 QUALITY = 1.0000 
PATH 16 COMPONENT 5 MM/YR = 130 QUALITY = 0.939'3 
PATH 1C COMPONENT 8 MtM/YR = 15743 QUALITY = 1.0000 
PATH 1E. C W M N T  10 NUM/YR = 333 QUALITY = 0.9993 

PATH 17 COMPONENT 1 NLJM/YR = 787 GUALITY = 0.0050 
PATH 17 CDMPDNENT 4 MJM/YR = 787 QUALITY = 0.0100 
PATH 1'7 C:DMPOFlENT 6 NIJM/YR = 787 QUALITY = 0.0050 
PATH 17 CDMPONE:NT 7 NUM/YR = 787 W A L I T Y  = 0.7000 

PATH 30 COMPONENT QUALITY = 0.0041 
PATH 30 COMPONENT QUALITY = 0.0458 
PATH 30 COMPONENT QUALITY = 0.0099 
PATH 30 CDMPONENT QUALITY = 0.0083 
PATH 30 CDMPONENT GUALITY = 0.0014 
PATH 30 CDMPONENT QUALITY = 0.0041 
PATH -W C W O N E N T  QUALITY = 0.0250 
PATH 30 COMPONENr QUALITY = 0.0833 

* 
Paths and components l i s t e d  are those for which non-zero flows occur. 



TABLE 4 . 7 ~  (cont.) 

PATH 30 COMPONENT 9 QUALITY = 0.0041 
PATH 30 COMPONENT 10 WIN = 0.0041 
PATH 30 COMPONENT 1 1  QUALITY = 0.041E. 
PATH 30 COMPONENT 12 W A L I T Y  = 1.0000 

PATH 31 COMPOMNT 1 QUALITY = 0.0041 
PATH 31 COMPONENT 2 W A L I T Y  = 0.0452 
PATH 31 COMPONENT 3 QUALITY = 0.0037 
PATH 31 COMPONENT 4 QUALITY = 0.0082 
PATH 31 COMPONENT 5 QUALITY = 0.0014 
PATH 31 COMPONENT 6 W A L I T Y  = 0.0041 
PATH 31 COMPONENT 7 QUALITY = 0.024E. 
PATH 31 COMPONENT 8 QUALITY = 0.0823 
PATH 31 COMPONENT 9 QUALITY = 0.0041 
PATH 31 COMPONENT 10 QUALITY = 0.0041 
PATH 31 COMPONENT 1 1  QUALITY = 0.0411 
PATH 31 COMPONENT 12 W A L I T Y  = 1.0000 

PATH 32 CDMPONENT 1 QUALITY = 0.0041 
PATH 32 COMPONENT 2 W A L I T Y  = 0.0458 
PATH 32 COMPOMNT 3 QUALITY = 0.GVW 
PATH 32 COMPONENT 4 QUALITY = 0.0083 
PATH 32 COMPONENT 5 QUALITY = 0.0014 
PATH 32 COMPONENT 6 QUALITY = 0.0041 - - 

PATH 32 COMPOMNT 7 QUALITY = 0.0250 
PATH 32 COMP@NENT 8 QUALITY = 0.0833 
PATH 32 COMPONENT 9 QUALITY = 0.0041 
PATH 32 COMPONENT 10 QUALITY = 0.0041 
PATH 32 COMPONENT 1 1  MJALITY = 0.0416 
PATH 32 COMPONENT 12 W A L I T Y  = 1.0000 

PATH 33 CCIMPONENT I W A L I T Y  = 0.0000 
PATH 33 COMPONENT 2 QUALITY = O.MXK, 
PATH 33 COMPONENT 3 W A L I T Y  = O . O o  
PATH 33 COMPONENT 4 W A L I T Y  = 0.0000 
PATH 33 COMPONENT 5 QUALITY = O.MXK, 
PATH 33 COMPONENT 6 QUALITY = 0.0000 
PATH 33 COMPONENT 7 W A L I T Y  = 0.0000 
PATH 33 COMPONENT 8 W A L I T Y  = 0.0000 
PATH 33 COMPONENT 9 M!AL ITY = 0.0000 
PATH 33 COMPONENT 10 QUALITY = 0.0000 
PATH 33 COMPONENT 1 1  W A L I T Y  = 0.0000 
PATH 33 COMPONENT 12 MJALITY = 1.0000 



TABLE 

PATH 34 COMPDNENT 1 W A L I T Y  = 0.0063 
PATH 34 COMPONENT 2 GUALITY = 0.0633 
PATH 34 C W D N E N T  3 W A L I T Y  = 0.0143 
PATH 34 C O M P W N T  4 GUALITY = 0.0126 
PATH 34 C W D N E N T  5 W A L I T Y  = 0.0022 
PATH 34 COMPONENT 6 GUALITY = 0.0063 
PATH 34 COMPONENT 7 W A L I T Y  = 0.0378 
PATH 34 COMPONENT 8 GUALITY = 0.12E.1 
PATH 34 COMPONENT 3 QUALITY = 0.0063 
PATH 34 CDMPMJENT 10 QUALITY = 0.0063 
PATH 34 COMPDNENT 11 QUALITY = 0.0630 

PATH 35 COMPOW-NT 1 QUALITY = 0.0047 
PATH 35 COMPONENT 2 QUALITY = 0.0517 
PATH 35 COMPONENT 3 QUALITY = 0.0111 
PATH 35 COMPONENT 4 QUALITY = 0.0034 
PATH 35 COMPDMNT 5 QUALITY = 0.0016 
PATH 35 COMPOMNT 6 QUALITY = 0.0047 
PATH 35 COMPONENT 7 QUALITY = 0.0282 
PATH 35 COMPONENT 8 W A L I T Y  = 0.0940 
PATH 35 C.OMPONENT 3 QUALITY = 0.0047 
PATH 35 CDMPONENT 10 QLRLITY = 0.0047 
PATH 35 CDMPONENT 11 QUALITY = 0.0470 

PATH 36 CDMPDMNT 1 W A L I T Y  = 0.0050 
PATH 3E. COMPONENT 2 QUALITY = 0.0552 
PATH 36 COMPONENT 3 OUALITY = 0.0113 
PATH 36 COMPONENT 4 OUALITY = 0.0100 
PATH X COMPONENT 5 QUALITY = 0.0017 
PATH 36 COMPONENT 6 OUALITY = 0.0050 
PATH 36 COMPOMNT 7 QUALITY = 0.0-301 
PATH M COMPONENT 8 QUALITY = 0.1004 
PATH 36 COMPONENT 3 QUALITY = 0.0050 
PATH 36 COMPONEFIT 10 QUALITY = 0.0050 
PATH 36. COMPDNENT 11 QUALITY = 0.0502 

PATH 37 COMPONENT 1 QUALITY = 0.0050 
PATH 37 COMPCJNENT 2 QUALITY = 1.0530 
PATH 37 COMPONENT 4 QUALITY = 0.0100 
PATH 37 COMPONENT 5 QUALITY = 0.3333 
PATH 37 CDMPONENT E. QUALITY = 0.0050 
PATH :37 COMPDNENT 7 QUALITY = 0.7000 
PATH 37 COMPONENT 8 QUALITY = 0.1004 
PATH 37 COMPONENT 10 OUALITY = 0.0050 



PATH 38 CDMPONENT 1 QUALITY = 0.0050 
PATH 38 COMPOMNT 2 GUALITY = 0.0504 
PATH 38 CIFIPONENT 3 QUALITY = 0.0113 
PATH 38 CDMPDNEM 4 GUALITY = 0.0100 
PATH 38 CDMPDMNT 5 QUALITY = 0.0001 
PATH 38 COMPONENT G QUALITY = 0.0050 
PATH 38 CDMPDM'NT 7 QUALI TY = 0.0257 
PATH 38 CDMPONENT 3 QLJALITY = 0.0050 
PATH 38 CDMPOMNT I 1  QUALITY = 0.0502 

PATH 33 COMPONENT 2 QUALITY = 1.0000 
PATH 33 CDMPONENT 5 QUALITY = 0.3933 
PATH 3'3 COMPONENT 8 QUALITY = 0.1004 
PATH 3'3 CDMPONENT 10 QUPILITY = 0.0050 

PATH 40 CDMPONENT 8 QUALITY = 0.0000 
PATH 40 COMPONENT 10 QUALITY = 0.0000 

PATH 41 CDMPONENT 2 QUALITY = 0.0000 
PATH 41 CDMPONENT 5 QLMLITY = 0.0000 
PATH 41 CDMPONENT 8 QUALITY = 0.0000 
PATH 41 C W O M N T  10 GUALITY = 0.0000 

PATH 42 COMPONENT 1 QUALITY = 0.0050 
PATH 42 COMPOMNT 4 QUALITY = 0.0100 
PATH 42 CDMPONENT E. GUALITY = 0.0050 
PATH 42 CDMPONENT 7 GUALITY = 0.7000 

PATH 45 COMPONENT 1 GUALITY = 0.0000 
PATH 45 COMPONENT 4 GUALITY = 0.000 
PATH 45 C W D N E N T  6% GUALITY = 0.0000 
PATH 45 CDMPONENT 7 GUALITY = D.OGi30 

PATH 58 CDMPOMNT 1 NLJM/YR = 787 QUALITY = 0.0000 
PATH 58 COMPONENT 2 MJM/YR = 3'34 QUALITY = 0.0000 
PATH 58 COMPOMNT 4 NUM/YR = 787 QUALITY = 0.0000 
PATH 58 C m P O M N T  5 W / Y R  = 130 QUALITY = 0,0000 
PATH 58 COMPONENT 6 NUM/YR = 787 QUALITY = 0.0030 
PATH 58 CDMPrnENT 7 NUM/YR = 787 QUALITY = 0.000 
PATH 58 COMPOMNT E3 NUM/YR = 156723 QUALITY = 0.0000 
PATH 5D CDMPOtENT 10 NIJM/YR = 7836.1 QUALITY = O . W O  

PATH 59 COMPONENT 1 NUM/YR = 156723 QUALITY = 0.004'3 



TABLE 4.7a (cant.) 

PATH 53 COMPONENT 2 QUALITY = 0.0502 
PATH 59 COMPCQENT 3 QUALITY = 0.0113 
PATH 59 COMPONENT 4 W A L I T Y  = 0.0033 
PATH 59 COMPCQENT 5 W A L I T Y  = O,MX)1 
PATH 59 C W O N E N T  6 G W L I T Y  = 0.0049 
PATH 59 C W O N E N T  7 W A L I T Y  = 0.02E.E. 
PATH 59 COMPONENT 8 QUALITY = 0.- 
PATH 53 C W O N E N T  9 G W L I T Y  = O.M)50 
PATH 53 COMPONENT 10 G W L I T Y  = 0.0000 
PATH 59 COMPCQENT 11 G W L I T Y  = 0.0502 

PATH 60 COMPONENT 1 QUALITY = 0.0049 
PATH 60 COMPONENT 2 QUALITY = 0.0502 
PA'TH 60 C W O N E N T  3 G W L I T Y  = 0.0113 
PATH GO CDMPONENT 4 G W L I T Y  = 0.00'39 
PATH 60 C W O N E N T  5 QUALITY = 0.0001 
PATH E'O CDMPONENT 6 W A L I T Y  = 0.0049 
PATH €.O C W O N E N T  7 G W I T Y  = 0.0266 
PATH 60 COMPONENT 8 W A L I T Y  = 0.0000 
PATH E.0 COMPUNENT 9 QUALITY = 0.0050 
PATH 60 CDMPDNEIVT 10 QUALITY = O.OM)O 
PATH 60 CDMPONENT 11 QUALITY = 0.0502 



TABLE 4.7b 

BASE CASE ANALYSIS FOR AMCOACHES - COSTS* 

PATH 4; COWPONENT 2; PATH COST = 3157601.37 
PATH 4; COMPONENT 5; PATH COST = 3~1.9.3 
PATH 4; COMPONENT 8; PATH COST = 3661247.81 
PATH 4; CWDNENT lo; PATH COST = SIZIE.~~. an 

PATH 5; COMPONENT 1; PATH COST = 331484.82 
PATH 5; COMPONENT 4; PATH COST = 353034.03 
PATH 5; COMPONENT 6; PATH COST = 3314848.21 
PATH 5; COMPONENT 7; PATH COST = 3157424.10 

PATH C W O N E N T  PATH COST = 
PATH COMPONENT PATH COST = 
PATH CMrlPONENT PATH COST = 

PATH COMPONENT PATH COST = 
PATH COMPONENT PATH COST = 
PATH COMPONENT PATH COST = 
PATH COMPONENT PATH COST = 

PATH COMP~ENT PATH COST = 
PATH COMPONENT PATH COST = 
PATH COMPONENT PATH COST = 
PATH C O W W N T  PATH COST = 
PATH COMPONENT PATH COST = 

PATH COMPONENT PATH COST = 
PATH COMPONENT PATH CDST = 
PATH C W U M N T  PATH CDST = 
PATH COWONENT PATH COST = 
PATH COMPONENT PATH COST = 
PATH COMPONENT PATH COST = 
PATH C O M P r n T  PATH COST = 

PATH 33; COMPONENT 2; PATH COST = 3108871.03 
PATH 33; COWONENT 5; PATH COST = 34513.48 
PATH 33; COMPONENT 8; PATH COST = 3587251.03 
PATH 33; COMPONENT 10; PATH COST = 34456.11 

PATH 42; COMPONENT 7; PATH COST = 140780.71 

TOTAL COFS = 32734487.64 

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

values indicate a return to the maintenance system. 



A s  f o r  the Metrol iner ,  t he  t o t a l  of t he  var ious  ind iv idua l  inspec t ion  c o s t s  

i s  considerable.  The t o t a l  c o s t  f o r  t he  pe r iod ic  inspect ions  ( t o t a l  cos t  

f o r  path 32) i s  about $93,000. The t o t a l  c o s t  f o r  t he  terminal  inspec t ion  

i s  about  $381,000. Together, these  inspect ion  c o s t s  amount t o  about 

$474,000. This t o t a l  inspec t ion  c o s t  is  s u f f i c i e n t l y  high t h a t ,  a s  f o r  t he  

Metrol iner ,  i t  ranks wi th in  the f i v e  indiv idual  c o s t s  given above. 



5. CONSIDERATION 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 

maintenance system produced by time or by changes in system characteris- 

tics. The system characteristics can include maintenance policies, labor 

practices, specifications, etc. In making these determinations, a 

sensitivity analysis is 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 Sensitivity Analysis 

The sensitivity analysis is the change in annual maintenance system 

operating cost produced by a change in the value of 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 schematic diagram. In 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. 



TABLE 5.1 

DECISION PARAMETER 

SENSITIVITY RESULTS FOR THE HETROLINER 

Branch 
Node ?;ode * 
- PJumbcr - llunibe r Component S e n s i t i v i t y  ($/%) Parameter  

* 
I f  a s e n s i t i v i t y  r e s u l t  is n o t  g i v e n  f o r  a  component o r  i d e n t i f i a b l e  
subassembly a t  a  node, t h e  s e n s i t i v i t y  i s  $0.00/%. 
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Table 5 . 1  (continued) 

Branch 
Node Node 

Number Number Component Sens i t i v i ty  ($I%) Parameter 



TABLE 5.2 

DECISION PARAMETER 

SENSITIVITY RESULTS FOR THE AMCOACHES 

Branch 
Node Node 

Number Number Component S e n s i t i v i t y  * ($ I%)  Parameter  

* 
I f  a  s e n s i t i v i t y  r e s u l t  i s  n o t  g i v e n  f o r  a  component o r  i d e n t i f i a b l e  
subassembly a t  a  node,  t h e  s e n s i t i v i t y  i s  $0.00/%. 





a n a l y s i s .  For a  component which i s  p a r t  o f  a n  i d e n t i f i a b l e  subassembly 

a t  t h e  node, t h e  component number i s  t h e  lowes t  of t h o s e  compris ing t h e  

subassembly. The s e n s i t i v i t y  i s  g iven  i n  Column 4.  The v a l u e  g i v e n  is 

i n  terms of  d o l l a r s  p e r  p e r c e n t ,  where t h e s e  a r e  d e f i n e d  a s  fo l lows :  

o  The d o l l a r s  a r e  t h e  i n c r e a s e d  t o t a l  annua l  c o s t  f o r  t h e  e n t i r e  

maintenance system d e s c r i b e d  by t h e  schematic  diagram and by 

t h e  a s s o c i a t e d  base  c a s e  a n a l y s i s .  A l l  i n t e r a c t i o n s  among 

f lows and among components a r e  inc luded  i n  t h i s  i n c r e a s e d  c o s t .  

o  The p e r c e n t  r e f e r s  t o  a  one percen t  i n c r e a s e  i n  a  f low on t h e  
* 

p a t h  in tended  f o r  d e f e c t i v e  components. R e f e r r i n g  t o  t h e  

d a t a  g iven  i n  l i n e s  9230 through 9269 ( s e e  Appendix A), t h i s  

pa th  i s  t h e  one  g i v e n  second a t  each node. The one p e r c e n t  

i n c r e a s e  c a n  b e  f o r  t h e  u n i t s  branching t o  t h e  d e f e c t i v e  pa th  

(C d e c i s i o n ) ,  f o r  t h e  d e f e c t i v e  u n i t s  c o r r e c t l y  i d e n t i f i e d  

a s  d e f e c t i v e  (D d e c i s i o n ) ,  f o r  t h e  good u n i t s  i n c o r r e c t l y  

i d e n t i f i e d  a s  d e f e c t i v e  (E d e c i s i o n ) ,  o r  f o r  t h e  number o f  

i d e n t i f i a b l e  subassembl ies  b ranch ing  t o  t h e  d e f e c t i v e  p a t h  

(K$ parameter) .  

That  parameter which has  had its v a l u e  i n c r e a s e d  f o r  t h e  s e n s i t i v i t y  

r e s u l t  is i n d i c a t e d  i n  t h e  l a s t  column of  t h e  t a b l e .  For t h e  K$ 

parameter ,  t h e  symbol "*" is used. 

It i s  t o  be no ted  t h a t  on ly  d e c i s i o n  parameter s e n s i t i v i t y  r e s u l t s  a r e  

g iven  i n  t h e  t a b l e .  Cos t  p a t h  s e n s i t i v i t i e s  a r e  n o t  g iven .  The c o s t  

pa th  s e n s i t i v i t y  is  t h e  change i n  annual  maintenance system o p e r a t i n g  

c o s t  produced by a  1% i n c r e a s e  i n  a  p a t h  c o s t .  Th is  s e n s i t i v i t y  is 

u s e f u l  i n  i n d i c a t i n g  how i n d i v i d u a l  c o s t s  ( r a t h e r  t h a n  maintenance 

* 
The term "defec t ive"  is used merely t o  i d e n t i f y  t h i s  ou tgo ing  p a t h .  



procedures which affect the decision parameters, path flows, and 

qualities) affect the total annual cost. 

The cost path sensitivities can be provided 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 to the left in Tables 

4.5b and 4.7b. This technique is applicable because each cost path sensi- 

tivity is obtained by varying only the unit cost in a given path -- no 
changes in path flows, qualities, or costs on paths other than the one 

under consideration occur. 

To describe the meaning of the decision parameter sensitivity analyses, 

node 11 (branch node 8) can be considered. The first sensitivity result 

given (Table 5.1) is for component 1, which is part of an identifiable sub- 

assembly (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 $7,482,4412. 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 path 42) the total annual Metroliner main- 

tenance cost will increase by $7,482.44. The second sensitivity result is 

$121.35/% and is for a D decision. Consequently, if the number of defective 

pneumatic systems branching to path 39 is increased by 1%, the total annual 

Metroliner maintenance cost will increase by $121.34. 

A similar meaning is associated with the cost path sensitivities. For 

the Metroliner, the cost path sensitivity for component 7 (wheels) on 

path 36 (inspection) is $201.0412. This indicates that a 1% increase 

in that inspection cost produces an annual cost increase of $201.04. 



5.2 Use of t h e  S e n s i t i v i t y  Analyses 

The s e n s i t i v i t y  ana ly se s  can be  used t o  i n d i c a t e  which a s p e c t s  of  

maintenance system o p e r a t i o n  c o n t r i b u t e  s t r o n g l y  t o  c o s t s .  Also,  t h e  

ana ly se s  can i n d i c a t e  which a s p e c t s  r e q u i r e  only small mod i f i c a t i ons  t o  

produce s i g n i f i c a n t  c o s t  reduc t ions .  Both u se s  p rov ide  eva lua t i ons  of  

t h e  c o s t  e f f e c t s  of s p e c i f i c a t i o n s  a s  d i scussed  l a t e r  i n  t h i s  s e c t i o n .  

Those a s p e c t s  o f  maintenance system o p e r a t i o n  which c o n t r i b u t e  s t r o n g l y  

t o  c o s t s  can  be determined from t h e  c o s t  p a t h  s e n s i t i v i t i e s .  .As d i s -  

cussed i n  Sec t i on  5.1, t he se  s e n s i t i v i t i e s  a r e  ob ta ined  d i r e c t l y  from 

t h e  ba se  ca se  c o s t  r e s u l t s  (Tables  4.5b and 4.7b) and c o n t a i n  t h e  same 

in format ion  a s  i s  i n  t hose  r e s u l t s .  The major c o n t r i b u t o r s  t o  c o s t  can 

t h e r e f o r e  be ob ta ined  by cons ide r i ng  Tables  4.5b and 4.7b from e i t h e r  a  

base  c a s e  o r  a  c o s t  p a t h  s e n s i t i v i t y  p o i n t  of view. With r e s p e c t  t o  t h e  

Met ro l iner  and 

. 
Amcoach t r ucks ,  t h e  major c o n t r i b u t o r s  t o  c o s t s  a r e  g iven  

i n  Sec t i on  4. 3 

Those a s p e c t s  of  maintenance system o p e r a t i o n  which f o r  small modifica- 

t i o n s  produce l a r g e  c o s t  r educ t i ons  a r e  t y p i c a l l y  i d e n t i f i e d  from t h e  

d e c i s i o n  parameter s e n s i t i v i t i e s .  A review of  t h e  s e n s i t i v i t y  r e s u l t s  

g iven  i n  Table  5 . 1  i n d i c a t e s  t h a t  important  c o s t - s e n s i t i v e  a r e a s  a r e :  

o  t r ucks  s e n t  t o  maintenance f o r  p e r i o d i c  i n spec t i ons  and 

because of bad-orders a t  t e rmina l s  (nodes 6  and 7) .  The 

s e n s i t i v i t y  f o r  t h e  combination of bo th  nodes g ives  

$8,442.71 per  percen t  s e n t  f o r  maintenance. I n  t he  base  

ca se ,  1745 t r ucks  a r e  s e n t  f o r  maintenance pe r  year  (pa th  

36).  A 1% dec rea se  i n  t h i s  f low (about  17 t r ucks )  saves  

$8,442.71. 

o  t r ucks  i n  t he  shop r e q u i r i n g  maintenance (node 10).  ?his 

s e n s i t i v i t i y  i s  $7774.17/%. I n  t h e  base  c a s e ,  t h e  1745 

t rucks  e n t e r i n g  t h e  maintenance f e c i l i t y  undergo maintenance. 

I f  t h i s  f low i s  decreased  by 1 %  (about 17 t r ucks )  a  savings 

of $7774.17 r e s u l t s .  



o trucks sent to "truck shop" (node 14). These trucks 

contain only primary springs, bearings, frames, axles1 

gear boxes.or motors. Sane of these "stripped" trucks 

require service - the remainder are associated with 
maintenance to the other components in the "car shop." 

The sensitivity is $5,511.151% 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 $3,587.201% of such trucks on path 48. 

o wheelsets sent to the wheel shop for service (node' 22). 

In the base case analysis, 2430 wheel sets (for 1215 

trucks) are sent to the wheel shop. If this flow is 

decreased by 1% (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. Sensitivity numbers are 

presented in column 3. The table shows that a 1% decrease in the number of 

trucks maintained in the maintenance facility produces a cost savings of 

$7,774. 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 $3,5871%. 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 $3,4021%. This 

sensitivity is that associated with maintenance of the wheelsets alone. 



TABLE 5.3 

TBUCK MAINTENANCE COST SENSITIVITIES 

ANNUAL TOTALS 

Maintenance Truck C o s t  c o s t  
R e p a i r s  Components S e n s i t i v i t y  S e n s i t i v i t y  

Requ i red  Main ta ined  $ / P e r c e n t   ruck-1n** 
* 

A l l  In-Shop R e p a i r s  7774 
Secondary S p r i n g s  
Dampers 
A l t e r n a t o r s  
Pneumat ics  
B o l s t e r s  

I * 
I- A f t e r  Above R e p a i r s  
h 
h Motors 

* 
A f t e r  Above R e p a i r s  

Pr imary S p r i n g s  
Frames 

* 
A f t e r  Above R e p a i r s  

B e a r i n g s  
Wheels 
Axles IGear  Boxes 

* 
** Maintenance i n c l u d e s  a l l  components l i s t e d  below t h i s  l i n e .  

Truck-In r e f e r s  t o  t h o s e  t r u c k s  which e n t e r  t h e  service f a c i l i t y  p e r  y e a r  ( i n  t h i s  c a s e ,  1745 t r u c k s ) .  



I n  t he  last  column of t he  t a b l e ,  a c o s t  s e n s i t i v i t y  per  t r u c k  is  given.  

These numbers a r e  those  g iven  i n  Column 3 d iv ided  by 1745 ( t h e  number of  

t r ucks  per  yea r  which e n t e r  t h e  s e r v i c e  f a c i l i t y ) .  

A f u r t h e r  d e s c r i p t i o n  of t he se  s e n s i t i v i t y  r e s u l t s  can be provided 

wi th  a diagram. Such a diagram is g iven  i n  F igure  5.1. This  f i g u r e  

shows, schemat ica l ly ,  t h e  f lows of  t r u c k s  i n t o  t he  s e r v i c e  f a c i l i t y  and 

t o  t h e  va r i ous  maintenance a r e a s .  The s e n s i t i v i t y  a n a l y s i s  r e s u l t s  a r e  

g iven  i n  t h e  boxes which denote  t he  l e v e l s  of s e r v i c e  a c t i o n s .  The 

f i g u r e  shows t h a t  a s  more components have been maintained (toward t h e  

r i g h t  s i d e  of t h e  f i g u r e ) ,  t he  s e n s i t i v i t y  c o s t s  decrease .  This  is t o  

be expected because few maintenance a c t i o n s  occur  as one proceeds from 

l e f t  t o  r i g h t  i n  t h e  diagram. 

The Amcoach s e n s i t i v i t y  a n a l y s i s  r e s u l t s  can be  cons idered  i n  a manner 

s i m i l a r  t o  t h a t  f o r  t h e  Met ro l iner .  From Table 5 .2  t he  s e n s i t i v i t i e s  

f o r  t h e  combination of nodes 6 and 7 a r e  $22,604.42/% ($5,559.63/% + 
$17,044.79/%). This  s e n s i t i v i t y  i n d i c a t e s  t h a t  a 1% decrease  i n  t h e  

number of t r ucks  s e n t  f o r  maintenance ( a  391 t r u c k  decrease)  would save  

$22,604.42. The s e n s i t i v i t y  f o r  node 10  is ,  f o r  t he  Amcoach model, 

g iven  s e p a r a t e l y  f o r  components 2, 5 ,  8 ,  and 10  and f o r  subassembly 1, 

whee lse t s (conta1ning  components 1, 4, 6, and 7 ) .  A 1% decrease  i n  t h e  

number of  whee l s e t s  s e n t  f o r  major s e r v i c e  ( a  dec r ea se  of about  f o u r  

whee lse t s )  would save  $5,751.61. A 1% decrease  i n  t h e  number of 

secondary s p r i n g s ,  s i d e  frames (vear  pads ) ,  b rake  assembl ies ,  and speed 

s e n s o r s / d e c e l o s t a t s  r e q u i r i n g  s e r v i c e  (decreases  of about  5 ,  1, 158, and 
i, 

4 u n i t s ,  r e s p e c t i v e l y  ) would save $2,630.68, $13.88, $12,484.98, and 

* 
The s e n s i t i v i t y  shown i n  Table  5.2 f o r  t he se  components is f o r  a D 
dec i s i on .  Consequently,  t h e  1% decrease  i s  f o r  t h e  number of defec- 
tive u n i t s  i n  pa th  37, n o t  f o r  a 1% decrease  i n  t h e  number of t o t a l  
u n i t s  i n  t h a t  pa th .  
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FIGURE 5.1 SCHEMATIC DIAGRAM OF CAR SHOP FLOWS OF TRUCK MAINTENANCE 
(FOUR STAGES OF REWORK ARE SHOWN WITH ASSOCIATED ANNUAL COST SENSITIVITES) 
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$241.56 respect ive ly .  A 1% decrease i n  the number of wheelsets 

serviced (a decrease of about 35 wheelsets) would save $5,823.19. 

A s  i n  the case of the  Metroliner the s e n s i t i v i t y  analys is  r e s u l t s  

tend to  decrease i n  magnitude with increas ing node numbers. This 

occurs because few maintenance ac t ions  remain t o  be done a s  one 

proceeds through the  schematic diagrams. 

The path cos t  and decis ion s e n s i t i v i t y  r e s u l t s  given above 

ind ica te  the capab i l i ty  of s e n s i t i v i t y  analys is  to  pinpoint  cos t  

consequences of changes i n  the  maintenance system. This capab i l i ty  

i s  re levant  to  spec i f i ca t ions  which may be developed f o r  the  purpose 

of influencing truck maintenance cos t s .  The re l a t ionsh ip  between 

the  s e n s i t i v i t y  analys is  and such spec i f i ca t ions  can be developed 

by considering spec i f i ca t ions  which a r e  i l l u s t r a t i v e  i n  nature.  

One i l l u s t r a t i v e  spec i f i ca t ion  i s  a s  follows. 

A spec i f i ca t ion  is developed which requires  t h a t  some of the truck 

components and assemblies be c e r t i f i e d  o r  undergo acceptance 

t e s t ing .  The spec i f i ca t ion  a l s o  addresses, f o r  the  c e r t i f i c a t i o n  

o r  acceptance t e s t i n g ,  i t s  r e l a t i v e  str ingency f o r  the  various 

components and assemblies. The spec i f i ca t ion  does not  name the  

p a r t i c u l a r  components and assemblies t h a t  a r e  t o  be tes ted  or  

c e r t i f i e d .  Instead,  the  spec i f i ca t ion  requires  t h a t  the  simula- 

t i o n  c o s t  model be applied to  the  truck,  and the  ru les  f o r  t h i s  



* 
a p p l i c a t i o n  a r e  provided. The r e s u l t i n g  base  ca se  and s e n s i t i v i t y  

ana ly se s  a r e  then  used t o  i n d i c a t e  which components most a f f e c t  t h e  

y e a r l y  o p e r a t i n g  c o s t s .  These components a r e  then r equ i r ed  t o  be 

c e r t i f i e d  o r  t o  be sub j ec t ed  t o  t e s t i n g .  The base  ca se  and s e n s i -  

t i v i t y  a n a l y s i s  a l s o  sugges t  t he  reasons  why t h e s e  components have 

t h e  p ropo r t i ona t e ly  high o p e r a t i n g  c o s t s .  This  in format ion  is used 

t o  s e l e c t  t he  p a r t i c u l a r  c e r t i f i c a t i o n  procedure o r  accep tance  tests 

t o  be  used f o r  t he  components. 

The a p p l i c a t i o n  of  t h i s  i l l u s t r a t i v e  s p e c i f i c a t i o n  t o  t he  Me t ro l i ne r ,  

f o r  example, need i nvo lve  on ly  t h e  pa th  c o s t  s e n s i t i v i t i e s  ( a s  'opposed 

t o  t h e  d e c i s i o n  parameter s e n s i t i v i t i e s ) .  Re fe r r i ng  t o  t h e  s e n s i -  

t i v i t y  d i s cus s ion  i n  Sec t i on  5 .2  and t o  t he  base  ca se  r e s u l t s  i n  Sec t i on  

4.3, i t  can be s een  t h a t  t h e  f o u r  most impor tan t  pa th  c o s t  s e n s i t i v i t i e s  

a r e :  

o  b rake  c o s t  replacement 

o  major overhaul  of  t he  t r a c t i o n  motors 

o  gear  box replacement  

o  in-shop i n s p e c t i o n  c o s t s .  

* 
The ba se  ca se ,  a t  i t s  s imp le s t ,  would be developed f o r  the  expected 
s t e ady - s t a t e  maintenance o p e r a t i o n  of  t h e  t r uck .  The term steady-  
state r e f e r s  t o  t h e  t i m e  a f t e r  t he  i n i t i a l  run-in o r  break-in per iod  
f o r  a l l  t r u c k  components has  been passed.  I f  only t h i s  s t e a d y - s t a t e  
c a se  is  of i n t e r e s t ,  it i s  gene ra l l y  n o t  necessary  t o  u se  t he  simula- 
t i o n  c o s t  model i n  i t s  s im u la t i on  mode. (A s p e c i f i c a t i o n  which r e f e r s  
t o  s t e ady - s t a t e  maintenance o p e r a t i o n  of  t he  t r uck  should  d e f i n e  t h e  
time by which such o p e r a t i o n  i s  t o  occur  o r  w i l l  b e  cons idered  t o  have 
occurred.)  For t h i s  base  case ,  i t  might be  d e s i r a b l e  t o  set up t h e  
model u s ing  on ly  t he  s t r a i gh t fo rwa rd  C parameter ( r a t h e r  than  t h e  D 
and E parameters ) .  The base ca se  would cons ider  on ly  scheduled o r  
expected maintenance. This  scheduled maintenance should be t h e  same 
a s  t h a t  g iven  i n  t he  maintenance manuals f o r  t h e  t ruck .  



Consequently, brakes, motors, and gearboxes would be se lec ted for  the 

most s t r ingen t  c e r t i f i c a t i o n  o r  acceptance t e s t ing .  Brakes might be 

c e r t i f i e d l t e s t e d  fo r  wear performance. Traction motors and gearboxes 

could be c e r t i f i e d l t e s t e d  fo r  length of time between scheduled 

servic ings  and could be s tudied fo r  redesign t o  decrease required labor .  

The in-shop inspection cos ts  would generally not  lead to  acceptance 

t e s t i n g  o r  c e r t i f i c a t i o n .  However, the reduction of these cos ts  for  

s p e c i f i c  components could be considered a s  p a r t  of the c r i t e r i a  used fo r  

t h e i r  acceptance. 

A r e s u l t  of t h e  c e r t i f i c a t i o n  andlor t e s t i n g  process would be to  e f f e c t  

an  increase i n  the qua l i ty  of only the  high maintenance components o r  

assemblies. Another r e s u l t  would be t o  demonstrate tha t  an increase i n  

the qua l i ty  of the high-maintenance-cost components or assemblies i s  not 

necessary and t h a t  t h e i r  maintenance cos ts  w i l l  a c tua l ly  be lower than 

predicted by the  mainta inabi l i ty  model. 

The decision s e n s i t i v i t i e s  can be considered by using a second i l l u s t r a -  

t i v e  spec i f i ca t ion .  This spec i f i ca t ion  requires  t h a t  the maintenance 

methodology i s  used to  s e t  the minimum times f o r  scheduled and expected 

maintenance operations.  To do so, the simulation cos t  model is applied 

t o  the  truck a s  i n  the  previous i l l u s t r a t i o n .  The s e n s i t i v i t y  analys is  

is used to  ind ica te  which maintenance in te rva l s  contr ibute  strongly t o  

cos ts  and, consequently, a r e  t o  be lengthened. The amount t h a t  these 

maintenance in te rva l s  a r e  t o  be lengthened 
* 

to  produce t a r g e t  maintenance 

cos ts  a r e  obtained from the model. 

* 
The spec i f i ca t ion  can require  t h a t  the  maintenance i n t e r v a l s  be s e t  to  
produce scheduled yearly maintenance cos ts  which a r e  a given f rac t ion  
of the o r i g i n a l  purchase p r i ce .  The spec i f i ca t ion  would a l so  have to  
address the cos ts  f o r  unscheduled maintenance (maintenance not associated 
with the periodic inspections).  These cos ts  must be kept low, perhaps 
below a c e r t a i n  f r a c t i o n  of the scheduled and expected maintenance cos ts .  
This requires  tha t ,  between the scheduled and expected maintenance times, 
the  p robab i l i t i e s  of f a i l u r e  must be small.  



In applying this illustrative specification, nodes 4 and 6 can be 

considered. At node 4, brake shoes are scrapped. The scrapping occurs 

because of the finite life 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; specifically, the additional average life of the brake 

shoe, X, can be calculated from 

488 shoes . 161000 mileslshoe year = 
+ 19589 -196 (4000 X) mileslshoe 

where the flow 19;589 shoeslyear are those in the base case analysis. 

From this expresion, there results X = 51.4 mileslshoe. Another value 

for the additional average shoe life can be computed similarly. To do 

so, the desired annual scrap flow of brake shoes must be established 

from the sensitivity analysis result and from the target 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 maintenance at approximately every other in- 

spection. The sensitivity at this node is 6421.411% 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 number of days increase in the average time between such 

servicings can be computed from 

1 
365 . Number of trucks in population . 
Base case annual flow on path 34 

at node 6 



The increased average time computed from t h i s  expression is the required 

increase i n  the average maintenance-free service  l i f e  of the truck. In  

pract ice ,  t h i s  increase can bes t  be obtained by ident i fy ing those com- 

ponents which a r e  most frequently bad-ordered during the periodic inspec- 

t ions .  These components control  the f l o v  on path 34; therefore,  increasing 

the average maintenance-free service  l i f e  of the truck i s  bes t  accomplished 

by giving them f i r s t  consideration. 

5 .3  Simulation of Maintenance Cost Trends 

The capabi l i ty  t o  simulate (or  predic t )  truck cost  and usage i s  a powerful 

fea ture  of the SCM technique. I n  the present sect ion,  the  s i m l a t i o n  

fea ture  i s  exercised i n  order to  i l l u s t r a t e  t h i s  mode of SCM operation. 

The s i t u a t i o n  which i s  considered f o r  the i l l u s t r a t i o n  is described i n  the 

following paragraphs. 

I t  i s  desired to  estimate the t r ans ien t  cos t  behavior of a new truck. When 

the use of t h i s  truck s t a r t s ,  a l l  the components a r e  new. A s  time proceeds, 

and the  trucks age, defect ive  uni ts  appear. These a r e  serviced o r  scrapped, 

and reworked o r  new components a r e  returned t o  service.  As time proceeds, 

fur ther  addi t ional  components become defect ive  and require  replacement o r  

service .  However, the r a t e  of increase i n  the flow of defect ive  components 

decreases as  the  population becomes a mixture of newerlserviced uni ts  and 

olderlunserviced uni ts .  Eventually a steady s t a t e  s i t u a t i o n  r e s u l t s ,  

i n  which the r a t e  a t  which components become defect ive  reaches a constant 

value and the associated service/replacement r a t e  a lso  becomes constant. 

A t  l a t e r  times no changes i n  maintenance ra tes  or i n  annual cos ts  occur 

unless some change takes place i n  the maintenance system. Such a 

change could be produced by i n f l a t i o n ,  maintenance policy a l t e r a t i o n s ,  o r  

differences i n  r e l i a b i l i t y  between those components sent  fo r  maintenance 

o r  sci-apping and those returned to  service.  



For the  simulation used i n  the  i l l u s t r a t i o n  below, the  t r ans ien t  cos t  

behavior during the time between the  new t ruck condit ion and the  steady 
* 

s t a t e  truck condit ion i s  t o  be estimated. The i l l u s t r a t i o n  i s  based on 

the  following considerat ions and assumptions: 

o the  t ruck being t r ea ted  i s  the  Metroliner t ruck 

o the  cos t  and operat ion of the  Metroliner system i n  s teady 

s t a t e  a r e  given by the  base case analys is  of Section 4.3 

o 61 c a r s  a r e  i n  the Metroliner f l e e t  - t h i s  number of ca r s  remains 

unchanged throughout the  simulation e . ,  a l l  ca r s  a r e  new and 

s t a r t  s e rv ice  simultaneously a t  the  s t a r t  of the  simulation).  

o the  d i s t r i b u t i o n  which describes,  f o r  each component, t he  

occurrence of de fec t s  is Weibull. (Only one de fec t  mode e x i s t s  

f o r  each component.) The parameters ** f o r  t h i s  d i s t r i b u t i o n  and f o r  

each component have constant  values. 

o scheduled maintenance is d i s t r i b u t e d  uniformly over the  maintenance 

i n t e r v a l  (e.g., f ive-year replacement o f ,  say,  secondary spr ings ,  

i s  not  made simultaneously f o r  the  whole f l e e t  - the replacements 

a r e  spread out  over the  f ive-year period.) 

o the  simulation i s  made i n  terms of constant  (1977) do l l a r s .  

* 
This i l l u s t r a t i o n  i s  se lec ted  because the  e a r l y  l i f e  of a truck is l i k e l y  
t o  be of i n t e r e s t  t o  a user  of the  SCM i n  i t s  simulation mode. I n  addit ion,  
requirements f o r  simulations of e a r l y  t ruck l i f e  coats  and usage could be 
made par t  of t ruck speci f ica t ions .  

** 
Such a d i s t r i b u t i o n  can be used t o  represent ,  f o r  a component, e i t h e r  
" infant  mortal i ty" o r  "wearout behavior" - not  both simultaneously. 



I n  order t o  produce the s i m l a t i o n ,  da ta  beyond those needed f o r  the base 

case analys is  are  required. These data  a r e  

o the two Weibull parameters f o r  each component 

o the  i n i t i a l  values of the  s t a t e  var iables  - population s ize ,  

representa t ive  age, and qua l i ty  (proportion defective) - f o r  

each component 

o the length of time fo r  the simulation and the  in tegra t ion  s t e p  s i z e  

and were determined as  followa: 

The Weibull parameters required a r e  P ( the  Weibull s lope) and a ( the  

c h a r a c t e r i s t i c  l i f e )  f o r  the defect  mode associated with the component. 

The value of the quant i ty  B determines whether the  component has an " infant  

mortal i ty" defect  behavior o r  a "wearout" defect  behavior. Infant  mortal i ty,  

which occurs when Pel, means a decrease with time of the  r a t e  a t  which 

defects occur. Wearout, which occurs when @>I,  means an increase  with 

time of the  r a t e  a t  which defects  occur. For the  Metroliner truck,  data  

s u f f i c i e n t  t o  provide values f o r  P were not avai lable .  However, mechanical 

components typ ica l ly  have wearout behavior. For example, defects  such as  

those produced by spa l l ing ,  fa t igue,  and wear a r e  associated with B values 

of about 2 o r  larger .  For t h i s  reason, t h e  B value f o r  each component was 

taken t o  be 2. 

Determination of the values f o r  u was more complex. As f o r  t h e  P values, 

s u f f i c i e n t  da ta  f o r  the  Metroliner t ruck were not  available.  However, 

t h i s  d i f f i c u l t y  was overcome by using the  assumption t h a t ,  a s  the  simulation 

time increases ,  a steady s t a t e  maintenance system behavior i s  produced 

and is  t h a t  given by the  base case analys is  of Section 4.3. Consequently, the  

following computations could be made: 

- I n  the base case analys is ,  the  steady s t a t e  representa t ive  age 

of each component's population was computed. 

- I n  the  resu l t ing  base case analys is ,  the  value of a f o r  each com- 

ponent was then computed such t h a t  i t s  population qua l i ty  (propor- 

t i o n  defect ive)  would be i n  steady s t a t e .  



The resu l t ing  values of a a re  given l i n e s  9630 - 
* 

9632 of the  Metroliner 

program (see Appendix A ) .  

The i n i t i a l  values of the  s t a t e  var iables  a r e  those' a t  which the  

simulation s t a r t s .  Since a l l  trucks a r e  taken t o  be present and i n  

se rv ice  a t  t h i s  i n s t a n t ,  t he  population s i z e  f o r  each component is 

the  same as  t h a t  i n  the  base case. However, the representa t ive  age and 

qua l i ty  (proport ion defect ive)  f o r  each component must be 0 a t  t h i s  

ins t an t .  

The length of time f o r  the  simulation and the  i n t e g r a t i o n  s t e p  s i z e  a r e  

determined by the  Weibull c h a r a c t e r i s t i c s  of the  components. The 

length of time should be longer than the  c h a r a c t e r i s t i c  l i f e  of any com- 

ponent i n  o rde r  tha t  the  e n t i r e  t r ans ien t  can be obtained. For the  

simulation below, 5 years was used. The in teg ra t ion  s t e p  s i z e  must be 

small i n  comparison t o  the  smal les t  c h a r a c t e r i s t i c  l i f e .  For the  s i m l a -  

t i o n  below, 0.05 years was used. This s t e p  s i z e  i s  not  smaller  than the 

c h a r a c t e r i s t i c  l i f e  o f  the  brakes. Consequently, the  dynamic c o s t  behavior 

of the  brakes was not  included e x p l i c i t l y  i n  the simulation ( i .e . ,  t he  

s h o r t  i n i t i a l  t r ans ien t  associated with the brakes was bypassed by con- 

s t r a i n i n g  ** t he  rapid development of steady s t a t e  brake c o s t  and brake usage 

behavior). 

Results o f  the  simulation a r e  shown i n  Figures 5.2 - 5.4. Figure 5.2 gives 

the  annual maintenance c o s t  versus time fo r  the  Metroliner truck. The 

annual c o s t  can be seen t o  s t a r t  a t  $95,000 when a l l  t h e  trucks a r e  new. 

* 
The steady s t a t e  value of the  representa t ive  age f o r  each component 
is given i n  l i n e s  9610 - 9615 of t h a t  program. 

** 
A smaller  s t e p  s i z e  could have been se lec ted  such t h a t  the  dynamic cos t  
behavior of brakes would have been obtained. However, t h i s  was not  des i r -  
able  because o f  the increase i n  computer time required f o r  the  simulation. 
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Component Ident i f icat ion 

1 Primary Springs 
2 Secondary Springs 
3 Dampers 
4 Bearings 
5 Frames / Component 6 
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10 Alternators 
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T I M E  AFTER START OF SERVICE (YEARS) 
FIGURE 5.4 SIMULATION RESULTS FOR METROLINER TRUCK MAINTENANCE COSTS AND OPERATIONS 



This $95,000 i s  composed primari ly of inspection cos ts .  As time 

proceeds, the  annual cos t  r i s e s  rapidly  a s  the  c o s t s  f o r  brake replacement 

reach' t h e i r  s teady s t a t e  values. Cost f o r  o the r  components e n t e r  the  

p ic tu re  more slowly. Af ter  severa l  years pass - say 4 - the maintenance 

system i s  e s s e n t i a l l y  i n  the  steady s t a t e  given by the  base case  analys is  

of Section 4.3. A t  t ha t  time, the  annual maintenance c o s t  i s  about 

$105 mill ion.  

Figure 5.3 gives the  scrap  r a t e s  a s  a function of time. A l l  components 

s t a r t  ( a t  the  new truck,  i n i t i a l  time point ) ,  with a zero scrap  ra te .  As 

time progresses,  the  scrap  r a t e s  increase  gradually and, within about 4 

years,  approach t h e i r  s teady s t a t e  values. Some components (e.g., 1, 2, 6, 

9) tend t o  reach t h e i r  s teady s t a t e  values rapidly  (wi th in  about 2 years): 

Others (e.g., 3 and 7) take longer f o r  t h i s  t o  occur. Component 4 has a scrap 
*

r a t e  which, a f t e r  about 1.7 years,  i s  higher than t h a t  given by i t s  asymptote. 

Figure 5.4 gives the  representa t ive  age f o r  each component a s  a function 

of time. This is not the  ac tua l  age of the  component -- it i s  the  time 

(averaged over the  component's population) measured from the  time t h a t  

the  component was serviced (reworked o r  replaced). From the  p lo t ,  i t  can 

be observed t h a t  component 8 reaches i t s  s teady s t a t e  representa t ive  age 

of 0.025 years rapidly.  Component 7 reaches i t s  s teady s t a t e  representa t ive  

age s h o r t l y  the rea f t e r ,  followed by components 12, 4,  9, e tc .  Component 6 

reaches i t s  s teady s t a t e  representa t ive  age most slowly, but  s teady s t a t e  ** 
has e f f e c t i v e l y  been reached wi th in  t h e  4.5 years covered by t h e  p lo t .  

* 
The scrap r a t e  f o r  component 8 (brakes) is not  p lo t ted .  This r a t e  s t a r t s  
from zero and rapidly  (within a few months) approaches i t s  asymptotic value 

** of 19589 un i t s  per year. 

One o the r  l i n e  is given i n  Figure 5.4. This l i n e  is l abe l l ed  the  "no- 
maintenance" l ine .  It describes the  representa t ive  age behavior o f  a com- 
ponent which i s  never serviced (reworked o r  replaced). For such a com- 
ponent, i t s  representa t ive  age must increase  a t  the  r a t e  of one year  per 
year  of se rv ice  l i f e .  

 



The i l l u s t r a t i v e  r e s u l t s  presented above can be supplemented, a s  des i rable ,  

by other r e s u l t s  from the  simulation. These addi t ional  r e s u l t s  include 

the  va r i a t ion  with t i m e  of a l l  path flows, a l l  path representa t ive  ages, 

a l l  path q u a l i t i e s ,  and a l l  path cos ts .  I n  addi t ion,  cases d i f f e r e n t  

from the one presented can be considered. These cases could t r e a t ,  fo r  

instance,  the gradual introduction of the new trucks t o  service ,  the re- 

placement of components with un i t s  having improved r e l i a b i l i t y  character-  

i s t i c s ,  the va r i a t ion  of ra i l road maintenance pol ic ies  with time, the  

e f f e c t s  of cos t  changes (including i n f l a t i o n ) ,  e t c .  It might a l so  be 

des i rable  t o  consider the e f f e c t s  of relaxing or changing some of the 

considerations and assumptions given e a r l i e r  i n  t h i s  sect ion.  



6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The maintenance methodology f o r  the  evaluation of a l t e r n a t i v e  high speed passen- 

ger t r a i n  trucks has been successful ly  developed. I n  addit ion,  the  methodology 

-- simulation c o s t  modelling (SCM) -- has been applied t o  two present-day trucks: 

the k t r o l i n e r  truck and the Amcoach truck. These appl ica t ions  have indicated 

that :  

o the SCM technique can be applied d i r e c t l y  t o  various trucks having 

d i f f e r e n t  maintenance pract ices  

o the BASIC computer program f o r  the SCM i s  complete, debugged, and 

is e f fec t ive ly  independent of the truck being evaluated 

o da ta  s u f f i c i e n t  t o  run the SCM can be obtained 

o the base case ana lys i s  and associated s e n s i t i v i t y  analys is  can be 

used t o  iden t i fy  major maintenance c o s t  areas  and components and 

t o  implement associated truck speci f ica t ions  

o the simulation capab i l i ty  of the SCM can be employed t o  evaluate 

truck maintenance c o s t  behavior and operation behavior which 

vary with time 

In  conducting the  work, addi t ional  conclusions were reached. mese  are:  

o a l a rge  number of present-day and near-term trucks e x i s t  t o  which 

the SCM maintenance methodology can be applied. Such appl ica t ion,  how- 

ever,  requires  tha t  the d e t a i l s  of t h e i r  maintenance pract ices  be 

ava i l ab le  and that  these be c a s t  in to  quan t i t a t ive  terms 

o the schematic diagram (which character izes  the maintenance 

pract ices  of a r a i l road  fo r  a truck) can be constructed 

i n  large  pa r t  by combining the operational  framework f o r  the 

ra i l road  with the maintenance character iza t ion fo r  the  truck. 



o the  schematic diagram should 'be constructed with and be re- 

viewed by persons knowledgeable i n  the  actual  o r  planned 

maintenance operation 

o approximate data  fo r  t ruck maintenance operations can readi ly  be 

obtained from maintenance personnel, published l i t e r a t u r e ,  summaries 

of maintenance records, manufacturers, the FRA, and theAAR, e tc .  

Obtaining more accurate data requires deta i led  review of maintenance 

records o r  gathering of maintenance da ta  i n  the  f i e l d  

o the  base case, s e n s i t i v i t y  analyses, and other resu l t s  from the SCM 

can be used t o  check e r ro rs  i n  data  entry  t o  the  computer program and 

t o  ascer ta in  t h a t  the input data  values a r e  reasonable 

o the  base case, s e n s i t i v i t y ,  and other  r e s u l t s  from the  SCM can ind ica te ,  

quant i ta t ively ,  maintenance system changes which produce t a rge t  benef i ts  

established by specif ica t ion 

6.2 Recommendations 

On the  basis of the  work performed, i t  i s  recommended tha t  the  following areas 

be considered f o r  fur ther  a t tent ion:  

o The usefulness and app l icab i l i ty  of the  SCM for the  maintenance 

of high speed passenger t r a i n  trucks was necessari ly ascertained on 

the  bas is  of a limited exposure t o  knowledgeable members of the 

industry. I t  i s  therefore suggested tha t  t h i s  methodology be presented 

t o  and reviewed by a l a rger  portion of the  industry. Such appraisa l  

would be valuable t o  determine modifications des i rable  i n  the  SCM and 

t o  assess  the  manner i n  which the  methodology would b e s t  be applied t o  

general use. 

o Only two trucks could be considered within the  scope of the present 

e f f o r t .  Application of the  SCM t o  other trucks may be desirable.  

?his would allow study of the maintenance differences among various 



t ruck types. Also, such application would indicate  the  d e s i r a b i l i t y  

of modification t o  the  maintenance methodology. 

o The amount of data and accuracy of the data obtained f o r  two trucks 

considered were necessar i ly  res t r i c ted  by the scope of the work. 

More accurate and more complete data s e t s  should be obtained p r io r  

t o  any addit ional consideration of the maintenance costs  f o r  the 

two trucks. 

o The number of components which were taken to comprise the  trucks 

were a l s o  necessar i ly  r e s t r i c t e d  by the scope of the work. I t  is 

suggested tha t  the trucks be represented by more subassemblies and 

components i n  subsequent applications of the SCM t o  the two trucks. 

I n  the present appl icat ion of the SCM, several  assemblies were 

iden t i f i ed  by the  s e n s i t i v i t y  analyses as involving re la t ive ly  high 

maintenance costs.  Zhe more deta i led  representation of the  trucks 

should therefore  include t rea t ing  a t  l e a s t  these assemblies i n  

terms of t h e i r  subassemblies and/or components. 

o As  an a l t e r n a t i v e  t o  t r ea t ing  the  e n t i r e  truck i n  terms of more 

components, the maintenance of each major assembly of i n t e r e s t  could 

be t reated separately by the  SCM. I n  t h i s  way the  need f o r  including 

the maintenance d e t a i l s  f o r  the other assemblies i n  the t ruck would 

be avoided. This approach is suggested f o r  cases where a very de- 

t a i l e d  maintenance cos t  evaluation f o r  a portion of the  truck i s  

desired. 

o The present application of the  SCM required that  each component 

considered possess one e f fec t ive  defect  mode. Most components and 

assemblies generally have several  defect  modes. These defect modes 

can generally e n t a i l  d i f fe ren t  treatment by the  maintenance system. 

I t  i s  therefore suggested tha t ,  i n  the event deta i led  simulations a r e  

desired,  the SCM be modified t o  allow several  defect  modes per 

component. 



APPENDIX A 

USE OF SIMULATION COST MODEL (and Auxiliary) PROGRAM 

AND PROGRAM LISTINGS 

This sect ion describes the manner i n  which the simulation cos t  model i s  

employed by the user. The sec t ion  indicates ,  with the Metroliner truck 

a s  an example, the data  which the user must provide, where the  data  are  

entered i n t o  the program, and the way tha t  the user i n t e r a c t s  with the 

program. I n  addit ion,  the sec t ion  includes a l i s t i n g  of the computer 

program with the Metroliner data  and a l i s t i n g  of the  equivalent Amcoach 

data. These l i s t i n g s  show i n  d e t a i l  where the data  a r e  located i n  the 

program and what form the data must take. A t  the end of the sect ion,  a 

l i s t i n g  i s  a l so  given of the aux i l i a ry  program used to  compute decision 

parameter values from raw flow data. That l i s t i n g  i s  followed by a 

descr ip t ion of typical  use of tha t  program. 

The simulation cost  model and the program which computes the decision 

parameter values from raw flow da ta  were developed t o  run on a Wang mini- 

computer. Accordingly, the programs a r e  i n  BASIC, a widely used computer 

language. Because of the features of the  Wang, the programs feature  user- 

machine in te rac t ion  during program execution. 

I t  i s  t o  be noted tha t  the minicomputer must have ce r t a in  c a p a b i l i t i e s  

i n  order t h a t  the simulation cos t  model can be run fo r  e i t h e r  the Metroliner 

o r  Amcoach trucks. These c a p a b i l i t i e s  a r e  

o 32K bytes of core memory 

o floppy disc  s torage (of the 1023 d i sc  sec to r s  avai lable ,  

sec tors  501 t o  1023 a r e  used fo r  ac t ive  memory) 

o hard copy (paper) output -- not necessary but des i rable .  



Simulation Cost Model (Table A.1j 

The data  required by the program cons i s t  primarily of values f o r  decision 

parameters, u n i t  path cos t s ,  parameters indicating topology and rework 
* 

locations (on the schematic diagram), and s t a t e  variables.  These data 

requirements and the ent ry  of the data i n t o  the program a r e  considered 

next. 

The decision parameter values a r e  entered in to  the program i n  subroutine 01 

(program l ines  lxxx -- see  program l i s t i n g ) .  To do t h i s ,  the branch nodes 

. a r e  numbered sequent ia l ly .  The data f o r  branch node 1 (REM B 1 i n  the 

program) a r e  placed on l i n e  1040. Succeeding branch node decision parameter 

values a r e  placed on l i n e  number y, where y is  calculated from y = 1020 + 
20-(branch node number). For a given branch node, data  may a l so  be entered 

on any l i n e  between 1020 + 20.(branch node number) and 1040 + 20.(branch 

node number). I f  da ta  fo r  more than 31 branch nodes a r e  t o  be entered,  

addi t ional  l i n e  numbers 1660, 1680, e t c .  can be used. These addi t ional  

l i n e  numbers mst then a l s o  appear i n  l i n e  1030 (e.g.. 1030 X 1  = X - 30: 

ON X 1  GOT0 1640, 1660, 1680, e t c . ) .  Af ter  the l a s t  da ta  value fo r  a given 

branchaode appears, the statement GO TO 1860 must occur. 

** 
The da ta  fo r  any branch node must conform t o  the format shown i n  the follow- 

ing examples : 

(1) A C value of 0.1234 for  component 8 is  entered as C(8) = 0.1234 o r  

C(8) = 1.234E-01. 

* 
The s t a t e  var iables  are ,  for  each component, i t s  population s i z e ,  represen- 
t a t i v e  age, and qua l i ty  (proportion defect ive  i n  the population) fo r  the 
base case (reference year i n  a simulation).  

** 
There a r e  no column 

-- 
o r  spacing requirements. The statement REM xxx: in -  

d ica tes  a remark the computer ignores a l l  material  between the l e t t e r  
M and the colon. 



TABLE A. 1 

SCM PROGRAM LISTING WITH METROLINER DATA 

I DEF'FN' oon~..:r:~rsm z REM M M b M M b Q * 9 w n Q Q M H Q Q Q Q M M - m -  REM 
4 REM Q SSmJL-ATION M-L PRrJGRAM Q REM 
6 REM M Q ~ ~ Q . ~ M - . H M I Q Q R Q ~ M H I + M M M ~ ~ Q Q Q ~ M W ~ M M  R M  
R REM Q METRCILTMR DATA MODEL LAST REVISON DATE -- 2/78 
10 REM Q . l t w . 3 i Q * * M M M , M I M U Q Q * M U M M . M I Q * -  REM 
I RElq 
I 2  RE19 
I 5  SELFCT PRINT  (?05(64):SELECT L I S T  WLi(G4) 
a> Dll l r  N(li?),NX(12),~(12),A(12),A8(1?),A9(12),B1(12),B(12) 
30 D l M  R(12,3),A1(12),N1(12),(31(12),C(12),D(12),E(1~),G(12) 
40 D I M  Z(36),!5(36),D1(3C,),K(X),L(K~),M(X~),0(12),(38(12),G3(12) 
50 D I M  G3i(7i?)~4,C%(~)1,I<%(12)1,1%2,D51,I76:1,K7%(12)1 
60 Gf lTf l  3000 
70 REM 
80 RE# 
I00 E F F N ' I I ( Y , W , I ' Z )  
110 Y=438+3*Y: IF  Y>=S01 ' T K N  Pi??: S T I F  'SECTDR ERROR !" 
120 SF ra=urM THEN 160: m (w.l.1)  GOT^ 130,140,11io 
130 DATA LOAD DA T(Y,Y)  N O , A O , Q O :  RETLRN 
140 DATA L.OAD DA T(Y,Y)  N R O , A 8 0 , ( 3 8 0 :  RETURN 
I50 DATA L.l'MD DA T(Y,Y)  N 3 O , A 9 0 , 0 3 0 :  RETURN 
I60 ON (W.l.1) G m f l  170.180,190 
I70 DATA SAW DA T(Y,Y) NO A 0 0  RETLIRN 
IRO DATA SAW: DA T(Y,Y)  NH(I,A~o,Q~o: RETURN 
x r n  MTA SAVE M T(Y,Y)  N ~ O , A ~ O , ~ O :  RETURN 
K X )  I.EFFN'O3: RE.=l: I F  R<> l  THEN 210:RETLMN 
210 F!X' K=1 TO =: I F  K%(K)C.:.'Q' THEN 2130 
?i?O R6=R6*( l .-N1 ( K  ) ) 
r130 NEXT K: IF  RE.C>l THEN Z40: RETLjli'IV 
240 R6= 1 -R6: 08, X 1 =R6 
245 SF XC::.S? T W N  250: I F  1<76:(K7) <>."*' TI-EN 250: U7=SGN(O.S+lOE.- 
&.-RE.) : R6=RG+U?*(>.OlW6: X l = R 6  
250 FDR K=1  Tfl MZ: IF  K%(K)C>"Q" TI-EN 3313 
260 N2=1.-N.l(lO + I  ,OE-259SGN( -0.5+N1 ( K )  ) 
F55 N3=NI(K)+l.OE-25*SGN(0.5-Nl(K)) 
270 I F  A I ( I O ~ : l / N 3  THEN 280: A I ( K ) = l / N 3  
280 I F  W l ( K ) < I / N 3  TI-EN F#): f l l ( I < ) = l / N 3  
Fi0 H6=T)B 
300 A1(K)=A1(K)QN1(K)/R6~I~((1-N1(K)*A~(K))/Ni3)*(1-N1(tO/R6) 
.K)S (31(IO=W1(K)QNI(K~/R6+((1-N1(K)Wl(K))/N~)Q(1~~~N1(IO/RG) 
320 R6=XP: N1 (I< )=RC 
330 NEXT I< 
340 RETLRN 



TABLE A. 1 (cont.) 

I 0 0 0  DEFFN'OI (X,R,S,T) 
1010 IF X>.30 T E N  1030 
1020 MJ X GOTD 1040, 1~,1080, 1100, 1Im, 1140,1160,1180,1K#) 

,12ZO,1240,1X~0,1280,1300,1~, 1340,13€.0, I=, 14W, 1420 
1440,1460,1480,1500,15Z0,1540,1560,1580,1EM),1~ -

- I & 30 X I  X 30: DN XI GDTD 1640 := 
1 0 RIM B -' I: Ct 1)=12.0 :C9 = I  :GOTO I8€Q w  
1 h R E M B  2: C( 1)=2€,3.3 :C9 =I :GOT0 1860 
1080 REM B 3: C( 1)=&3.3 :C3 =l  :GOTO 1860 " 
1100 REM B 4: C( a)=-1.0 :D( 8)=1.00 :E( 8)=0 :GOTO 18EQ C' 

1120 REM B 5: INIT(2A)KBO :MAT C=CON:PTAT C=(.05)9C :GOTO 18Cj04 
11.40 REM B 6: INIT(ZA)K$O: HAT C=CON:PIAT C=(-1.OO)W :MAT D> 
c()J:MAT D=( .045)W:MAT E=CDN:PIAT E=( .MXXXX)5)3E :GOT0 IK70 
11M) REM B 7: INIT(2A)KBO: P(AT C=CDN:PWT C=t-1.0019C :PIAT D= 
CdN:MAT D=tl.)W:PIAT E=CDN:HAT E=(.87)+E : GOTO 1860 
1180 R W  B 8: C( I)=-.l :D( 1)=1.0000W)r3 :E( 1)=.3389333E.4 

1184 REM B 8: Ct 5)=-I :D( 5)=1.MXX)000 :Et 5)=.3330118M 
: Ct 6)=-1 :D( 6)=l.MX)o :Et €.)=.m00%03 " 

1186 REM B 8: C( 7)=-1 :D( 7 ) = 1 . ~ ~  :E( 7)=.934077830 
1188 REM B 8: C( 3)=-1 :D( '3)=.3541€633 :E( 3)=0 C 

1 1 9 0  REM B 8: Ctll)=-1 :D(ll)=1.0000000 :E(11)=.938933360 
: Ct 12)=-1 :Dt 12)=1.0000000 :E(12)=.9%313043 

1192 REM B 8:KSt1),KS(2),K$t4)IKB(5),K$(6),K$(7),~%(8),~$tll),~ 
3(12)='*": GOTD 1 8 6 0  
1200 REM B 3: Ct 3)=-I :D( 3)=.75 :E( 3)=0 4 

: C(iO)=-1 :D(lO)=1.0 :E(lO)=O 111 

1212 REM B 3: GOT0 1sE.O 
1ZZ0 REM B 10: C( ¶)=-I :Dt I)=I.MX)MXXI :E( 1)=.3K350E5 
1222 REM B 10: C( 4)=-1 :D( 4)=1.0000(Y30 :E( 4)=.'39335863 
1223 REM B 10: C(2),C(3),C(8),Ct'3),C(lO),C(ll)=O 
1224 REM B 10: Ct 5)=-1 :D( 5)=1.OOOOMX) :E( 5)=.3930761€.3 

: C( 6)=-1 :Dt €,)=l.OWXHX)O :E( 6)=.3930&2438 
1226 REM B 10: C( 7)=-1 :D( 7)=1.0000M)O :E( 7)=.97MM780 
1230 REM B 10: C(12)=-I :D(IZ)=l.M)M)o :E(IS)=.932383X5 

e 122 REM B 10: KB(l),K1*t4),K%(5),K$(6),K$(7),KB(12)='+g: 
0 GOT0 1860 

1240 REM B 11: C( 2)=-I :D( 2)=.25 :E( 2)=0 H 

1242 REM B 11: C( 3)=.-1 :D( '3)=1.00000 :E( 3)=0 
12Y REM B 11: GOTD lBC\O 
1260 REM B 12: Ct I)=-] :D( 1)=1.0000000W) :E( 1)=.995436.105 
1 2 K  REM B 12: Ct 4)=-1 :D( 4)=1.OCXX##X)O :Et 4)=.9357OZ005 

n 1354 REM B 12: C( 5)=-.l :D( 5)=1.- :E( 5)=.3%015335 

 



TABLE A. 1 (cont.) 

: C( 6)=-1 :D( 6)=1.00000000 :E( €.)=.%5938€,3 "I 

12156 RE3 B 12: C( 7)=-1 :D( 7 ) a l . B  :E( 7)=.98434774 , 
1270 REM B 12: C(12)a-1 :D(12)=0 :E(12)=1 2 
1272 REM 8 12: l<%(l),K%(4),K%(5),K8(6),K8(7)='*~: GOTD 1860 cl 

1 2 8 0  REM B 13: C( 4)=-1 :D( 4)=.W39YEB :E( 4)=.025=3344 
: C( 6)=-1 :D( €\)=.37K)X84 :E( 6)=.11'172323 + 

: C( 7)=-1 :D( 7)=.931-3+400 :E( 7)=.2403S3€.80 
1292  REM B 13: K3(4),K%(6),K%(7)="w : GOT0 1860 
1300 REM B 14: C( 4)=-1 :D( 4)=1 :E( 4)=.0137254 

: C( GI=-1 :D( 6)=1 :E( 6)=.00047=53 
: C( 7)=.000013168 

1312 REM B 14: K%(4),K%(6),K%(7)=""" :GOTO 1ESO 
13K) REM B 15: C( I)=-1 :D( 1)=.2- :E( 1)=O 
1 3 2  RE3 B 15: GOT0 1860 
1340 REM B 16: C(6),C(7)=1 
13- REM B 16: K%(6),K$(7)="*" : GOTO 1860 
1- REM B 17: C( 4)=-1 :D( 4)=1.00000000 :E( 4)=0 
1572  REM B 17: GOT0 1860 
1380 REM B 18: C( €>)=-I :D( 6)=1.oooCGQW :E( G)=O 
1- REM B 18: GOT0 1860 
1400 REM B 13: C( 7)=1 
1412 REM B 11': GOT0 18M 
14K) REM B 20: C( 6)=.4098XO 
142 RkM B 20: GOT0 lXGO 
1440 REM B 21: C(12)=-1 :D(12)=.25 :E(12)-0 
14- REM B 21: GOT0 1KbO 
14EO REM 8 22: C( l)=O 
1472 REM B ZZ: GOT0 1860 
1480 REM B 23: C(l)= 1 : GOTO 1860 
1500 REM B 24: C(l)= 1 : GOTO 18E.0 ~5 

15K) REM B 25: C(l)= 1 : GOT0 1K.O o 
1540 REM B i 5 :  C(l)= 1 :GOTO 1860 H 

1 3 3 0  REM B 27: C(l)= 1 :GOTO 1- "I 

1580 Rr3l B 20: C(l)= I :GOTO 1E50 H 

1600 REM B 29: C(l)= 1 : GOT0 1KO u 
1- REM B 30: C(l)= 1 :GOTO 1860 w 
1640 REM EI 31: C(l)= 1 : GOT0 1860 F)  

1860 IF C9=0 TIEN 1870: C9=C(1): MAT C=CON: MAT C=(C9)W: C-0- 
1870 IF 87<=0 THEN 1-0: IF X<>S7 T E N  1320: J7=J 
1875 F@R OX=1 TO W: K7%(08)=K%(08): NEXT OR: I7%='*": IF I.(7%(K7 
= THEN 1320 
1880 IF G(K7)=0 T E N  1 W :  U7=1: G(K7)=G(K7)+0.01%(K7): T7=1: I 
7%='G0: GOT0 1920 
1830 IF C(K7)<0 THEN 1900: U7=SGN(O.5+10E-6-C(K7)): C(K7)=C(K7)+ 



TABLE A. 1 (cont.) 

U7*0.01*C(K7): T7=1: 17*="CY: GOT0 1920 
11300 IF T7=2 THEN 1910: W=SGN(O.5+10E-€.-D(,K7)): D(K7)=O(K7)+U7* 
0.01W(K-7): T7=2: 170='D': GOT0 1 s  
1'310 U7=SGN(O.5+1C€-6.-E(K7)): E(K7)=E(K7)+U7+0.01aE(K7): T7=1: I 
7't='Em 
1'320 FOR lt=1 TO M2 
1930 IF G(K)=O THEN 1'350: Ni(K)=A(K)/(Z'W(K)): IF A(K)=O THEN 1 9  
50 
1940 AI(K)=L%(K)/A(K): C)l(K)=i: G(K)=O: GOT0 1980 
1'350 IF C(K)<O THEN 1960: C)l(K)=l: Nl(K)=C(K): GOT0 1 9 8 0  
1960 NI(K)=D(K)*Q(K)+E(K)*(l-C)(K)): IF Nl(K)<>O THEN 1'370: Gl(K) 
=1 : GOT0 1980 
1'370 GI(K)=D(K)/Nl(K) 
1'3130 NEXT K: RETURN 
r 2  DEFFN'OZ(1) 

2020 J1=I-J:J2=Ji:IF Jl>W TI.EN 2045: IF Jl>30 THEN 2 W O  
2030 ON J1 GOT0 2050,2070,~,2110,2130,2150,2170,2130,~10 

,2230,2250,2270, 2~*, 2310,2330,2350,2370,2390,2410,2430 
2450,2470,2490,2510,25#), 2550,2570,2530, K~lO,X30 

2040 Jl=Jl-30 
2042 DN J1 GOT0 ~550,2G70, &'K),2710, ~730,2750, ~i?770,2790,2R10 

,2830,2890,~i?70,2R'K), Z910,?330,2950,~70,29W3,3010,3030 
,30~,3070,~,3110,31~,3150,3170,3190,~10,K30 

rW45 Jl=J1-60 
ED47 DN J1 GOT0 32?5, %TO, 32X),3310,3330,3350,3370,3390,YtlO 

,3430,3450,Yt70,34'30,3510,3530,3590,3570 - 
ZO!jo REM C 1 C( 1)=N( I)* 000000.00 :GOTO 3900 
2070 REM C 2: C( l)=N( I)* 000000.00 :GOTO 3300 
2090 Rr3l C 3: C( l)=N( I)* OM#XX).OO :GOTO 3300 
2110 REM C 4: C( 3)=N( 319 50.00 
2111 REM C 4: C( 8)=N( 819 000000.00 
2112 REM C 4: C( 9)=N( '3)* 150.00 
2113 REM C 4: C(lO)=N(lO)* 50.00 :GOT0 3900 
2130 REM C 5: C( i?)=N( 2)* 150.00 
2131 REM C 5: C( '3)=N( '3)* 250.00 
2132 REM C 5: C(li)=N(ll)* 1000.00 :GOTO 3300 
2150 Rr3l C 6: C( 1 )=N( 1)s 200.00 
2151 REM C 6: C( 5)=N( 5)* 10000.00 :GOTO 3'330 
2170 REM C 7: C( 4)=N( 4)* 150.00 :GOTO 3'330 
2130 REM C 8: C( 7)=N( 7)* 00 :GOTO 3'330 
2210 REM C 9: C( 6)=N( 6)* 2500.00 :GOTO 3500 
2230 REM C 10: C(iZ)=N(lZ)* 18000.00 :GOTO 3'300 
2250REM C 11: C( l)=N( I)* 000000.00 :GOTO 3300 



2270 RFM C 12: C (  l ) = N (  1)s OOOO00.00 :GOTO 3300 
2290 REM C 13: C (  l )=N(  I)* OOKlO0.00 :GOTO 3300 
2310 REM C 14: C (  l ) = N (  1)" OOC030.00 :GOTO 3900 
2 3 3 0 R E M  C 15: C (  l ) = N (  l ) *MXXX)O.OO :GOT0 MOO 
23M REM C 16: C (  3 ) = N (  3)* (-1.K)) :GOTO 3300 
2370 REM C 17: C (  2 ) = N (  2)s (-1.00) 
2371 R E M C  17: C ( l l ) = N ( l l ) *  (-20.00) :GOTO 3900 
2 I E K ) R E M C  18: C (  l ) = N (  I)* (-1.00) 
2391 REM C 18: 
2410 RFM C 19: 
2430 REM C LW: 
2 4 M  REM C 21: 
2470 REM C 22: 
2490 REM C 23: 
2510 REM C 24: 
2530 RI;M C 25: 
2550 RREM C 26: 
2570 RFM C 27: 
2590 REM C 28: 
2610 REM C 2'3: 
&30 REM C 30: 
&M REM C 31: 
X70 REM C 32: 
2690 RFM C 33: 
2710 REM C 34: 
27m REM C 35: 
2750 REM C 36: 
,3751 REM C 36: 
27SZ REM C 336: 
2753 REM C 3G: 
2754 REM C 3'5: 
2755 REM C 3G: 
,3756 REM C 3.: 
2757 RFM C 3E1: 
2758 REM C 36: 
2759 REM C 36: 
2760 REM C %: 
2761 REM C XU: :GDTD 3300 
2770 REM C 37: :GOTO 3300 
27% REM C 38: :GOT0 3300 
2810 REM C 33: :GOT0 MOO 
2830 REM C 40: 
2831 R W  C 40: 
2832 REM C 40: 



TABLE A .  1 (cont . ) 

2 8 5 0 H E M C 4 1 :  C (  l ) = N (  1 ) * W A X O O . 0 0  :GOTO 3300 
2870 REM C 42: C (  5 ) = N (  S)* 7-!.7L*<l-.<l-Q(I))*(l-Q(2))*(1-Q 
(4))*(1-~Q(5))*(1-~Q(6~~*(1-Q(7))*(1-~Q(11))*(l-Q(1Z~)) 

:GOT@ 3300 
2830 REM C 43: C(  2)=N( 2)* cW7.24 *Q(Z)  
rT91 REM C 43: C(  9 ) = N (  9)* 60.00 
2892 REM c 43: ~ ( 1 1 ) = ~ ( 1 1 ) *  ~07.24 *Q(II) :GOTO 3900 
2910 REM C 44: C(  2 ) = N (  2)* l03.W *QG(2) 
=I1 REM C 44: C ( l l ) = N ( l l ) *  100.00 *Q(11 )  :GOTO 3'300 
2930 REM C 45: C( 1 )=N( 1 )* 0000CW.00 :GOT0 3900 
2 9 5 0 R E M C  46: C(  l ) = N (  I)* OOOWKI.00 :GOT@ FXO 
2970 REM C 47: C ( 1 2 ) = N ( 1 2 ) *  51.81 :GOTD 3900 
2930 R E M C  48: C(  l ) = N (  I)* OWXxIO.00 :GOT0 39(X, 
3010 REM C 43: C(  4 )=N(  4)* .72 
3011 REM C 49: C (  6 ) = N (  6)* 8. G4 
3012 REM C 49: C:( 7 ) = N (  7)* 2. Rn :GOT0 3900 
3 0 3 0 R E M C  50: C(  l ) = N (  l)*OCOOOO.OO 
30% REM C 51: C (  l ) = N (  I)* 000000.00 
3070 REM C 52: C(  l ) = N (  I)* !XOKI0.00 :GOTO 3300 
3090 REM C 53: C(  l )=N(  1 1 9  000000.00 :GOT@ 3WQ 
3 1 1 0 R E M C  54: C(  l ) = N (  I!* OOCQ00.00 :GOT@ 3300 
3130 REM C 55: C(  l ) = N (  I)* ~K##)(K).OO :GOTO 13300 
3150 REM C 56: C (  l ) = N (  I ) *  000000.00 :G@TO 3300 
3170 REM C 57: C(  l ) = N (  1)" C M 0 0 0 . 0 0  :GOTO 3900 
3130 REM C 58: C(  l ) = N (  l)* 000000.00 :GOTO 3300 
3210 REM C 59: C (  l ) = N (  1)* 000000.00 :GOT@ 3900 
3 2 3 0 R E M C  60: C (  1 ) = N (  1)*0OCOOO.00 :GOTD 3900 
3250 REM C 61: C(  7 ) = N (  7)* 6.48 :GOTO 3900 
3270 REM C 62: C (  4 ) = N (  4)*  4 . T  :GOTO 3300 
3230 REM C 63: C (  1 )=N(  1 )* 000000.00 :GOTO 3300 
3310 R ~ t ; l  C €4: C(  4 ) = N (  4 ) *  63.08 :GOTO 3300 
3330 REM C 65: C(  1 )=N( 1 )* 0000CU). 00 :GOT0 3300 
3350 REM C 66.: C(  '7)=N( 7 ) *  4.32 :GOTO 3300 
3370 REM C 67: C(  1 )=N(  1 )* OM)000.00 :GOT0 3900 
3330 REM C €43: C(  6 )=N(  6)* 4.32 :GOTO 3300 
3410 REM C 63: C(  l ) = N (  I)* 000000.00 :GOTO 3'300 
3433 REM C 70: C(  6 ) = N (  6)* 17.27 :GOTD 3'300 
34% REM C 71: C( 6 )=N(  G)* fl9.01 :GOTO 3900 
3470 REM C 72: C(  6 ) = N (  6)* 17.2-7 :GOTD 3300 
390 REM C 73: C(  6 ) = N (  6)* 4.32 :GOTO 3900 
3 5 1 0 R E M C  74: C(  l ) = N (  I)* 000000.00 : GO70 3'300 
3530 REM C 75: C ( 1 2 ) = N ( 1 2 ) *  100.00 : GOT0 3300 
3550 R E M C  76: C (  l ) = N (  1 1 s  OiX)000.00 :GOT0 3300 
3570 REM C 7'7: = N *  2000.00 :GOTO MOO 



TABLE A.1 (cont.) 

3900 IF S7>=0 THEN 3320: IF J2<>(-S7) THEN 3920: J7-I 
3310 C(K7)=C(K7)+0.Ol*AOS(C(K7)) 
3920 RETURN 
4MX) IXTFFN'21: MAT K=Dl: MAT Z=(Tl/Z)*Dl: MAT Z=Z*S: RETLRN 
4500 DEFFN'22: MAT L=Dl: MAT Z=(T1/2)+Dl: MAT Z=Z+S: RETLRN 
5000 DEFFN'23: MAT M=DI: MAT Z=(Tl)Wl: MAT Z=Z+S: RETURN 

€010 REM PATH 1 IDENTIFIES THE STATE VMIABLES. PATH 2 PRWIDES 
FIX EXPANSION OF EACH CDMPONENT'S POPUATION 

6080 NEXT K 
E m  GowB 'll~l,o,uI") 
6100 J=0: MAT Dl=ZER 
6110 J=J+l: PRINT J 
6120 C M R T  STR(GS(J),1,3) TO X 
6130 C M T  STR(G$(J),4,3) TO R 
6140 C M R S '  STR(GB(J),7,3) TO S 
6150 CONVERT STR(G$(J),lO,3) TO T 
6160 IF X=O THEN E.~'K): IF x=-i THEN 67x1 
6170 IF X>Z2 THEN G180: GOTD 6380 
6180 STOP 'ERRDA IN BRPd'lCtl POINT DATA" 
6130 GDSUO 'll(R,I,"D"): GOSUR '11(S,2,"0") 
62GQ FOR K=l TO M2: Kl=-2+3% 
-10 N(K)=N8(K)+W3(1<): N3=N(K)il.OE-25 
6Zm A<l<)=(Nn(K)*AR(K)+NS(K)*A'3(K)  )/N3 
6230 O(K)=(N8(K)"(3D(K)+N9(I<)W(K))/N3: G8=G(K): AS=A(K) 
6Z40 IF STR(G$(J),lZ+K,l)=" ' T M N  6300 
EZ50 CONVERT STR (GB ( J ),12+t(, 1 ) TD P 
6x.0 Pl=P.-3: IF Pl<O THEN e70: P=P-3: GOT0 EZCQ 
EZ70 A(K)=(l-G(K))*A(K): G(K)=ABS(R(K,P)): 

IF R(K,P)>O TEN =no: A(K)=O 
6280 Dl~Kl+l)=Dl(K1+1)-~AR-~A~K))"N~K)/Z~Hl) 
6233 Dl~Kl+2)=Dl~l<l+2)-~G8-Q~K))"N~K)/Z~H1) 
6300 NEXT K 
6310 GOELK3 'll~T,O,*IY) 
6320 IF T<16 TtEN 6370: IF T>27 THEN E.370 
6330 FOR K=l TD P P  
6340 N8(K)=N(l<): A8(K),GB(K)=O 
6350 NEXT I< 
6%0 GELE3 'll(T-~lZ,1,"Iu) 

0 
P 
B 
e 
[9 

P 

p 

B 
I 



TABLE A . l  (cont.) 

6370 GOT0 6730 
63BO MAT C=Zm:  MAT Al=CON: I N I T ( 2 0 ) K S O :  GDSUD '1l(R,O;On): 

G W  '01 (X,R,S,T) 
63% G W  '03: I F  R < > l  THEN 6440 
WOO FOR K = l  TO I%! 
6410 N8( l<)=Nl( l<)QN(K):  An (K)=A l (K ) *A (K) :  Q 8 ( K ) = Q l ( K ) W ( K )  
6420 NEXT K 
6430 G E M  'll,l,"I": GOT0 6730 
6440 FOR K = l  TO M2: K1=-2+3W 
6450 I F  N l ( K ) > O  TI-EN 6460: N l ( l < ) = O  
6460 IF  N l O < ) < l  T I C N  6470: N l ( K ) = l  
6470 N2=l-.Nl(K)+l.OE-25%GN(-.5INl(K)) 
6480 N3=Nl(I<)+l.OE-Z5*SGN(+.S-Nl(K)) 
6500 I F  A l ( K ) < l / N 3  TI-EN 6-: A l ( K ) = l / N 3  
6520 I F  G l ( K ) < l / N 3  TI.IEN E.530: Q l ( K ) = l / N 3  
6530 NB( I<)=Nl (K)*N(K) :  A 8 ( K ) = A l ( K ) * A ( K ) :  Q S ( K ) = G l ( K ) W ( K )  
6540 W ( K ) = N ( K ) - N 8 ( K )  

CWVERT STR(G~(J);I~+K,I) TO 8: P ~ = P  
6580 Pl=P3--3: I F  P 1 < 0  T E N  6530: P3=P3-3: GOT0 6580 
6530 I F  P < 4  THEN 6630: A B ( K ) = ( l - Q ( K ) ) * M ( K ) :  Q8(l<)=ADS(R(K.P9)) 

: I F  R ( K , P ~ ) > o  THEN 6600: A3(1<)=0 
6600 Dl(Kl+l)=Dl(K1*l)-(M-A8(K))*N8(l<)/Z(Kl) 
6610 Dl(K1+2)=Dl(Kl+2)-(QB-Q8(K))*N8(1<)/Z(Kl) 
66~W I F  Pq:7 THE3 6660 
6630 A 9 ( l < ) = ( l . - M ( K )  )*A3(K):  Q3(K)=AB!5(R(K7P3) ): 

I F  R(K,P3)>0 THEN 6640: A9(K)=O 
€6.40 Dl~l<l+1)=Dl(Kl*1)--(A3-AS(K) ) *N '3(K) /Z( l< l )  
6650 Dl(Kl+Z)=Dl(K1+2)-(09-M(K))sN3(K)/Z(l(l) 
€ 6 6 0  NEXT K 
6670 GDEilM ' l l S , 1 , I u :  GOSUB ' l l ( T $ 2 , * I Y )  
6680 I F  S<16  TI-IM G730: I F  S>27 T E N  6730 
E&30 FOR I < = l  TO MZ 
6700 N(K)=NB(K) :  A(K),G(K)=O 
6710 NEXT I< 
6720 GOSUB '11(S-.lZ.O. "I") 
€ 7 3 0  IF J<:.ZI THEN 6 i i o  
6735 REM WEIDULL MJALITY DISTRIBUTION ASLPlED 
E.740 FOR K = l  TO M2: ! < I = - 2 + 3 W  



TABLE A. 1 (cont.) 

D1(Kl+l)=D1(K1+1)+1-(N8(K)-N9(K))*Z(K1+1)/Z(K1) 
6770 GS=(B(K)/BI(K))*(Z(K1+1)/B1(K))~f(B(K)-~l) 
-5780 Dl (K1+2)=01(It1+2)+GW(l-.Z(K1+2) )-(M(K)--W(K))* 

Z(K1+2)/Z(K1) 
6800 M X T  K 
6810 FOR I=16 TO 28: L=I: IF L<28 T E N  G820: L=3 
G8ZO GffiUD 'll(L,l,"O') 
6830 FDR l<=1 TO MZ: K1=-2+YK 
-5840 D1(K1+1)=D1(Kl+l)-A8(K)sN8(K)/Z(KI) 
6BE\O D1(K1+2)=Dl(K1+2)-G8(K)sNR(IO/Z(Kl) 
-5870 NEXT It 
GO75 NEXT I 
6880 RETURN 
7000 DEFFN'15: P&LECT PO: ELJZCT PRINT 005(64) 
7010 IF TO(Z.0 THEN 70~2: SELECT P2 
70~) IF A=O TI.fN 7030: SELECT PO: SELECT PRINT 215( 132) 
7030 IF A7=0 TI-!El\) 7040: ELECT PO: SELECT PRINT 005(E4) 
7040 PRINT :PRINT :PRINT "YEAR ";T9:PRINT 
7050 GOSUB '11 (1,0, "0') 
7OGO FOR I<=1 TO MZ 
7070 PRINTUSING 7080,1,It,N(K),A(K),G(K) 
70M)): . PATH ###; COMPONENT ##; NUM =###I######, AV.AGE = ### 

###, W A L  = #. #### 
7090 NEXT K: PRINT 
7100 IF A=1 THEN 7160 
7110 FOR I=Z TO 23: Kl=O: GDSVD 'Il(I,O,"D"): FDR K=l TD MZ 
: IF N(K)=O THEN 7140 
71m PRINTUSING 7 1 3 0 , I , K , N ( K ) , A ( I O , G ( K ) :  I(l=K1+1 
7130% PATH ###; COMPONENT ##; NUM/YR =##########, AV.AGE = ### 
.##, W A L  = #.#### 
7140 M X T  K: IF ltl=0 TIEN 7150: PRINT 
7150 NEXT I 
71E.O J=0: CO=O: IF A=l T E N  7180 
7170 PRINT : PRINT 
7180 FOR I=l  TO 23: MAT C=ZER: GDCJU ' 1 1 1 , 0 , 0 :  K1=0: GO 
WR '02(I) 
7190 FOR K=l TO M2: CO=CO+C(K) 
7200 IF A=l THEN 7Z30 
7210 IF C(l<)=O T E N  72.30: PRINNSIUG 7Zm,I,I<,C(K): Kl=K1+1 
7Z20): PATI-I ###; COMPONENT ##; PATI-I COST =8#########.## 
7230 NEXT K: IF K1-0 THM 7240: PRINT 
7240 NEXT I 
7250 PRINT : PRINTWING 7260,CO:PRINT 
7350): TOTAL COST = $#########.## 



TABLE A.1 (cont.) 

7270 SELECT PO: SELECT PRINT  005(64): RETURN 
8000 EFFN' 16 
8010 SELECT PRINT  005(64): IF  A=O THEN 8020: m E C T  PRINT  215(13 
2) 
8020 IF  - 0 0  THEN 8030: S7=V7+1: W=S7:1<7=1 : P7=0: C7=C0: P R I N  
T : RETLRN 
B030 IF  87<0 TIX3J 8110: R7=(@0-C7) /U7 
8040 P R I N T W I N G  8050,S7,J7,K7,R7,17$: P7=P7+1  
8050% BRANCH NODE ###, NDM ###, CDMPiHENT ##, S E N S I T I V I T Y  = 
e ~ w w w w w m .  ##I%, # 
8060 IF  T 7 0 2  THEN 8070: RETURN 
8070 K7=K7+1: IF K 7 > E  T E N  808O:OR=l: IF K7e (K7 )= " * "  T E N  8075: 
RETUFIN 
SO75 IF  1<75(Q8)="*Y T I E N  807O:QR=O8.1.1:IF O R I K 7  THEN 8075:RETURN 

80W I N I T ( 2 0 ) K 7 5 0 :  I F  P 7 = 0  THEN 8030: PRINT  : P 7 = 0  
80% SS=S7tl :K7=1: I F  V > Z 2  THEN 8100: RETURN 
8100 PRINT  : PRINT  : 57s-1: K7=1: P7=0: RETURN 
8110 R7=(CO-C7)/1.0: I F  R7=0 THEN 8130: 

PRINTUSING B l i 3 ,  -S7, J7, K7,R7: P7=P7+1 
8120% COST PATH ###, PATH ###, C U T W N T  ##, S E N S I T I V I T Y  = 
e # # # w w w w t t # . # # / r  
8130 K7=1<7+1: IF  l<7>MZ TI-IEN B140: RETURN 
8140 IF  P 7 = 0  THEN 8150: PRINT  : P 7 = 0  
8133 !57=57.-1: 1<7=1: I F  5 7 < - 2 4  THEN 8160: RETURN 
81E.O S7=0: T3=T0: PR INT  : RETURN 
moo INIT(=) ~ a o , 1 < 7 a o :  INIT(M) cao :  S7,C9=0: T~ ,K~= I :  -

MAT G = Z m  
9010 READ I%?: DATA 12: REM MZ I S  T t E  NLfMaER OF C W O M N T S  
90W READ Z1: DATA 72: REM Z 1  I S  T t E  NUMBER DF NODE POINTS 

--- 
(I3RANCI-i & SUM & EXTRAS) 8 

9030 READ 22: DATA Z2:RFN 2 2  I S  Tk!E NUMBER OF BRANCH POINTS, 
9040 READ 23: DATA 81: REM --- 23 IS T k E  TOTAL NLPlBER W P A T S  2 
'3050 Rr f l  24: DATA 81: REM 2 4  I S  THE NWlMER OF PATHS WITH " 

ASEiSOCIATED COST 
3060 REM PATH 23.1.1 I S  ' W I N G  GRMRJD' FDR MANY DF THE FLMJS- 

BACK TO TI-E 'F IELD '  
9070 MAT REDIM G ~ ( Z 1 ) 2 4 7 C ~ ( Z 3 ) l , K % ( M 2 ) 1 , K 7 ' t ( E ) 1  
3080 FDR I=1 TO Z 1  
5090 READ GI:  CONVERT G I  TO STR(G$(I ) ,1 ,3) ,  (-##) 
9100 REM T H I S  PART OF G $ O  I D E N T I F I E S  THE BRANCI-i--SLPM4TION- 

EXTRA NOES. BRANCH NODES ARE SEQUENTIAL W E R S ,  ?XM.-. 
MATION M3DE5 (01,  EXTRA NMX:S (-1). 

9120 DATA 1, 2, 3, 4, 0, 5, 6, 0,-1, 7, 8, 3, O l l 0 , 1 l ,  

 

[I: 
I 



TABLE A. 1 (cont.) 

gi4 b 
0,-1, -1, -1, 12, -1,13? 14,15,-1, -1,-.I,-1, 0,16,8 E m  

17,0,18,19,0, 20 ,0 ,0 ,0 ,0  2 3  
0 

a 
- O  -0 

31ZZ DATA -1,-1,-1,-1,-1, -1,-1,-1,-1,E!1, ZZ,-,I,-19-1,-1, 23 
-1, 0, 0,-1, 0, 0,-1,-1,-1, 0, 0, 0,-1,-1, 0 

s Z i m  E -1, -1 28 
3130 NEXT I 

3 3 
9140 FOR 1=1 TO Z1 
9150 READ Gl,GE!,G3: IF  G3<.>.1 TFEN 3160: G3=Z3+1 
3160 C M R T  G I  TO STR(G$(I),4,3),(#W) 
9170 CDNVERT 62 TO STR(G%(I),7,3),(###) 
3180 CDNVERT G3 TO STR(G*(I),10,3),(W#) 
3190 REPl G % ( )  DEFIED A5 F M L W  
9191 REM FOR SUMMATION PYWXS --- 1ST # = FROM PATH 
9193 REM -M1) # = FROM PATH 
9194 REM X D  # = To PATH 
3200 REM --------- FOR BRANCH -S 1ST # = m O M  PATI4 
3212 ~m 2F1D # = TO BAD 
9214 REM 3RD # = TO G W  

9237 DATA 1,32, 1, 1,30, 1, 1,799 1, 
73,23,80, 80,11,81, 32,34,33 

WK DATA 30,35,31, 35,34, =, 0, 0, 0, 
36,37738, 37,42,33, 39,16,40 

9234 DATA 40, 4,41, 42,4€,,43, 43,17,44, 
44, 5,45, 0, 0, 0, 0, 0, 0 

9236 DATA 0, 0, 0, 46,48,47, 0, 0s 0, 
48,43,50, 43,€3,61, W,18,51 

9238 DATA 0, 0, 0, 0, 0, 0, 0, 0, 0, 
O , O , O ,  51,6,52, 62,66,63 

9240 DATA 63,13, €4, 64, 7-65, 66,70,67, 
€\7,~3,C68, 68, 8,69, 70,21,71 

924.2 DATA 71, 3,72, 72,63,73, 73,65,74, 
74,61,53, 0, 0, 0, 0, 0, 0 

'3244 DATA 0, 0, 0, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 0, 0, 0, 0, 0, 0 

9246 DATA 0, 0, 0, 47,7&,75, 76,22,77, 
0, 0, 0, 0, 0, 0, 0, 0, 0 

9248 DATA 0, 0, 0, 0, 0, 0, 77,10,78, 
78,75,55, 0, 0, 0, 53,52,54 

=50 DATA 55,54,5Es, 0, 0, 0, 0, 0, 0, 
0, 0, 0, 56,45,57, 57,41,58 

92M) DATA 58,38,53, 0, 0, 0, 0, 0, 0, 
2,53,60, 0, 0, 0, 0, 0, 0 

9270 M X T  I 
3280 REM TI-IE 12 PATIS 16-27 ARE RESERVED FOR SCRW Ymn PATI-is. 



TABLE A. 1 (cont.) 

THE FLDWS I N  PATHS 16-27 ARE COWENSATED BY MANWACTLR 
ERS' F L W S  I N  PATI-IS 4 -15 ,PAM 3 I S  NON-.COWSAIED SCRAP 

9310 READ R: DATA 1 4  TOTAL NUMBER OF REWORKINGS 
33x1 FOR J=1 TO R 
9330 READ K,I,A,IO,R(K,I) 
9 3 3 1 D A T A 8 ,  1, 4, 'GD", 0 V1 

9332 DATA 3, 1, 12, "GDY, 0, 9, 1, 12, "GD9, 0 
9 3 3 3 D A T A  10, ~. 1, 12, "GD", 0, 2, 1, 15, "GD9, 0 W n 9334 DATA 11, 1, 15, "GD', 0, 12; 1, SO, "GD', 0 
9 3 3 5 D A T A  12, 2, 51, "GD8, 0, 1, 1, 24, "GD', 0 3 
9?El6 DATA 5. 1. 24. "GDm. 0. 7. 1. 23. 'GAD. 0 

9333 DATA 6; 1 x; HGDM; 0. 
9 3 4 0  REM ----. I F  G%O I S  NOT BLANK E R E  THEN TPE REFERENCED 

REM C M r l P m N T  K I iAS I T S  I - T H  REW(3RK ON A PATH FROM 
REM NODE A. 

9350 REM --- I %  IDENTIF IES REWORK I N  PATHS GDDD 'G', BPD "B", 
REM --- 

--- 
OR ALL .Au E4'l D E F E C T I E S  "Dm OR ALL "AD UNITS. 

9 3 5 0  REM COMPONENT W P * I T Y  AFTER REWDRK I S  R(K,I).TI-E TOTAL 
REM --- NUMBER DF REWORKINGS FOR ALL THE C D M P m  I S  R 

9=5 R(I<,I)=R(K,I)+l.DE-25: IF  STR(I%,2,1)="Dm THEN 3370: 
R(K, I )=-R(K, I )  

9370 I F  STR( I%, l , l )= "GY THEN 3380: I = I + 3 :  
IF STR(I%,I,I)=-B" THEN 9330: I=I+~ 

3380 CONVERT I TO I%,(##): STRtG%tA),12+K,l)=STRtIB,2,1) 
93'33 E X T  J 
9 3 9 5  REM 
9337 REM 
9400 INPUT "UO YOU WANT TWOLOGY PAINTOLIT (1 OR O)",A 
9410 I F  A=O THEN 9460: SELECT PRINT 2 1 5 ( 1 3 2 )  
94cW FOR I = 1  TO Z1 
9430 PRINTUSING 9440,I,STR(G%(I),1,3),STR(G%(I),4,3),STR(G%(I),7 
,3),STR(G%(I),10,3),STR(G%(1),13,12) 
9440ZNODE ###; EN=### FP=### BP/FP=### GP/TP=### # 
########### 
3450 M X T  I: E L E C T  PRINT 005(64) 
9460 FOR I = l  TO 7 3  
9 4 7 0  READ A: CDNKRT A TO C % ( I ) , ( # )  
3 4 8 0  REM C % O  IDENTIF IES PATHS HAVING ANY AS%€ICIATED C D S T Y

Z 
'3430 NEXT I l o w  
9 5 0 0 D A T A  1,1,1,1,1, 1,1,1.1.1, 1.1.1.1.1. 1,1,1,1,1, 1 , 1 , 1 , 1 , ~ ~ ~ 8  

, 1,1,1,1,13 1 3 1 7 1 , 1 , 1 ,  1 9 1 3 1 3 1 9 1 ,  1,1,1,1,1, 1 , 1 9 1 9 1 ,  H h <  
9510 DATA 1,1,1,1,1, 1,1,1,1,1, 1,1,1,1,1, 1,1,1,1,1, l,l,l,l, 

, 
h 0  

1,1,1,1,1, 1 

 



I 

e 
TABLE A. 1 (cont.) 

9530 TI\lPI..J'T "SEI\IS'ITTVIT\' Al\l,4L..YSI:I; ( 1 01:' 0 )  " , A7: 
IF :  k ? = Q  TkIEI,] !.!:j4.() 

952.5 INF'LJT "iSEl'I1;. AI'IAI ..... TI1 I::TART A"r ( 1  T D  Z 2  Iz'[3R DI'?AI'ICI-1 N(7C#FS, ... 
1 TCI -24 F:[:!I! (1[3t-:7' PATI-15:) " , V7: V7=V7..1 
T3EiCtf.7 I I'IPLJ-I' " l-lAl::l? CQFJ\' ![), 1 , [!I? 2 1 I' , A 
9!3':10 %IVF'L.JT "D IS I<  TI )  E I I 1  LJSI-ID IF  CJf.! I ? ) " ,U$  
5!5G() I F  D*5<::>" r" TI-ll:l\l 95-70: I .  I 1 0  (;13TCJ '3500 
9 IF r ~ . c : , ~ r ? ~  r 1 OEL.I::C'T' C)JSI< 13 10 
:>5>317 M 1 =:?.*l',l;? 
??!;'313 MAT f?l!:I:)JlY P.l! IY,?) A (IY;.?) (9 (Mi?) IVY: i 142) , A 3  (!Mi? ) 13>:<! I%? > iU'3 (Mi?) 

A911YF?) .09(M;'!,R(lY2,:3),Z!IYI ),I;IMl ),L31 ( I M I  ) , I I ( I Y 1  ),L.(Pll  ) , IY(IYi)  
?COO MAT REI3IIY A1 ( lYE !~ ,1 \11 !1~2 ) ,~~ ( l~ l~~ !~ ,~ :O~ i i~ ! ) ,C~( IY2 ) ,E ( IY i2 ) ,G(P12~ ,13 (M2  
),IS1(Mi?) 
3Cs10 MAT RI=AI:I Z : DATA 4 ,  1 1 3  . ) 1  . 1 - ,  48E, 1 . 31 3S, . CI2'33313 v1 

561 1 DATA 4013,l. 3138, .023'331L1, 4813,l .C)170, .0i4530'7 
9c.x i? DATA 122, I. 551'7, .0;25m1n, ~ 4 4 ,  1. 99-75,. 025~03 

3 
9614 
961 5 
9620 

9t:.f+~ REIY r7nv CI~M?~NI::I\I.T I(, IV(IO 15; I . rs rwrE UF: POPULKI'ION 
E X l ' A l ' I ' I l l l  I3 (K!  I ! 1 '  lJEILIL.1.. L AlUU D I ( 1 0  I5 I I S  
CI-iARAC'T'CR 1: 5-1'1: !:: I... J FC. 

:X:.!-;O NEXT H 
'1)C8E,17 MAT A=ZCr\': MAT 133:ZE:R: GI':!SLIE( ' 11 ( 2 , 0 ,  " 

, 
I" ) 

16717 MAT 1\1:~%1:::1? :' I'C:lR 1 =3 T @  23:  GI:ISLJI.S ' 11 ! I 0, I' J " ! : IUEXT I 
DF.80 RIIAC) TO, T 1 , Tr!: UATA O 1 3. SIMULATION CONTROL 
$.E,fr9(7 T3-(1: Ir::::T;?: [;CJS'(] 3 -770 
9w3;? RE:lY 
3 REIY 
9F.?)E. REIM 
9700 ............................................... CTAF<'.r -.% C"JMf;SLITATIUN ... 

3 7 1 0  GCII;L!EI ' 14: MAS SL-2: XF' 'TI.EI\J 'F7iX): GOSUE! ' 15 
'37i20 A-7=:() Tl.I1:?)\1 97::!9: [;flSI,Jw '],c,:: SE:L,,[-:CT IZ'RINT 005(&4): 

SF;  T 9 = 0  Tl-IElq 9-7l.O 
?371!0 I F  'T9~:?<3 TI-II:3d '3740: [I.l\lKJ 
9'7417 GClSLJB 

- 
'21: -l")=:'l*S.!.TX./il': (;Ot:;lJli3 4 GCJSLID 'Z? 

97!3!:) 
, ' 

GO?.:I.JR '14: GIj!:L.IIk! 
7 3 ..,,.. 1 ,  .... I ] "I'['I M :I, :' Z ( 'I' . .  , ' ! = " % 4 ' 1 /  GI:)~LIlJ '14 

= " .J! I ) .t 'T l+ (I! ( ) .t.C!'*i.. ( I ) .l.i?+lY! I ) .1.139 ( I ) ) /G :  
NEX'T' I 

977[)  I T - :  I?).! 1 : IF: :1"3c:Ti? '1-1-jEN 371.0; 
.:yyy)?9 PI;M ... .............-. .- ....................... ~.,~r,-'r 1.. ;I 1 'I 

I 
I 

A - 1 5  

, e 



TABLE A.2  

AMCOACH DATA LISTING 

1 DEFFN'00"LISTS" 
2 RfzJq 9M999Q99999999Q9999QM9~9999999Q999Q99999999M99

* 
9

3 REM AMFLEET COST MODEL "221" AMCOACH DISK REM 
4 REM 9999Q9999Q999999Q999-9QM9w9Q-9Q9QM99Q9QM99 
8 REM AMFLEET DATA ONLY ---- LAST REVISIDN DATE ---- 12/77 
10 REM 
1 1  REM 
12 REM 
15 SELECT PRINT 005(64):SELECT LIST 005(64) 
1040 RFM N 1: C( 1)=12 :C9 = 1  
3 O Y  GOTO 1860 
3080 REM N 2: C( 1)=365 :C3 =1 
1092 GOT0 1860 
3 1 0 0  REM N 6: C( I)=-1 :D( 1)=1.0000000 :E( 1)=.0837533€0 

: C( 21=-1 :D( 2)=1.000000 :EI 2)=.05003181 
3102 REM N 6: CI 31=-1 :DI 3)=1 :E( 3)=.08448446 

: C( 4)=-1 :D( 4)=3 :E( 4)=.08593030 
1104 REM N 6: CI 5)=-1 :D( 5)=1 

: CI E)=-1 :D( 6)=1 
31% REM N 6: CI 7)=-1 :D( 7)=1 : E( 7 ) = .0703M633 

: C( a)=-1 :D( 8)=1 :E( 8)=.011151873 
1108 REM N 6: C( 3)=-1 :U( 3)=1 :E( 3)=.083740011 

: C(lO)=-1 :D(10)=3 :E(30)=.083740033 
3 3 3 0  REM N 6: C(13)=-1 :D(11)=1 :E(11)=.054345273 

: C(12)=-1 :D(12)=0 :E( 32)=0 
1 1  12 INITt2A).K%(): K%(12)=" " 

GQTQ 18E.O 
1 1 2 0  REM N 7: C( I)=-1 :D( 3)=.020330756 :E( 3)=.00SZZG702 

: CI ?)=-I :D( 2)=.02057532 :E( 2)=.007686686 
1 122 REM N 7: C( 3)=-1 :D( 3)=.020510053 :E( 3)=.0083548016 

: C( 4)=-1 :D( 4)=.020420230 :E( 4)=.0081750777 
1124 REM N 7: C( 5)=-1 :D( 5)=.02051Z336. :E( 5)=.008253063 

: C( 6)=-.l :DI 6)=.020330892 :E( €.)=.008226733 
1126 REM N 7: C( 7)=-1 :D( 7)=.020473543 :E( 7)=.007364289 

: C( 8)=-3 :U( 8)=.020503€63 :E( 8)=.0071651838 
1128 REM N 7: C( 3)=--1 :D( 3)=.013783633 :E( 3)=.0082Z37605 

: CI10)=-1 :D(10)=.013783633 :E(10)=.0382287605 
1 1 3 0  REM N 7: C -  :D(ll)=.OZ0503761 :E(11)=.0077453750 

: C(12)=-1 :D112)=0 :E(12)=0 
1132 INITIZA>K%O: K%(12)=" " 

GQTQ 1860 
1140 REM NIO: CI I)=-1 :DI 1)=.000001675 :EI 3)=.000001675 

: C( 2)=--1 :D( 2)=.M0333333 :E( 2)=0 
1142 REM N10: C( 3)=-1 :U( 3)=0 :E( 3)=0 

9 



TABLE A.2 (cont.) 

: CI 4)=-1 :D( 4)=.00001 
1144 REM N10: C( 5)=-1 :D( 5)=.33571'36 

: C( €*)=-.l :D( 6)=.UOUOI 
1146 RF3l N.10: C( 7)=-.1 :D( 7)=.116.643 

: C( a)=-1 :D( E)=1 
1148 REM NlO: C( ?)=-I :D( 3)=0 

: C(iO)=-1 :D(10)=1 
1150 REM N10: C(11)=-1 :D(11)=O 

: C(12)=-1 :D(12)=0 
1152 K$(1),K%(4),K%(6),K%(7)="* 

GOTO 1060 
1160 REM Nil: C( I)=-1 :D( 1)=1.0000000 

: C( 2)=-1 :nc 2)=0 
1162 REM Nil: C( 3)=-1 :D( 3)=0 

: C( 4)=-.1 :D( 4)=1 
1164 REM Nil: C( 5)=-1 :D( 5)=0 

: C( 615-1 :D( 6)=1 
1166 REM Nil: C( 7)=-1 :D( 7)=1 

: C( XI=-1 :D( 8)=0 
1168 REM Nil: C( 3)=-1 :n( 9)=0 

: C(10)=-1 :D(10)=0 
1170 REM Nil: C(11)=-1 :D(ll)=O 

: C(12)=-1 :D(12)=0 
1172 K$(1).t(%(4),K%(6),K%(7)="*' 

GDTD i ~ c ~ o  
11130 REM Nl?: MAT C=CDN :MAT C=(-i)*C :MAT D=CDN :MAT E=ZER 

: E(€.)=I :E(7)=1 
1132 GOTO 1860 
1200 REM N15: MAT C=CDN :MAT C=(-1)*C :MAT D=CDN :MAT E=ZER 

: E(6)=1 :E(7)=1 

GDTD 18€,0 .o 

3350 REM C 1: C( l)=N( l)* 00M3r30.00 :GDTD 3300 
2070 REM C 2: C( 1 )=N( 1)* 000000.00 :GDTD 3300 
Z&3O REM C 3: C( l)=N( i)* 000000.00 :GDTD 3300 
2110 REM C 4: C( 2)=N( 2)" 400.00 
2111 REM C 4: C (  5)=N( 519 2.00 
2112 REM C 4: C( E)=N( 8)* 42.00 
2113 REM C 4: C(lO)=N(10)* 50.00 :GOTO 3390 
2132 REM C 5: C( l)=N( 1)" 40.00 
2131 REM C 5: C( 4)=N( 4)" 75.00 
2132 REM C 5: C( 6)=N( 6)" 400.00 
2133 REM C 5: C( 7)=N( 7)" 2nO.00 :GOT0 3300 
2150 REM C 6: C( l)=N( I)* 000000.00 :GOTO 3300 



TABLE A . 2  (cont.) 

2170 REM C 7: 
2130 REM C 8: 
2Z1O REM C 3: 
223Q REM C 10: 
2250 REM C 11: 
2270 REM C 12: 
2230 REM C 13: 
2310 REM C 14: 
23.30 REM C 15: 
2350 REM C 1G: 
2370 REM C 17: 
2371 REM C 17: 
2372 REM C 17: 
23% RRE C 18: 
2410 REM C 13: 
2 4 3  REM C 20: 
2450 REM C 21: C( l)=N( 000000.00 
2470 HEM C 22: C( I)=N( 1 1 3  000000.00 
2490 REM C 23: C( l)=N( 1 1 3  CCOOOO.00 
2510REM C 24: C( l)=N( 1)*000M30.00 
25.30 REM C 25: 
2550 REM C 26: 
2570 REM C 27: 
2530 R!3l C 28: 
2610 REM C 23: 
&--30 REM C 30: 
X31 REM C 30: 
X732 REM C 30: 
s33 HEM C 30: 
X.50 REM C 31: 
2670 R E ?  C 32: 
*-/I REM C 32: 
3-72 REM C 32: 
=-73 REM C 32: 
i574 REM C 32: 
&% REM C 333: 
2710 REM C 34: 
2730 RREM C 35: 
2750 REM C 36: 
2770 REM C 37: C ( 1 ) =FJ ( 1 )* 000000.00 
27% RRE C 338: C( 2)=N( 2)3 8.64*G(2) 
2791 REM C 388: C( 3)=F1( 313 2.16*(3(3) 
2792 REM C 39: C( 4)=N( 4)" 2. 883a(4) 
2793 REM C 38: C( S)=N( 5)* 25.9@(3(5) 



TABLE A . 2  (cant.) 

2794 REM C 38: 
2795 REM C 38: 
27% REM C 39: 
2810 REM C 33: 
2811 REM C 33: 
2812 REM C 33: 
2813 REM C 39: 
2830 RE:M C 40: 
ZX50 REM C 41: 
2870 REM C 42: 
2830 REM C 43: 
2310 REM C 44: 
2'330 REM C 45: 
B5O REM C 46: 
2370 REM C 47: 
23'30 REM C 48: 
3010 REM C 43: 
3030 RFN C 50: 
3050 REM C 51: 
3070 REM C 52: 
3050 REM C 53: 
3110 REM C 54: 
3130 RE:M C 55: 
3150 REM C 56: 
3170 REM C 57: 
3130 REM C 58: 
3210 REM C 53: 
3230 REM C 60: 
3250 REM C 61: 
3270 REM C 62: 
3230 REM C 63: 
3310 REM C 64: 
3 3 3  FFIEM c 65: 
3350 REM C CE.: 
3.370 REM C 67: 
33'30 REM C 68: 
3410 REM C C-3: 
34x1 RREM C 70: 
3450 REM C 71: 
3470 REM C 72: 
3430 REM C 73: 
3510 REM C 74: 
3530 REM C 75: 
3550 REM C 76.: 



TABLE A . 2  (cont.) 

3570 RFZM C 77: C (  l ) = N (  I)* M30CO0.00 :GOTO 3300 
'3010 READ M2: DATA 12: REM ** M 2  

*** 
I S  T M  NUMBER OF COMPDNENTS 

Wi?C RFAD Z1: DATA 72: REM Z1 I S  T E  NUMBER OF NODE POINTS 
(BRANCH 14 SUM & EXTRAS) 

3030 READ 22: DATA 8: REM ** 22 I S  THE NUMBER OF BRANCH PDINTS 

9040 READ 23: DATA 81: REM *** 
** 

23 I S  THE TDTAL N W E R  OF PATHS 
'3050 READ 24: DATA 81: REM 24 I S  THE NLJMBER W; PAm WITH  

ASSDC I ATED COST 
9120 DATA 1 Z - 1 - 1 - 1  3, 4, 0,-1, 5, 6 ,  7, 0,-1, 8, 

o,-l,-l,-l~-l, -Is-1,-I--1,-1, -1,-1,-1,-1,-1, 
1 - 1 - 1 - 1 - 1  -1,-1,-1, -1,-1 

912Z DATA -1,-.I, -1, -Is -1, -1, -1, -1, -I+ -1, -1, -1, -1,-1, -1, 
-1,-1,-1,-1,-1, -1,-1,-1,-1,-1, 0, 0,-1.-1, o* 
-1, -1 

32-33 DATA 3 .  . . 1 . 1.30, . . 1. . 0, ~.~ 0, 0. 0, . 0. . 0, . 
0, 0, 0, 32,34,33 

3232 DATA 30,35,31, 35,34,3€., 0 ,  0, 0, 3b,37,38, 
37,4Z,33f31 33,16,40 

9Z34 UATA 40, 
. 
4,41, 0, 0, 0, 42,17,44, 44, 5,453, 

0. 0. -, 0. - 0. , 0. . 0 
9236 DATA 0. . 0. - .  0. 0. . . .  0. 0. 0. 0, . 0, . 0, 0, . 0, . 

0, 0, 0, 0, 0, 0 
32-38 DATA 0, 0, 05 0, 0, 0, 0, 0, 0, 0, 0, 0, 

0, 0, 0, 0s 0, 0 
9240 DATA 0, 0, 0, 0, 0, 01 0, 0, 0, 0, 0, 0, 

0, 0, 0, 0, 0, 0 
9~42 DATA 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

0, 0, 0, 0, 0, 0 
3244 DATA 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0. 

0. . . .  0. 0. 0. . 0, . 0 
3246 DATA 0, . 0, . 0, 0, 0, 0, 0, 0, 0s 0, 0, @b 

0, 0, 0, 0, 0, 0 
9248 DATA 0, 0, OI 0, 0, 0, 0, 0s 0, 0, 0, 0, 

0. 0. 0. 0. 0. 0 

.. . 
3310 READ FZ: 'DA?A is 
3331 DATA 1, 1, 44, "GD" ,  0 
9332 DATA 17, 1, 38, "GD" , 0, 3, 1, 38,' "GD" 3 0 
3333 D A T A 4 .  1. 38. "GD".  0. 4. 2. 44. " G D " ,  0 



TABLE A.2 ( can t . )  

9335 DATA 6. 1, 44, "GD" ,  0, 7, 1, 38, "GD" 0 
9336 DATA 7 ,  2, 44, "GD" ,  0, 8, 1, 40, "GDm,  0 
9337 DATA 3, 1, 38, "GD' ,  0, 10, 1, 40, "GD" r O  
9338 DATA 11. 1. 38. "GD" .  0. 12. 1. 40. "GD" .  0 

. . . . .  . . . . .  . . . . .  . . . .  
171,1,1,1, l , l , l , l , l  

3510 DATA l , l , l , l , l ,  l , l , l , l , l ,  l , l , l , l , l s  l , l , l , l , l ,  
1 , l . l . l . l .  . . . . . 1.1.1.1.1 . . . . 

3563 DATA 191,171,1, 1,191,1,1, l , l , l , l , l ,  l , l , l , l , l ,  1 
%*10 MAT READ 2: DATA 3336, l,MKM, .0041708, 

1968, 1.0000, -0459163 
9 . 1  1 DATA 3'336, 1, IX)OO, .0039085, 

3336, 1, O O ( ~ ,  . GO834 17 
9612 DATA 1968, 1. M)0Q7 -0014820, 

3936, I. 0000, .OW1708 
561 3 DATA 3336, 1.0000, -0250042, 

3336, 1.0000, -08333333 
9614 DATA 1960, 1,00001 . KJ41920, 

1968, 1.0000, -0041920 
96 I. 5 DATA 384, 1.0000, .041M.66, 

1, 1.O000, 1.000000 
'3E.30 DATA 0,1,10, 091,10, 0,1,10, 0,1,10 
9631 DATA 0,1,10, O91,10, 0,1,10, O5lS1O 
3632 DATA O,l,lfJ, 0,1,10, 0,1? 10, 0,1,10 
9ESB0 READ TO, T I ,  T2 : DATA O,l , l  



(2) A s e t  of D and E values of 0.1 and 0.9 f o r  component 6 is 

entered a s  C(8) = -1: D = 0.1: E = 0.9. The C value of -1 

must appear before the  D and E values. 

(3) I f  a l l  components a t  a  branch node a r e  associated with the  

same C value, i t  is not  necessary t o  e n t e r  a  sepora te  C 

value f o r  each component. I f  the  common C value is 0.349, t h i s  

value can be entered by C(1) = 0.349: C9 = 1. The program 

w i l l  then ass ign 0.349 t o  the  C decis ion f o r  each component 

a t  t ha t  node. 

(4) The d e f a u l t  C value i s  zero (see  d iscuss ion on topology below 

f o r  explanation of the  reference path f o r  the decision parameter 

values). 

(5) I f  a  G parameter value f o r  component 3 is 4.9. t h i s  value i s  

entered as  G(3) = 4.9. No C ,  D, o r  E values should appear f o r  

t h i s  component a t  the  node. 

(6) I f  components 4, 6, and 7 form an i d e n t i f i a b l e  aubassembly 

a t  a  node (e.g.. a  wheelset) ,  they a r e  i d e n t i f i e d  a s  such by 

K$(4), K$(6), K$(7) = "*". 

The u n i t  path cos ts  a r e  entered i n t o  the  program i n  subroutine '02 (program 

l ines  2xxx). Data need be entered only f o r  thoae paths which have cos ts .  

These paths a r e  ca l l ed  cos t  paths and a r e  a subset  of the  complete s e t  of 

paths given by the  schematic diagram. Unit path cos t s  f o r  cos t  path 

a r e  entered i n t o  the  program on program l i n e  y = 2030 + 20.(cost path 

number). Line numbers between 2030 + 20'(cost path number) and 2050 + 20. 

(cost  path number) a r e  avai lable  f o r  d a t a  of a given cos t  path. S u f f i c i e n t  

space has been provided i n  the  program f o r  77 cos t  paths. Additional c o s t  

paths can be employed by adding l i n e  numbers i n  a manner s i m i l a r  t o  t h a t  f o r  

addi t ional  decis ion parameter values. The addi t ional  l i n e  numbers a r e  3590, 

3610, e t c . ;  such add i t iona l  l i n e  numbers must then a l s o  appear i n  l i n e  2047. 

Af ter  the  cos t  path da ta  have been entered for  any of the  c o s t  paths, the  

statement GOT0 3900 must appear. 



The format f o r  ent ry  of the un i t  * path cos ts  is f l ex ib le ,  and allows fo r  a 

nonlinear cos t  representation.  The following examples i l l u s t r a t e  the 

format f o r  the c o s t ,  values : 

(1) A uni t  cos t  of $50.00 f o r  component 3 (see cos t  path 4) i s  

entered as  C(3) = N(3)*$50.00. 

(2)  A cos t  of $25,000 f o r  component 1 (see  cos t  path 30) is entered 

as C(1) = 25,000.00. Note t h a t  t h i s  i s  not a un i t  cos t  i n  tha t  

the cost  f o r  the path i s  not dependent on the flow of component 1. 

(3) A cost  of $17.25 f o r  each defect ive  un i t  of component 3 (see cos t  

path 40) i s  entered as C(3) = N(3) * 17.25 * O(3). 

(4) A cos t  of $5 times the square roo t  of the number of defect ive  

u n i t s  i s  entered,  fo r  component 2, as  C(2) = 5.00 * SQR(N(Z)*C(Z)). 

A l l  remaining da ta  a r e  entered i n  l ines  which s t a r t  with the number 9; e.g., 

9xxx. These da ta  have comments (REM statements) nearby i n  the program t o  

describe the da ta  requirements. These requirements a r e  a l so  described i n  

the discussion which follows. 

Data i n  l ines  9010 t o  9050 descr ibe  the s i z e  of the model being created.  

Tnese data a r e  

Line Number Quantity Definition 

M2 Number of components i n  model. 

2 1 Total number of nodes (branch, sum- 
mation, and ex t ra ) .  

22 Number of branch nodes. 

z3 Total number of paths. 

24 Number of cos t  paths (paths with 
associated cos t ) .  

* 
See Fixample 4. 



Examples of the data format can be found i n  the l i s t i n g .  

* 
The branch nodes -- 

- 
summation nodes -- ex t ra  nodes a r e  iden t i f i ed  i n  l i n e  

numbers 9120 9129. An example of the data  ent ry  i s  

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

I n  t h i s  example, 10 nodes a r e  shown. Of these 10 nodes, 7 a r e  branch nodes 

(1, 2,  3, 4, 6, 7, and l o ) .  Nodes 5 and 8 a r e  summation nodes ( indicated by 

a zero). Node 9 is  an e x t r a  node (indicated by -1). 

'Ihe topology of the schematic diagram i s  described i n  l i n e s  9230 through 9269. 

The data  a r e  entered as follows: 

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

In  t h i s  example (see Metroliner l i s t i n g ) ,  data f o r  3 nodes a r e  shown. These 

,are nodes 31, 32, and 33 s ince  the numbers given a r e  the 31st ,  32nd, and 33rd 

s e t s  of 3 numbers. For node 31, the data  ind ica te  tha t  the path i n t o  the  

node is  path 63. Tne node i s  a branch node (see da ta  l i n e  9120 and 'the d is-  

cussion above f o r  tha t  data  l i n e ) .  For branch nodes, the second number 

(e.g., 19) gives t h a t  depart ing path from the node defined as  the "bad" 

path. It is  t h i s  
** 

path t o  which the C,  D, E, G,  and K$ values fo r  the  node 

a r e  referenced. Ihe t h i r d  number (e.g., 64) gives t h a t  departing path 

from the node defined as  the "good" path. Node 32 is  a summation node (see  

data l i n e  9120). For summation nodes, the second number (e.g., 7) gives the 

second path which joins a t  the node. The th i rd  number (e.g., 65) gives 

the depart ing path from the node. 

Rework data  a r e  given i n  l i n e  9310 and i n  l ines  9331 through 9339. Line 

9310 spec i f i e s  how many reworkings occur i n  the system described by the 

schematic diagram. The number given i n  t h a t  l i n e  i s  f o r  the t o t a l  reworkings 

* 
Extra nodes a r e  nodes which have been s e t  as ide  f o r  possible addit ion t o  
the schematic diagram. 

** 
As an example, i f  C(10) = 0 a t  t h i s  node, then none of the uni ts  of 
component 10 a r r iv ing  on path 63 depart  on path 19. 



f o r  a l l  components and f o r  a l l  locations. I n  l ines  9331 - 9339 the d e t a i l s  

of the rework a re  given. Line 9337 from the  Metroliner data  is  used as  an 

example. m a t  l i n e  is  

9337 DATA 4, 1, 31, "GA", 0 ,  7, 2 ,  34, "GD", 0 

which spec i f i es :  Component 4 has i t s  f i r s t  rework on an outgoing path from 

node 31. ?he "good" outgoing path is  the one containing the rework and 

a l l  uni ts  a r e  reworked (these a r e  defined by the "GA"). The qual i ty  of Com- 

ponent 4 a f t e r  i t s  rework i s  0 ( a l l  good). Also, Component 7 has i t s  

second rework on the "good" path from node 34. Only the  defective un i t s  

i n  the path a r e  reworked and the  qua l i ty  f o r  Component 7 a f t e r  rework is 

0. 

The next sect ion of data  i s  l ines  9500 t o  9529. These l ines  indicate  

which paths a r e  cost  paths and which paths a r e  paths with no (zero) costs .  

A path with an associated cost  (a cost  path) is  indicated by a 1. A 

path with no costs  is  indicated by a 0 (zero).  The t o t a l  number of en t r i es  

1 and 0 must be 23: the t o t a l  number of e n t r i e s  1 must be 24. 

S ta te  var iable  data  appear next i n  the program l i s t i n g ,  l ines  9610 through 

9619. The s t a t e  var iables  a r e  entered fo r  each component i n  the order: 

population s ize ,  representative age for the population, and population 

qual i ty .  This i s  i l l u s t r a t e d  i n  the following example l i n e :  

9612 DATA 122, 1.5517, .0252918, 244., 1.9975, .025803 

The l i n e  spec i f i es  t h a t  Component 5 has a population s i z e  of * 122, a 

representative age of 1.5517 years and a qual i ty  of 0.252918 . The I ine  

a l s o  spec i f i es  that  Component 6 has a population s i z e  of 244, a representa- 

t i v e  age of 1.9975 and a qual i ty  of .025803. 

Weibull and population expansion r a t e  data  a r e  entered next i n  the program. ... 
The Weibull data  a re  required only fo r  simulations (not fo r  base case o r  

s e n s i t i v i t y  analyses). The data  a r e  entered successively fo r  each com- 

ponent. The data cons i s t ,  fo r  each component, of i t s  expansion ra te ,  i t s  

* 
Data f o r  components 1-4 appear i n  l ines  9610 and 9611. 

A-25 



Weibull s lope,  and i ts  c h a r a c t e r i s t i c  l i f e .  The da ta  ent ry  is  i l l u s t r a t e d  

by the  following example l ine :  

9630 DATA 0,2,1.82998, 0,2,1.82998, 0,2,1.82998, 0,2,2.32138 

This l i n e  indicates  t h a t  f o r  Component 1, i t s  expansion r a t e  ( in  un i t s  per 

year) is  zero, i t s  Weibull s lope is  2, and i t s  c h a r a c t e r i s t i c  l i f e  i s  

1.82998 years. The l i n e  a l so  indicates  tha t  s imi la r  da ta  apply t o  com- 

ponents 2, 3. For Component 4, the expansion r a t e ,  Weibull s lope and 

c h a r a c t e r i s t i c  l i f e  are ,  respectively,  0 ,  2, and 2.32138. 

The f i n a l  data  to  be entered i n t o  the  program a r e  these  which control  the  

d e t a i l s  of a s i m l a t i o n :  those da ta  a r e  entered i n  l i n e  9680 and provide 

values fo r  TO, TI, and T2. These quan t i t i e s  a r e  defined as  follows: 

TO = The number of years to  be simulated. I f  TO = 0, then j u s t  the  

base case analys is  (year 0 fo r  the s i m l a t i o n )  i s  provided. 

TI = The time s t e p  t o  be used f o r  the simulation: t h i s  number is  

0.05 t o  0.5 years f o r  typical  simulations. 

l 2  = l h e  number of time s t eps  i n  a simulation a t  which a pr in tout  

(of flow r e s u l t s  and cos t  r e s u l t s )  is  provided. For example, 

i f  T2 = 5, then a printout  is  provided every 5 time steps.  

In  addi t ion to &e data  discussed above, the computer program requests 

(during execution) c e r t a i n  inputs from the user. These are: 

Line Number Question Asked of User Response 
* 

9400 "DO YOU WANT TOPOLOGY PRINTOUT 1 = yes 
* 

(1  OR O)?" 0 = no 

9530 "SENSITIVITY ANALYSIS (1  OR O)?" 1 = yes 

0 = no 

4 
A topology pr in tout  describes ,how the  paths and nodes a r e  interconnected 
and where rework is done. Such a pr in tout  is  useful  fo r  debugging of 
the input data. I t  allows the  user  t o  ver i fy  t h a t  the schematic diagram 
is  being represented properly fo r  analys is .  



(continued from previous page) 

Line Number Guestion Asked of User 

9535 "SENSITIVITY ANALYSIS TO START AT Enter branch node 
number (not node (1  TO 22 FOR BRANCH NODES, -1 number) or  c o s t  

TO -24 FOR COST PATHS)?" path number (not 
path number) 

9540 "HARD COPY (0, 1, OR 2)?" 0 = None ( a l l  output 
on CRT screen) 

1 = Population (path 
1) quan t i t i e s  
only printed on 
paper 

2 = a l l  r e su l t s  printed
on paper 

9550 "DISC TO BE USED (F OR R)?" P = Left d i s c  
R = Right d i s c  

For a given minicomputer system, minor modifications t o  the  simulation cos t  

model program may be necessary f o r  the  program t o  execute. lhese  modifica- 

t ions a r e  primarily i n  l i n e  numbers 7020 and 8010 where the device which 

provides hard 

-- 
copy is  iden t i f i ed .  I n  the program l i s t i n g ,  t h i s  device i s  

215(132) a p r i n t e r  coded 215 which has 132 columns of pr in t ing per l ine .  

Promam for  Calculat ion of Decision Parameter Values (Table A.3) 

The program f o r  the ca lcula t ion of the  decision parameter values is  a too l  

which works with individual  branch o r  summation nodes. The program accepts 

known values of flow and qua l i ty  on paths which surround a node. The pro- 

gram then computes values of C (or  D and E) f o r  branch nodes and determines 

unknown flows and q u a l i t i e s  f o r  both branch and summation nodes. For 

branch nodes, the program allows the e f fec t s  of component in te rac t ion  t o  

be included a s  part  of the determination of decis ion parameter values f o r  

the individual  components. A l l  c a p a b i l i t i e s  described i n  Section 4.1 a r e  

provided by the  program. 

The program requires no ent ry  of da ta  v ia  program l i n e s  -- a l l  da ta  a r e  

entered in te rac t ive ly  during program execution. mes t ions  asked of the  

user  contain prompting notes which ind ica te  co r rec t  responses. 

 



TABLE A . 3  

PROGRAM FOR CALCLILATION OF DECISION PARAMETER VALUES 

l o  ~m HQ-M*V*---*- REM 
26 REM Q SIMIJIATIDN COST KOEL DATA CALCULATIaVS REM 
30 REM ~ ~ s H I H * Q ~ ~ MR m  
34 REW 

REW 
Q "DATACALC" DISK 16 -- LAST REVISION DATE --- 1/78 
Q~-QQ*~-~~**~,ql 

37 REM 
38 REM 
40 DEFFN'OO"LISTSU:SUECT PRINT 005(64):SELECT L I S T  005(64) 
50 D I M  Tbl,F%l,Q%l,Q182,N(l2):  IWUT "t1ARO CDPY ( Y  OR N).,P% 
60 GOSLtEl '02: PRINT HEX(OAOA0A): SELECT PRINT 005 
70 PRINT HEX(0AOAOA): INPUT 'NODE W E R " , K 7  
80 INPUT "BRANCH OR SUMMATION NODE (I3 OR S>",T% 
30 1<5=0 
100 INPUT "NIJMDER OF K% COMPDNMTSn,K 
110 KS=KSt.l: I F  K5>.K THEN 70 
120 IF  T't='DM THEN 430: PRINT : PRINT : PRINT 'Kb CDMPaVENT ';K5 
;" OF =;It 
130 : 
, 

PRINT INPUT 'WHICH FLOW I S  W N W J N  ( l = I N P U T  #1, 2=INPUT #2 
O=WTPUT).,F% 

140 I F  F%<.>~"l" T W N  180 
150 INPUT ' 2 M )  INPUT FLOWM,F2 
160 INPUT 'OUTPUT FLOWw,FO 
170 Fl=FO-F2: GOT0 ZGO 
180 I F  F%<>.2" THEN 220 
190 INPUT '1- INPUT FLDW",Fl 
200 INPUT 'OUTPUT FLOWM,FO 
210 F2=FO--Fl: GOT0 X5 
220 I F  F%<>'Om Tk1EN 130 
230 INPUT "1ST INPUT FLOWH,Fl 
240 INPUT '2ND INPUT FLMJ".F2 
250 F O = F l  +F2 
Z6O PRINT :INPUT "WtiICI-b FLOW QUALITY I S  UNKNDWN ( l = I W L l T  #1, ? = I  
WUT ~~ - #2. O=OUTPUT) '.QS 
270 IFQS<YI-  THEN.^^ 
280 INPUT "LW INPUT FLOW MJALITY" ,G2 
290 INPUT "OUTPUT FLOW QMLITYs,WJ 
300 I F  F1<>0 TIiEN 310: Q1=0: GOT0 410 
310 G l = ( ~ O - W * F 2 ) / F l :  GOT0 410 
320 I F  Q%<>"ZU THEN 370 
330 INPUT '1ST INPUT FLOW QUALITY",GI 
340 INPUT 'MJTPUT FLOW W A L I T Y Y  ,QO 
350 IF  F2<>.0 T I E N  360: W = 0 :  GOT0 410 

H H ( ~ ~  

--**VQQ-* 



TABLE A.3  (cont.) 

330 INPUT '1ST INPUT FLOW WALITYn ,O1  
3% INPUT "2M) INPUT FLOW W A L I T Y " , ( K  
400 W)= (F l  *a1 +FLWZ)  /FO 
410 GDFjClB '02: PRINT : PRINT "SJMMATION NODE .- NOOE NLtPBI3 ";K7; 
* K% C W O N E N T  ";K5;' DF "; K 
420 PRINT 'WTPUT FL.34 I S  ';FO 
430 PRINT '1ST INPUT FLOW I S  ";Fl 
440 PRINT '2M) INPUT FLOW I S  ";F2:PRINT 
450 PRINT 'WTPUT QUALITY I S  ";W) 
460 PRINT " 1 5 T  INPUT QUALITY I S  ';01 
470 PRINT '2M) I W L I T  QUALITY I S  ";02 
480 SELECT PRINT M)5: GOT0 110: RFM * 9 9 9 9 
430 PRINT : PRINT : PRINT "It% COMPONENT ';K5; " DF " ;K 
500 PRINT : INPUT "UNKNOWN FLOW (F=FROM PATH, B=BAD PATH, G=GODD 

PATH) ', F S  
510 I F  F%<.>."FU TI-EN 550 
520 INPUT 'BAD PATH FLOWY, F l  
530 INPUT "GCMD PATH FLOW8',FZ 
540 FO=Fl+F2:  N=Fl/FO: GOTO 630 
550 IF  F % O U B "  T E N  533 
560 INPUT 'FRMrl PATH FLDW".FO 
570 INPUT 'GM3D PATH FLOW* ; ~ 2  
580 Fl=FO-F2:  N=Fl/FO: GOT0 630 
533 IF  F$<>."G1' T I E N  433 
600 INPUT 'FROM PATH FLOW", FO 
610 INPUT "DAD PATI4 FLOWn,F1 
E.20 F2=FO-Fl : N=F l /FO 
630 N5=N: N= l - . (  1 -N5) + (  1 /K )  
640 IF K5>1 TFEN 750: IF  K = l  THEN 760: MAT REDIM N(K):  MAT N=CON 
: MAT N=(N)*N 
650 PRINT "CCIMEIINED S P L I T  I S  ";N5;', ALL  INDIV IDUAL SF'LITS W I L L  
BE ";N 

PRINT ' UFhESS W 
ERR I K E N '  
670 INPUT "OVERRIDE (Y  OR N)",Y%: I F  Y%="NY THEN 750 
680 INPUT "LEAST IMPORTANT COMPDhlENT'.L: T9=1 
6% FOR J = 1  TO It: IF  J=L TI-EN 720 
7M) PRINT " IPIDIVIOUAL S P L I T  FOR COMPONENT Y ;  J;. ( W E T  BE LESS TI-+ 
AN COMBINED S P L I T ) "  
710 INPUT N ( J ) :  T 3 = T W ( l - N ( J ) )  
720 NEXT J 
730 N ( L ) = l - ( I - N 5 ) / T 9 :  PRINT : PRINT '1M)IVIDUAL SPLITSY:  MAT P R I  
NT N 
740 INPUT "ARE THESE I N D I V I W A L  S P L I T  V A L E S  O.K. (Y  OR N)",Y$: 



TABLE A . 3  (cont.) 

I F  Y'$=.N8' TIEN tit30 
750  N=N(K5) 
760 PRINT : INPUT " M N O W N  DECISION FACTOR DR FACTORS (C=C, DE=D 
&E, D=D, E=E)",Ql% 
770 I F  Q1%C>'Cn M E N  790 
780 Z=1: C=N: GOTO 1230 
730 IF  Ql$C>'DEY THEN 370 
800  INPUT 'UNKNMJN FLOW W I T Y  PATH (F=FRDM PATH, B=BAD PAM, G 
=GDOD PATH) " , 0% 
810 I F  Q%<>"F" TI-IEN 850 
820 INPUT 'BAD PATI-I QUALITYY,Q1 
830 INPUT 'GDOD PATH WALITYm,QZ 
840 QO=(F~~Q~+FLWQ~) /FO:  GOT0 930 
850  IF  Ga<>'BU TtEN 890 
860 INPUT 'FROM PATH WALITYn,M) 
870 INPUT "GDOD PATH 
880 Q1=1: IF  F l = O  TI-IEN 330: Q1=(QOVO-QZWZ)/F1: GDTO 930 
830 I F  #C>"Gn TlEN ZOO 
300 INPUT 'FROM P A M  WALIT\",W 
310 INPUT "BAD PATI-1 MYILITY",Ql 
920 W=0: IF  F2=0 TICN 330: W = ( W W O - - Q l * F I  )/F2: GOT0 330 
930 Z=1: I F  M)=O TI-IEN 340: Z=Ql/M) 
340 GOSUO '01 
3 5 0  D=WZ: E-0: IF  QO=1 THEN 1230 
96.0 E=N*(l-Z9M))/(l.-M)): GOT0 1230 
370 I F  Q1%<:>"Dn THEN 1100 
380 E-0: Q1=1 
MO INPUT "UMIKNOWN FLOW (WALITY PATH (F=FROM PATH, G = G W  PAM). 
,m 
1000 IF  Q$C>.'F" THEN 1030 
1010 INPUT "GWD PATI-I GUALITYa',Q2 
10~Y) QO=(Fl*Wl.bFrF!Q2)/FO: GOT0 1070 
1030 I F  #<>"Gm THEN 390 
1040 INPUT "ILROM PATH MJALITY",M) 
1050 Oi?=O: I F  F2=0 TI-EN 1070 
1060 Q 2 = ( ~ 0 - ~ Q l * F l  )/F2 
1070 Z=1: I F  M)=O THEN 1080: Z=Ql/M) 
1080 GDSUR '01 
1030 D=N*Z: GOT0 1230 
1100 I F  QlQ<:>."E" TI-EN 630  
1110 D=l :  W = 0  
11K) INPUT "UNKNOWN FLOW QLIALITY PATH (F=FROM PATH, B=BAD PAM)"  
, Q$ 
113J I F  QSC>"Fn TI-IEN 1160 



1140 INPUT "BAD PATH QUAL1TYs,Q1 
1150 M)=(Fl+G1+FFQZ)/F0: GOTO 1 2 0 0  
1160 IF Q5~:>."EIY THEN 1 1 2 0  
1170 INPUT 'FRDM PAT14 Q&LITY",M) 
1180 Q1=l: IF F1=0 TlXN 120 0  
1 1 9 0  Q ~ = ( F W Q O - F L ~ ? ~ ) / F ~  
1200 2.1: IF Q0=0 THEN 1210: Z=GI/M) 
1210 GOSUR '01 
1220 E=O: IF M)=l THEN 1230: E=N++(l-.Z++QO)/(l-M)) 
1230 RREM * ++ ++ ++ ++ BRANCti POINT PRINTING 
1240 GOSW '02: PRINT : PRINT 'BRANCI-I NODE - NODE NUIWER ";K7;" 

K* CDMPDNENT ";K5; ' OF " ; K 
1250 PRINTUSING 12Et0,FO: PRII'JTUSING 1270,Fl,N5: PRINTLGING 1280, 
F2, N 
lrY.O% INPUT FLWJ (COMBINED) = ######### 
1270% BAD P A M  FLWJ (COMBINED) = ######### N1 (COMB1 
E D )  = #. ####### 
1cBX GOM) PATH FLOW (CDMI3INED) = ######### N1 (IWIVID 
UAL) = #.####### 
Ir% PRINT : IF QlO0"C" THEN 1300: PRINT 'Ql = ';Z,"C = ";C: SE 
LECT PRIM 005: GOT0 110 
13tM PRINTWING 1310,QO: PRINTKING 13i?OIQ1, 25: PRINTUSING 1330, 
Q2,Z 
1310% INPLJT FLOW QUALITY (COMBINED) = #.####### 
1320% BAD PATH FLOW QCIALITY (COMBINED) = #.####### Q1 (COMB1 
NED) = ##.#####+I 
1330): GODn PATH FLOW QUALITY (COMBINED) = #.####### Gl (IWIVID 
UAL) = ##.###### 
1340 PRINT "D (INDIVIWAL) = ";D,"E (INDIVIDUAL) = ";E 
1350 SELECT PRINT 005: GOT0 110: REM ++ ++ ++ * 
13M) DEFFN'OI 
1370 Z5=Z 
1380 IF N5<>.1 THEN 1330: Z=1: RETURN 
1390 Z=(Z5W5*(1--N)+N-N5)/(N*(l-.NS)) 
1400 RETUnN 
1410 DEFFN'OZ 
14cT IF P*='NM TIEN 1430: SELECT PRINT 215( l3Z) 
1430 RETURN 



The program f i r s t  asks fo r  the  number of the node under consideration. 

This number is  t h a t  on the schematic diagram and i s  included i n  the out- 

put f o r  proper referencing of resul ts .  The program then asks i f  the  node 

is  a branch o r  s u m t i o n  node. The program a l so  asks * how many components 

a t  the node a re  p a r t  of an i d e n t i f i a b l e  subassembly. I f  the node i s  a 

summation node ( the  simpler case). the  program asks f o r  flows and q u a l i t i e s  

Flows on two of the three paths and q u a l i t i e s  on two of the three  paths 

a re  requested. 'Ihe program then computes the remaining flow and quali ty.  

I f  the node i s  a branch node, the program proceeds as follows. 

For a branch node, the program f i r s t  requests flow data  f o r  the com- 

ponent on two of the  three paths. I f  a component i s  being considered 

which i s  not par t  of, o r  not the f i r s t  component of, an iden t i f i ab le  sub- 

assembly, the actions i n  the  next paragraph are  skipped. I f  the component 

is  the f i r s t  of an iden t i f i ab le  subassembly, the program proceeds as  follows. 

For a component k which is the * f i r s t  of an i d e n t i f i a b l e  subassembly, the  

program computes a proportion C as described i n  Section 4.1.1. The user 

can override t h i s  proportion and m s t  then specify the individual propor- 

t ions  for a l l  but one of the components i n  the subassembly. I n  t h i s ,  the 

procedure and equations given i n  tha t  sect ion a r e  followed. 

Next, the program requests t h a t  the user enter  the type of decision which 

occurs a t  the node f o r  the component. I f  the  decision is  a C decision, 

the  C parameter value fo r  the component and the remaining unknown flow i s  

computed. 

I f  the  decision i s  a D and E decision,  qua l i ty  data  a r e  requested of the 

user. 'Ihese qual i ty  values can be those fo r  any two of the three  nodal 

paths. I f  the  decision is  a D decision (E = 0) o r  an E decision (D = I ) ,  

the  qual i ty  data  a r e  a l so  requested of the user. I n  these cases,  the 

* 
I f  a component i s  being considered which i s  not par t  of an i d e n t i f i a b l e  
subassembly, the response of the  user is  1. 
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user  need supply a qua l i ty  value on only one path. The program then com- 

putes the  D and/or E value and the remaining unknown path flow and path 

qual i ty .  

A t  t h i s  point ,  the program i s  f in ished with the component. I f  the  com- 

ponent j u s t  considered is pa r t  of an  i d e n t i f i a b l e  subassembly, the pro- 

gram then proceeds t o  the next component i n  t h a t  assembly. I f  the com- 

ponent i s  the l a s t  component i n  the  subassembly, o r  i f  the  component 

is not pa r t  of an i d e n t i f i a b l e  subassembly, the program s t a r t s  i t s  execu- 

t i o n  over ( the  program again asks f o r  the  node number, e tc . ) .  Another 

component a t  the same node can be t rea ted o r  another node can be con- 

sidered. By working successively through the  various components and nodes, 

the user  can "hand calcula te"  the base case  analysis .  I n  so doing, the 

user  w i l l  i d e n t i f y  gaps in fhe raw data  and w i l l  obta in  values f o r  a l l  the de- 

c i s ion  parameters i n  the simulation cos t  model. 





APPENDIX B 

ATCOACH FLEET: MAINTFNANCE AND DATA FROM THE 

COMPUTERIZED MAINTENANCE ANALYSIS PROGRAM 

This appendix provides a b r i e f  descr ip t ion of the  procedures and data  

s torage process used i n  maintaining the Amcoaches. The majority of infor-  

mation provided i n  t h i s  descr ip t ion was obtained by v i s i t i n g  the 30th 

S t r e e t  (Philadelphia) Amtrak Maintenance f a c i l i t y .  That f a c i l i t y  maintains 

about 275 of the approximately 492 Amcoaches i n  service.  

The maintenance procedure contains two par ts :  the scheduled o r  program 

maintenance and the unscheduled o r  bad ordered maintenance. Each of these 

is described separa te ly  below. 

The program maintenance is generally performed by the f a c i l i t y  to  which a car  

is assigned. I f  t h a t  f a c i l i t y  i s  overloaded, ca r s  may be assigned fo r  program 

maintenance to  another f a c i l i t y .  The maintenance can be e i t h e r  a monthly, a 

90 day, a 180 day, a 270 day, o r  a 360 day (days a r e  measured from the previous 

year ly  maintenance). The 360 day is the  most comprehensive, followed by the  

180, the 90 - 270, and the monthly. The 90 and 270 day maintenance a r e  

e s s e n t i a l l y  the  same. The monthly inspections a r e  jus t  spot  checks and a r e  

not formally considered par t  of the program. The items checked under each of 

the three  program maintenance categor ies  a r e  l i s t e d  i n  forms completed during 

the  maintenance operation. 

When a car  enters  the  Philadelphia f a c i l i t y ,  i t  f i r s t  goes to  a p i t  a rea .  A t  

t he  p i t ,  the trucks a r e  inspected and serviced.  Servicing involves, i f  neces- 

sary,  replacement of brake components, suspension components, o r  wheel-axle 

assemblies. Secondary suspension springs and a i r  bags a r e  replaced by jacking 

up the  car  body - the  truck is not removed from the  ca r .  I f  wheel-axle 

assemblies are  defect ive ,  the e n t i r e  assembly i s  removed and replaced with 

another wheelset. The wheelset includes the wheels, bearings, axle ,  and d i s c  

brake p la tes .  



After the  p i t  a rea ,  the  c a r  goes to  t rack 32 f o r  other servicing.  This 

servic ing includes c a r  cleaning,  ca r  r epa i r ,  e t c .  Wheel turning,  i f  neces- 

sary ,  is done under the  ca r .  A separa te  enclosed t rack area  houses the  

in-place wheel turning machine. 

A t  Philadelphia on a given day, about 15 c a r s  a r e  i n  the  shop for  the  

program. Between 0 and 15 or  so  may be i n  the  shop f o r  unscheduled main- 

tenance. 

The unscheduled maintenance can a r i s e  because of a terminal inspection bad 

order,  a conductor bad order ,  o r  a monthly inspect ion  bad order.  No attempt 

is made to send the  bad ordered ca r  back to  the  maintenance f a c i l i t y  which 

o rd ina r i ly  performs its program service  - the  most convenient f a c i l i t y  is 

used. The problem with the  car  is attended to  and then the  ca r  is placed 

back i n t o  service .  The date  of the  next program se rv ice  i s  not a f fec ted  by 

t h e  performance of unscheduled maintenance on the  ca r .  

According t o  the  conversations with the  foremen, Amtrak performed a l l  the 

se rv ice  s ince  Amtrak took over the  Philadelphia f a c i l i t y .  The majori ty of 

the  Amcoaches were put in to  service  s ince  t h a t  time. During the  i n i t i a l  

s t ages  of Amcoach use ( l a t e  75 and ear ly  76), Budd personnel a s s i s t e d  Amtrak 

i n  the  maintenance. 

Several forms a r e  associated with the  maintenance of the Amcoaches. These 

a r e  a s  follows: 

1. The Maintenance Analysis Program Card (Map #21A) records t h a t  the  

program maintenance was done t o  the  ca r .  This card s t ays  i n  the 

ca r .  



2. The Car Condit ion Report (Form 1000A) is used by t h e  conductor 

o r  o t h e r  Amtrak employee t o  record  problems perceived during 

c a r  ope ra t i on .  This  c a rd  s t a y s  i n  t h e  c a r  and i s  r e f e r r e d  t o  

du r ing  program s e r v i c i n g s  and du r ing  unscheduled s e r v i c i n g s .  

When t h e  ca rd  g e t s  f u l l  o r  becomes s o i l e d ,  i t  i s  removed a t  a 

program s e r v i c e  and is f i l e d  wi th  t h e  program s e r v i c e  r eco rds .  

The p l a c e  t h a t  t h e  ca rd  is f i l e d  depends on where t h e  program 

s e r v i c e  is  done a t  t h e  time t h e  card  is rep laced .  

3 .  The shop s h e e t  c o n t a i n s  a record  of a l l  maintenance a c t i o n s  

conducted by t h e  Phi lade lph ia  shop dur ing  a g iven  day. The 

s h e e t  con t a in s  space f o r  12  c a r s .  The s h e e t  w i l l  l i s t  whether 

t h e  c a r  is i n  t h e  shop f o r  a program s e r v i c e  (and, i f  s o ,  which 

one) o r  f o r  a s p e c i f i c  problem (and, i f  s o ,  what t h a t  problem 

i s ) .  I f  t h e  c a r  is i n  t h e  shop f o r  a s p e c i f i c  problem, t h e  shop 

s h e e t  w i l l  show the  problem a s  diagnosed by the  Ph i l ade lph i a  

i n s p e c t o r  ( no t  t he  problem a s  suspec ted  by t h e  conductor  o r  

o t h e r  Amtrak employee on t h e  lOOOA Form). 

4. The Maintenance Analys i s  Program Work Sheet  ( o ld  Form) and t h e  

Maintenance Analys i s  Program O r i g i n a l  Record of Repa i r s  (new 

Form) list work performed on  t h e  c a r .  The o l d  Form l i s t e d  a l l  

work performed du r ing  program s e r v i c i n g s .  For unscheduled 

s e r v i c i n g ,  t h i s  s h e e t  was n o t  f i l l e d  ou t .  The Form was f i l e d  

i n  t he  c a r  f i l e  a t  t h e  maintenance l o c a t i o n  where t h a t  p a r t i c u l a r  

program s e r v i c e  was performed. The new Form i s  f i l l e d  o u t  f o r  

bo th  program and unscheduled s e rv i c ings .  The in format ion  from 

the  new Form is  en t e r ed  i n t o  a computer system f o r  on- l ine  

s t o r a g e  i n  Washington, D.C.  A l l  maintenance performed on each 

c a r  i s  t o  be  a v a i l a b l e  when t he  system is f u l l y  o p e r a t i o n a l  ( s e e  

MAP d e s c r i p t i o n  below). 



5. Inspection Forms - These Forms describe the inspections which 

must be performed a t  the  90, 180, 270, o r  360 day maintenances. 

The Forms a r e  f i l e d  i n  the ca r  f i l e  a t  the maintenance f a c i l i t y  

which did the  se rv ice .  The Forms include: 

a .  The Monthly Inspection Report 

b. The 3 Months Inspection Report 

c .  The 6 Months Inspection Report 

d.  The 3 Months E Cleaning Report 

e .  The Periodic Journal  Bear ingLubr ica t ion  Procedure 

f .  The Wheel and Coupler Inspection Report 

g. The Inbound Inspection Report and Dispatchment Report - 
Layover. 

I n  order  t o  e s t a b l i s h  the events which occurred i n  the  l i f e  of a  p a r t i c u l a r  

car ,  access t o  records containing several  of the  above f o r m  is necessary. 

For events which occurred s ince  Ju ly  1977, the  computer record produced from 

the  new Work Sheet (4) is su f f i c i en t .  This computer record cen t ra l i zes  a l l  

maintenance records f o r  each c a r  regardless of where the  maintenance was per- 

formed (see  MAP descr ip t ion  below). For events which occurred p r i o r  t o  Ju ly  

1977, a  r a the r  d i f f i c u l t  search procedure is necessary. This procedure includes: 

1. Review of the  f i l e  f o r  the  ca r  i n  Philadelphia.  This f i l e  contains 

the  d e t a i l s  of a l l  program maintenance on the ca r  f o r  those program 

maintenances performed i n  Philadelphia. 

2 .  Review of the shop sheets  f o r  Philadelphia. These shop sheets  w i l l  

show the  unscheduled maintenance performed on the ca r  & 
Philadelphia. 

3. Review of the  records of the  o ther  maintenance locat ions .  A t  each 

locat ion ,  the ca r  f i l e  w i l l  conta in  the  records ( i . e . ,  Work Sheet 

Inspection Forms, and (possibly) l O O O A  sheets)  for  the program 



maintenances performed on t h a t  c a r  by t h a t  f a c i l i t y .  The shop 

s h e e t  w i l l  c o n t a i n  t h e  record  of t h e  unscheduled maintenance 

performed on t h a t  c a r  a t  t h a t  f a c i l i t y .  

The computerized Amcoach Maintenance Analysis  Program (MAP) c e n t r a l i z e s  a l l  

maintenance records  f o r  each c a r  r e g a r d l e s s  of  where t h e  maintenance was per-  

formed. This  computerized aystem s t a r t e d  ope ra t i on  i n  mid 1977. It has 

g r adua l l y  become f u l l y  o p e r a t i o n a l  s i n c e  t h a t  time. 

The Xaintenance Analys i s  Program i s  u s e f u l  f o r  t h e  s imu la t i on  c o s t  model i n  

t h a t  i t  can prov ide  d a t a  on  t h e  occurrence r a t e  of  va r i ous  maintenance l a b o r  

ope ra t i ons  and on t h e  a s s o c i a t e d  c o s t s .  The occurrence r a t e  a l l ows  va r i ous  

flows i n  t h e  schematic  diagram t o  be  e s t a b l i s h e d  s o  t h a t  va lue s  of  t h e  

d e c i s i o n  parameters  can b e  computed. The c o s t s  a l low u n i t  c o s t s  t o  be  

e s t a b l i s h e d  on some of t h e  pa th s  i n  t h e  diagram. 

A t y p i c a l  o u t p u t  which t he  ~ a i n t e n a n c e  Analys i s  Program produces and which 

con t a in s  f low and c o s t  d a t a  is shown a s  Table  B.1. I n  t h i s  t a b l e  va r i ous  

r e p a i r  ope ra t i ons  a r e  l i s t e d  f o r  t h e  Ph i l ade lph i a  f a c i l i t y .  For each opera- 

t i o n ,  t he  d e s c r i p t i o n ,  t h e  r e p a i r ,  t h e  number of r e p e t i t i o n s ,  and l a b o r  c o s t s  

a r e  shown. It should be noted t h a t  t h e  l a b o r  c o s t s  a r e  no t  a c t u a l  c o s t s  b u t  

a r e  c o s t s  computed on a s t anda rd  r a t e  of  approximately $7 pe r  hour .  

I n  Table  B.1, s e v e r a l  rows a r e  shaded. These rows r e p r e s e n t  r e p a i r  ope ra t i ons  

a s s o c i a t e d  w i th  t h e  t r uck .  Typ i ca l l y ,  most of  t h e  r e p a i r  ope ra t i ons  do n o t  

i nvo lve  t h e  t r uck .  

The MAP d a t a  w i l l  soon become t h e  b e s t  source  of  Amcoach da t a .  However, a  

per iod  of  t ime should be  allowed t o  pass  b e f o r e  MAP d a t a  a r e  used ex t ens ive ly  

f o r  t h e  s imu la t i on  c o s t  model o r  f o r  o t h e r  economically o r i e n t e d  purposes .  
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This period of time, l a s t i n g  perhaps 2 - 3 years, w i l l  allow a l l  Amtrak 

personnel t o  become thoroughly famil iar with the system. In addit ion,  

during that  time the number of repair operations should become s u f f i c i e ~ l t l y  

large that s t a t i s t i c a l l y  va l id  information can be obtained. 





APPENDIX C 

TURBOTRAIN TRUCK 

The t u r b o t r a i n  t r u c k  was in tended ,  du r ing  t h e  e a r l y  months of t h e  c o n t r a c t ,  

t o  be one of  t h e  s u b j e c t s  f o r  t h e  s imu la t i on  c o s t  model. To o b t a i n  i n f o r -  

mation and d a t a  on t h a t  t r uck ,  a v i s i t  was made t o  t he  Canadian Nat iona l  

Ra i l r oad  (CNR) on A p r i l  26 and 27, 1977. The CNR has  opera ted  a t u r b o t r a i n  

f o r  many y e a r s  and consequent ly  r e p r e s e n t s  a sou rce  of d a t a  f o r  t h e  t r uck .  

During l a t e r  months of  t h e  c o n t r a c t ,  i t  was decided n o t  t o  apply t h e  

s imu la t i on  c o s t  model t o  t he  t u r b o t r a i n  t r uck .  However, s i n c e  in format ion  

and da t a  were ob ta ined  from t h e  v i s i t ,  they have been organized and a r e  

p resen ted  i n  t h i s  Appendix. 

GENERAL 

The CNR t u r b o t r a i n  is  a u n i t  t r a i n  c o n s i s t i n g  of two power dome (P.D.) c a r s  

(one a t  each end of t h e  t r a i n )  and seven i n t e rmed ia t e  c a r s  (1.12.). Each 

P.D. c a r  ha s  one dua l  a x l e  (D.A.) t r u c k  w i th  each a x l e  powered through a n  

a x l e  mounted gea r  box. These gea r  boxes a r e  d r i v e n  from a cab mounted 

"co l lec tor"  gea r  box which i n  t u r n  is  powered by two P&WA PT-6 ga s  t u r b i n e s .  

A s i n g l e  a x l e  (S.A.) t r uck  is  employed between each c a r  - P.D.'s and I . C . ' s .  

Thus, t h e r e  a r e  e i g h t  S.A. t r u c k s  p e r  t r a i n .  A l l  c a r s  a r e  mechanical ly  

a t t a ched  such t h a t  t he  e n t i r e  t r a i n  becomes a n  i n t e g r a t e d  u n i t .  Once t he  

t r a i n  i s  assembled, c a r s  a r e  n o t  added, sub t r ac t ed ,  o r  rep laced  - excep t  

f o r  changes i n  "mission" - a s  approximately t h r e e  days is  r equ i r ed  t o  "break" 

a c a r  from the  t r a i n .  

Three t r a i n s  a r e  employed on t h e  twice p e r  day Montreal-Toronto run  (667 

mi l e s  round t r i p ) .  Thus, each t r a i n  i s  i n  revenue s e r v i c e  67% of t h e  t ime 

(one t r a i n  is  always e i t h e r  undergoing major maintenance o r  i s  i n  r e s e rve ) .  

Each t r a i n  averages  approximately 140,000 mi l e s  p e r  yea r  (account ing  f o r  once- 

per-day t r i p s  on Sundays). 
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~ c K  DEFINITIONS 

D.A. Primary Truck i s  removed from the  P.D. c a r  a s  a  u n i t  and c o n s i s t s  of  

wheels,  a x l e s ,  gear  boxes, j ou rna l  bea r i ngs ,  primary s p r i n g s ,  s i d e  frames, 

b rake  shoes,  b rake  a c t u a t o r s ,  b rake  l i nkages ,  and c e n t e r  p i n  bushing1 

housing. 

D.A. Secondary Truck is a t t a ched  t o  t h e  P.D. c a r  and c o n s i s t s  of t h e  

b o l s t e r ,  c e n t e r  p in ,  t o r s i o n  s p r i n g s ,  dampers, secondary s p r i n g s  ( a i r  

bags) ,  s i d e  bea r i ngs ,  and l a t e r a l  s t o p s .  

S.A. Primary Truck i s  removed from between c a r s  a s  a  u n i t  and c o n s i s t s  of  

wheels,  a x l e ,  j ou rna l  bea r i ngs ,  primary s p r i n g s ,  t o r s i o n  s p r i n g s ,  lateral 

s t o p s ,  transom beams, b rake  shoes,  a c t u a t o r s ,  and l i nkage ,  b e l l  c rank ,  and 

lower guidance arms. 

S.A. Secondary Truck is a t t a ched  t o  each c a r  and c o n s i s t s  of  t h e  upper 

guidance arms, walking beams, secondary s p r i n g s  ( a i r  bags)  and upper 

suspens ion  arms. 

COMPONEW SPECIFICS 

(1)  Primary Spr ings  a r e  "Lord mounts" on bo th  s i n g l e  a x l e  (S.A.) and double 

a x l e  (D.A.) t r u c k s  s i m i l a r  t o  t h e  Budd "Pioneer 3". They are rep laced  

on  t h e  average  about  every  200,000 miles. 

(2)  Secondary s p r i n g s  a r e  a i r  bags and a r e  very  seldom rep laced  on D.A. 

t r ucks .  Approximately 12  S.A. a i r  bags a r e  rep laced  every year  i n d i c a t -  

i n g  a n  average l i f e  of about  560,OOO'miles. S.A. suspens ion  rod end 

bea r i ngs  a r e  r e b u i l t  on t h e  average  every  250,000 miles. The most 

aggrava t ing  problem wi th  t h e  D.A. secondary suspens ion  is  maintenance 

of  t h e  bea r i ngs  which a t t a c h  t h e  a i r  bag suppo r t i ng  p l a t e  t o  t he  P.D. 

c a r  - because b o l s t e r  removal is r equ i r ed .  



(3) Dampers a r e  o f  two types  - viscous  on  t he  D.A. secondary t r u c k  and 

rubber  s h e a r  ( t o r s i o n  s p r i n g s )  on t h e  D.A. secondary t r u c k  and S.A. 

primary t ruck .  The v i scous  dampers a r e  of ques t i onab l e  va lue  (no t  

used on  Amtrak t u r b o t r a i n )  and a r e  rep laced  on ly  i f  t he  b o l s t e r  ha s  

t o  b e  removed f o r  o t h e r  reasons.  Tors ion  s p r i n g s  l a s t  about  

200,000 m i l e s .  

(4 )  Bearings a r e  s t anda rd  Timken XP's. Bearings have presen ted  no 

problems (only a  t o t a l  of two f a i l u r e s  s i n c e  1968).  They go through 

s t anda rd  rework procedure a t  the  t ime of  each wheel change (approxi- 

mately 42,000 m i l e s ) .  They a r e  n o t  re lubed  between rework. Bearings 

a r e  inboard on D.A. t r ucks  and outboard on S.A. t r ucks .  

(5 )  Frames per  s e  a r e  no t  a  problem. Transom beams on S.A. t r u c k s  a r e  

s t a r t i n g  t o  g i v e  problems around dowel p i n  and cap screw h o l e s  and 

a r e  be ing  modif ied a s  major t r u c k  re furb i shment  becomes necessary .  

D.A. t r u c k  s i d e  frame bushings a r e  rep laced  a t  about  500,000 m i l e s .  

No c e n t e r  p i n  bear ings  have eve r  been rep laced .  

(6 )  Axles lgear  boxes a r e  probably t h e  b i g g e s t  g r i e f .  Gear boxes r e q u i r e  

major maintenance about  every 80,000 m i l e s  and t h i s  r e q u i r e s  complete 

disassembly of  t h e  t ruck  i nc lud ing  wheel removal.  Primary problems 

a r e  h igh  speed p in ion  and j a ck  s h a f t  bea r i ngs .  Gears themselves l a s t  

abou t  250,000 mi l e s .  A l l  gea r  box work is done by PbWA which r e q u i r e s  

t h a t  gear  box be s e n t  t o  t h e i r  f a c i l i t y  i n  Longueui l ,  Quebec ( a f t e r  

wheel removal a t  t h e  wheel shop) .  I n  a d d i t i o n ,  some gear  box work i s  

done about  30% of  t he  t i m e  t h a t  whee lse t s  a r e  pu l l ed  f o r  a t t e n t i o n  

(approximately 14,000 m i l e s ) .  Th i s  u s u a l l y  c o n s i s t s  o f  to rque  arm 

work, j ack  s h a f t  bea r i ngs ,  o r  l a b y r i n t h  s e a l s .  I n  t h e  l a t t e r  c a se ,  

wheels must be p u l l e d .  I n d i c a t i o n s  of  gea r  box problems a r e  l eakage ,  

low o i l  p r e s su re ,  and a u d i b l e  no ise .  Axles themselves must be  

r ep l aced  a f t e r  about  t h r e e  wheel changes because of f i t  problems. 



(7 )  Wheels a r e  turned on t he  average of 14,000 mi l e s  and a r e  good f o r  

two t u rn ings  (42,000 mi l e s  t o t a l  l i f e ) .  Primary problem is h igh  

h e a t  d i s s i p a t i o n  from t r e a d  brakes  ( t r a i n  does no t  employ dynamic 

brak ing)  r e s u l t i n g  from t h e  combinat ion of h igh  speed o p e r a t i o n  

and few number of  whee lse t s .  To avoid undue h e a t  c rack ing  problems, 

so£  t wheels a r e  used which l e a d s  t o  low wear l i f e .  Wheels on D.A. 

t r u c k s  a r e  tu rned  under t h e  t r u c k  u s ing  a s t anda rd  wheel t u r n i n g  

machine. However, t h e  t r uck  is removed from the  c a r  and s e n t  t o  

the  wheel machine f o r  t h i s  ope ra t i on .  S.A. t r uck  whee lse t s  a r e  

removed from t h e  t r u c k  f o r  t u rn ing ,  b u t  t he  t r uck  is no t  removed 

from t h e  c a r  (pr imary s p r i n g s  s t a y  w i th  t he  whee l s e t ) .  

(8) Brake shoes  a r e  r ep l aced  d a i l y  ( a t  Mont rea l ) ,  t hu s  have a u s e f u l  

l i f e  o f  667 m i l e s .  Shoe replacement  is s t r a i g h t f o r w a r d  ( i n  t h e  

absence of snow) and r e q u i r e s  no o t h e r  component removal. Brake 

r i g g i n g  (p ins  and bushings)  r e q u i r e  replacement every  9 t o  1 2  

months (100,000 t o  140,000 mi l e s ) .  

(9 )  Pneumatic systems a r e  employed f o r  b r akes  and c a r  l e v e l i n g  

(secondary s p r i n g s ) .  No p a r t i c u l a r  pneumatic system problems 

were noted (al though we d i d  n o t  a sk  s p e c i f i c a l l y  about  l e v e l i n g  

va lve s  which w e  know a r e  a problem on t he  Me t ro l i ne r ) .  

(10) A l t e r n a t o r s  p e r  s e  a r e  n o t  employed. Speed measurement is accom- 

p l i shed  by a s tandard  magnetic pick-up looking  a t  a notched d i s c  

f a s t ened  t o  t h e  end of t h e  a x l e .  No problems were noted. 

(11) B o l s t e r s  a r e  employed on  the,  D.A. t r uck .  The s i d e  bea r i ngs  a s  

w e l l  a s  o t h e r  p r ev ious ly  mentioned secondary suspens ion  components 

a r e  a t t a c h e d  t o  t he  b o l s t e r .  S ide  bea r i ngs  a r e  e a s i l y  r e p l a c e a b l e  

( a f t e r  t r uck  removal) Tef lon  pads and a r e  r ep l aced  a t  about s i x  

month i n t e r v a l s  (approximately 70,000 mi l e s ) .  Th i s  is normally 

done only a t  t r u c k  removal (wheel work) t ime. 



(12) Motors ( t r a c t i o n )  a r e  n o t  employed on  t h e  t u r b o t r a i n .  

OPERATION TIMES 

Remove S.A. t r uck  = 3 men, 4 hours  

I n s t a l l  S.A. t r u c k  = 3 men, 4 hours  (assumed) 

Remove D.A. t r u c k  = 2 men, 6  hours  

I n s t a l l  D .A. t r u c k  = 2 men, 6  hours  (assumed) 

Remove and r e p l a c e  gear  box = 2 men, 6  hours  (complete D.A. t r u c k  
disassembly)  

SUMMARY OF PERIODIC (PROGRESSIVE) INSPECTIONS 

In spec t i on  Required Frequency 
Number Equipment (Days) Desc r i p t i on  

108 None 1 Dual Truck Area In spec t i on  

Visua l  wheels i n s p e c t  ( dua l  
axle) t r ucks  f o r  c r acks  broken 
welds s l i d e r  p l a t e  metal-metal 
c o n t r a c t .  Bo l t s  and s t u d s .  
Tef lon  e x t r u s i o n  p i l o t  p l a t e  
and t o p  of  r a i l  3"-6" c l e a r ance  
o i l  l e aks  
un ive r s a l  j o i n t s  
l a t e r a l  rubber  bumper 
c e n t e r  p i n  
l e ak ing love r  hea t lb roken  r o l l e r  

bea r i ngs  

110 None 1 S ing l e  Axle Truck In spec t i on  

Same a s  I n spec t i on  Number 108. 
A i r  suspens ion  ( v i s u a l  rubber )  

115 Dip S t i c k  1 Axle Gear Box Lub r i ca t i on  
and O i l  O i l  Level  Check 

Axle gear  box l u b r i c a t i o n  



Inspection Required Frequency 
~umbe_r_ Equipment (Days) Description 

118 Grease/Gun 30 Walkinn Beam Lubrication 
Jacks Grease b a l l  j o i n t s  

119 None 30 h a 1  Axle Truck & 
Dran Link Bolt Inspection 

h a 1  ax le  truck b o l t  secur i ty  
check 

i20 None 30 s i n g l e  Axle Truck & Guidance 
A r m  Bolt  Inspection 

Same as  Inspection Number 119 

Single Axle Truck 6 
121 6" Rule 30 Guidance Arm Bolt  InspectLon 

Check a i r  suspension on dual 
axle. Truck clearance and 
l e v e l  check. 

128 6" Single  Axle Rule A i r  Suspension 
System Check 

Check a i r  suspension on s ing le  
axle. Truck clearance and 
l e v e l  check. 

Wheel Inspection 130 Wheel Gage 30 
Visual wheels measure f lange 
th ick ,  height. range thickness 
vheel diameter. 

Axle Gearbox O i l  Screen 132 Wrench 30 
Solvent F i l t e r  Inspection 
Coup. A i r  Axle f i l t e r  inspection.  

Remove screen-clean. R e p l e e  
on each dual  axle  trucks DC. 

Propeller  Shaft  S l ip  Coupler 133 Grease Gun 30 
& Grease Lubrication 

Shaf t  coupler 

Main Lube System, Cal lec tor  134 0 r ings,  f l u i d  360 
Torque Wrench Gearbox and Axle Gearbox oi l  

Replacement 

Change o i l  i n  gearbox f i l t e r  t o  
O.C. f o r  u l t r a son ic  cleaning. 



Inspec t ion  Required Frequency 
Number Equipment dnwd- Description 

136 Mrror lSca le  90 Single  Axle Truck 
Flashl ight  Clearance Check 

Clearance - check 5/16 f 1/16 
Clear bearing flange t o  
t ruck assembly 

141 Grease Gun 90 Drag Link Lubrication 
e tc .  

Lubrication drag l i n k  

144 None 1080 To Inspect Centre PLn 
Rubber Bushing 

Look, see,  report ,  put back rug 

147 Grease Gun 36 0 Wheel Bearing Lubrication 

Lubrication Timken wheel bearings 
12 02. annually 

149 Metal Spacer  90 h a 1  Axle Truck Side 
up s top  Bearing I n s p s t i o n  

Side bearing inspect ion (dual 
ax le  truck) 
Put i n  lock blocks. 
L i f t  car .  
Look f o r  w a r .  
I f  bad check b a l l  of spher ica l  
bearing on bols ter .  

1 50 Lock-vire Tool 150 Dual Axle Truck Area 
and Torque Torque & Lockvire Check 
Wrench 

Check torqueslmany nuts (dual 
truck) 

151 Lock-vire Tool 150 Single  Aile Truck Area 
& Torque Wrench Torque & Lockvire Check 

Single  a x l e  truck 

153 Grease 90 Lub. of the Single Axle Guid. 
System. Bellcrank Bearinas 

Lubrication guidance and b e l l -  
crank bearing 



Inspec t i o n  Required Frequency 
Number Equipment (Days) Description 

157 Flashl ight  1 Inspection of Levell ing 
Valve Inspection 

Levell ing Valve. 
Visual wearlsecurelmissing 
b o l t s  enlongated b o l t  holes. 

302 None 1 Dual Axle Brake Shoe Slack 
Adjuster Adjustment 

Brake shoe s lack adjustment. 
Checkladjus t clearance between 
shoes and wheel. Fix a t  518". 

303 None 1 Tread Brake Components 
Inspection Rotochamber 
A i r  Leakage Check 

Inspection fo r  wear. Condemn 
a t  318" thick.  New = 1-314". 
Check brokelcracked pins and 
bushing wear 1/16 maximum c lea r .  

Must have 314" to  leave s t a t i o n  
inspection rotochamber boot 

304 None 1 Rotochamber A i r  Leakage Check 

Check rotochamber fo r  l eaks .  
Lis ten  fo r  leak. 



APPENDIX D 

SPECIFICATIONPN HIGH SPEED PASSENGER TRAIN TRUCKS 

This appendix p r e sen t s  two t a b l e s  which address  t h e  t op i c  of s p e c i f i c a -  

t i o n s  011 h igh  speed passenger t r a i n  t r u c k s .  The f i r s t  t a b l e ,  Table  D . l ,  

g i ve s  a l i s t  o f  those  a r e a s  where specifications could be  appl ied .  The 

second t a b l e ,  Table D.2, o u t l i n e s  a  number of s p e c i f i c  f e a t u r e s  of r a i l -  

way t r uck  s p e c i f i c a t i o n s  which a r e  d e s i r a b l e  and may have been omi t t ed ,  

overlooked,  o r  neg lec ted .  For t h e  most p a r t ,  Table D.2 addresses  t h e  

performance c h a r a c t e r i s t i c s  o f  a  t r uck .  Data on t h e s e  c h a r a c t e r i s t i c s  

a r e  needed t o  determine t he  l e v e l  and frequency of t h e  maintenance 

r equ i r ed  t o  keep a  t ruck  w i t h i n  i t s  a l lowable  range of  performance. 

Maintenance c r i t e r i a  must be cons idered  a t  t h e  i n i t i a l  a t a g e  of  des ign .  

These c r i t e r i a  can be  s p e c i f i e d ,  incorpora ted  and modif ied a p p r o p r i a t e l y  

a s  t he  f i n a l  de s ign  is developed and approved. 



TABLE D. 1 

AREAS FOR HIGH SPEED PASSENGER TRUCK SPECIFICATIONS 

Design Speed 

Acceleration 

Deceleration 

Design Load 

Maximum S t a t i c  Axle Load 
Short Duartion S t a t i c  Overload 
Eynandc Load 
Component Dynamic Loads 

Maximm Weight 

Design Life  

Design Braking 

Dynamic 
Fr ic t ion  
Emergency 

Wheel Cut of Round 

Wheel Balance 

Equalization 

Curving Performance (Depsnds 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) 

Safety Springs 

Maintainabil i ty 

R e l i a b i l i t y  

Guaranteed Components 

m a l i t y  Control i n  Manufacturing 



TABLE D.2 

FEATURES DESIRABLE I N  TRUCK SPECIFICATIONS 

1 )  The s p e c i f i c a t i o n  should i nc lude  a  d e f i n i t i o n  of t he  r i d e  q u a l i t y  
o b j e c t i v e s  a s  w e l l  a s  a  d e t a i l e d  d e f i n i t i o n  of t t e  t r a c k  i n p u t .  This  
w i l l  enab le  t h e  manufacturer  t o  de s ign  a  t r u c k  and suspension system 
t o  a  c l e a r - c u t  de s ign  requirement .  

2 )  The c a r  body e l a s t i c  p r o p e r t i e s  must be g iven  t o  perform meaningful 
r i d e  q u a l i t y  a n a l y s i s .  The c h a r a c t e r i s t i c s  of t h e  c a r  body above t h e  
secondary suspens ion  must be known t c  t he  t r u c k  manufacturer .  

3) Modeling s imu la t i ons  should be r equ i r ed  of  t h e  manufacturer  t o  enab l e  
t he  c h a r a c t e r i s t i c s  o f  t h e  system t o  be more completely understood,  
and t o  a l low r e v i s i o n s  t o  be made i n  t h e  de s ign  s t a g e .  

4) Prov is ions  should  be made f o r  l i f e  t e s t i n g  of  t r uck  components by 
s imu la t i ng  t he  expected l oad  environment.  This  w i l l  a l low t h e  manu- 
f a c t u r e r  t o  d e t e c t  any f laws  i n  t h e  components o r  t h e i r  a s s o c i a t e d  
a t tachments .  

5) F u l l  s c a l e  s t r u c t u r a l  f a t i g u e  t e s t s  should be performed on a  p ro to type  
t r u c k  s t r u c t u r e .  

6) F u l l  s c a l e  dynamic t r u c k  t e s t s  should be performed i n  t h e  l a b o r a t o r y  t o  
s t udy  t h e  behavior  o f  t h e  suspens ion  system wi th  a l l  i t s  components t o  
v e r i f y  a t  a n  e a r l y  s t a g e  t h a t  a l l  components a r e  compatible  and t h a t  
d e s i r e d  system performance is achieved.  

7 )  An e v a l u a t i o n  of a  completely instrumented p ro to type  v e h i c l e  should be 
provided.  The purpose of t h i s  would be t o  v e r i f y  performance be fo r e  
committing t o  f i n a l  p roduc t ion .  

8) Truck s p e c i f i c a t i o n s  should i n c l u d e  d a t a  on t he  p rope r ty ' s  e x i s t i n g  
maintenance f a c i l i t i e s  and p r a c t i c e s  and should r e q u i r e  t h e  manufacturer  
t o  p rov ide  an  e s t ima t e  o f  t h e  maintenance c o s t  f o r  t he  assumed l i f e  
of t h e  t r u c k  u s ing  t he  s p e c i f i e d  maintenance f a c i l i t i e s .  The b u i l d e r  
should a l s o  spec i fy  a maintenance p l a c  f o r  t h e  t r uck .  





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 applied 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 the other 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 for 

determining the data requirements, a developed computer program, and a set of 

specific useful outputs. These outputs include a 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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