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I NOT I C E  

This document is disseminated under the sponsorship 
of the Department of Transportation in the interest 
of information exchange. The United States Govern- 
ment assumes no liability for its contents or use 
thereof. 
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I 
NOTICE 

The United States Government does not endorse pro- 
ducts or manufacturers. Trade or manufacturers1 
nanlcs appear herein solely because they are con- 

~ 
sidered essential to the object of this report. 
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PREFACE 

T h i s  i s  a  f i n a l  r e p o r t  o f  a s tudy  e n t i t l e d  " S t o c h a s t i c  Analy-  

s i s  o f  F u t u r e  V e h i c l e  Popula t ions, "  prepared f o r  t h e  T r a n s p o r t a t i o n  

Systems Center  of t h e  U.S. Department of  T r a n s p o r t a t i o n .  The pu r -  

pose was t o  b u i l d  a  s t o c h a s t i c  model t o  p r e d i c t  f u t u r e  v e h i c l e  popu- 

l a t i o n s  by  age and by t ype .  That  model i s  r e f e r r e d  t o  i n  t h i s  r e p o r t  

as t h e  FAPS Model ( F u t u r e  Automobi le P o p u l a t i o n  S t o c h a s t i c  Model) .  
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P ro fesso r  Stephen M. P o l l o c k  o f  t h e  Department o f  I n d u s t r i a l  

and Opera t i ons  Eng inee r ing  p rov ided  i n v a l u a b l e  i n p u t  by  h i s  r e v i e w  

o f  t h e  t e c h n i c a l  m a t e r i a l  and f i n a l  r e p o r t .  A  number o f  Highway 

S a f e t y  Research s t a f f ,  i n c l u d i n g  Kent B. Josce lyn,  Barbara C. 
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Execut ive  Summary 

P r o j e c t  O b j e c t i v e  

The p r i n c i p a l  o b j e c t i v e s  of  t h i s  s tudy  were t o  d e s c r i b e  a  

method o f  i n v e s t i g a t i n g  t h e  u n c e r t a i n t i e s  i n h e r e n t  i n  f u t u r e  vehi  - 
c l e  p o p u l a t i o n s  and t o  b u i l d  a  new model o f  v e h i c l e  s u r v i l a l  . To 

accompl ish  t h i s ,  a  s t o c h a s t i c  model c o n t a i n i n g  a  new model o f  new 

v e h i c l e  s u r v i v a l  was cons t ruc ted  f o r  t he  f o r e c a s t i n g  o f  domest ic 

v e h i c l e  p o p u l a t i o n s .  Such a  model may be used t o  i n v e s t i g a t e  t h e  

u n c e r t a i n t i e s  i n  f u t u r e  p o p u l a t i o n s  c rea ted  by, f o r  example, t h e  

app l  i c a t i o n  o f  new s t r a t e g i e s  by p r i v a t e  i n d u s t r y  and government t o  

promote new des igns f o r  safer,  c l e a n e r ,  and more f u e l  - e f f i c i e n t  

v e h i c l e s .  The u n c e r t a i n  elements i n  these popu la t i ons  a r e  t h e  num- 

b e r  o f  v e h i c l e s  by age and type.  

Summary o f  Approach 

U n c e r t a i n t y  i n  f o r e c a s t s  of  f u t u r e  v e h i c l e  p o p u l a t i o n s  a r e  

caused, i n  l a r g e  p a r t ,  by t h e  u n c e r t a i n t i e s  i n  t h e  occur rence t imes 

and l e v e l s  o f  impacts o f  f u t u r e  unplanned events ,  and by t h e  uncer-  

t a i n t i e s  i n v o l v e d  i n  d e s c r i b i n g  t h e  impacts o f  f u t u r e  p lanned and 

unplanned events .  A  p lanned even t  i s  a  c o n t r o l l a b l e  e v e n t  o r  

s t r a t e g y ,  such as t h e  EPCA Standards.  An unplanned even t  i s  

i n h e r e n t l y  non -con t ro l  l a b l e .  An o i l  embargo, a  t e c h n o l o g i c a l  b reak-  

th rough,  o r  a  recess ion  a r e  examples o f  unplanned even ts .  

To p r e d i c t  t h e  d i s t r i b u t i o n s  o f  f u t u r e  v e h i c l e  p o p u l a t i o n s  

w i t h  r e s p e c t  t o  f u t u r e  planned and unplanned events ,  a  s t o c h a s t i c  

model was cons t ruc ted .  T h i s  model, wh ich i s  c a l l e d  t h e  F u t u r e  

Automobi le Popu la t i ons  S t o c h a s t i c  Model (FAPS Model ) , c o n s i s t s  o f  

t h r e e  major  components : a  procedure f o r  spec i  f y i n g  f u t u r e  p lanned 

and unplanned events ,  a  model o f  v e h i c l e  s u r v i v a l ,  and a  model of  

new c a r  sa 1 es . 
The procedure f o r  s p e c i f y i n g  f u t u r e  p lanned and unplanned 

v i i i 



events o u t l i n e d  i n  t h i s  r e p o r t  desc r ibes  a  method f o r  genera t i ng  

t h e  f u t u r e  va lues and t h e  p r o b a b i l i t i e s  of  t h e  occur rence o f  these 

values o f  t h e  model ' s  exogenous v a r i a b l e s .  The procedure i s  based 

on an i n t e r v i e w  process developed a t  t h e  Stanford  Research I n s t i -  

t u t e .  Such a  procedure,  which has n o t  been a p p l i e d  i n  a n a l y z i n g  

f u t u r e  v e h i c l e  popu la t i ons ,  i s  an a p p r o p r i a t e  procedure f o r  i n c o r -  

p o r a t i n g  t h e  u n c e r t a i n t i e s  assoc ia ted  w i t h  f u t u r e  planned and 

unplanned events  i n t o  t h e  model. 

The o t h e r  components o f  t h e  FAPS Model-- the model o f  v e h i c l e  

s u r v i v a l  and t h e  model o f  new c a r  s a l e s - - c o n t a i n  t h e  equat ions 

necessary t o  p r e d i c t  t h e  d i s t r i b u t i o n s ,  by age and type,  o f  f u t u r e  

v e h i c l e  p o p u l a t i o n s  f o r  g i ven  va lues o f  t h e  exogenous v a r i a b l e s .  

The model o f  v e h i c l e  s u r v i v a l  p r e d i c t s  how l o n g  v e h i c l e s ,  by t ype ,  

s u r v i v e  on t h e  road. The model o f  v e h i c l e  s u r v i v a l  developed i n  

t h i s  s t u d y  i s  a  new model ve ry  much d i f f e r e n t  f rom any e x i s t i n g  

models o f  v e h i c l e  s u r v i v a l .  The model o f  new c a r  s a l e s  p r e d i c t s  

how many new c a r s ,  by type,  w i l l  be p laced a n n u a l l y  on t h e  road. 

The model o f  new c a r  sa les  used i n  t h i s  s t u d y  i s  t h e  model o f  

au tomob i l e  demand developed by Wharton Econometr ic Fo recas t i ng  

Assoc ia tes ,  r e v i s e d  t o  i n c o r p o r a t e  t h e  new v e h i c l e  s u r v i v a l  

model. 

Tes ts  of  t h e  accuracy o f  t h e  models o f  v e h i c l e  s u r v i v a l  and 

new c a r  sa les  t o  fo recas t  were performed i n  t h i s  s tudy .  However, 

t h e  procedure f o r  s p e c i f y i n g  planned and unplanned events  has n o t  

been t e s t e d .  A  computer program o f  t h e  FAPS Model has been 

developed f o r  f u t u r e  t e s t i n g  and a p p l i c a t i o n  o f  t h e  model. 





1  . INTRODUCTION 

1.1 BACKGROUND AND SIGNIFICANCE 

S i n c e  energy c o n s e r v a t i o n  has become a  n a t i o n a l  g o a l ,  much 

concern has been focused on t h e  f u e l  e f f i c i e n c y  o f  au tomob i l es .  

Automobi les ,  wh ich a r e  a  ma jo r  consumer o f  g a s o l i n e ,  account  f o r  

n e a r l y  35 p e r c e n t  o f  t h e  pe t ro leum consumed i n  t h i s  c o u n t r y .  An 

i m p o r t a n t  t o o l  i n  a n a l y z i n g  f u t u r e  v e h i c l e  energy consumpt ion i s  a  

model o f  t h e  compos i t i on  o f  f u t u r e  v e h i c l e  p o p u l a t i o n s  by  age and 

t ype .  Such a  model must have two ma jo r  components : ( 1  ) a  new c a r  

s a l e s  f o r e c a s t e r  t h a t  p r e d i c t s  t h e  s a l e s  o f  c a r s  by t ype ;  and ( 2 )  a  

v e h i c l e  s u r v i v a l  model t h a t  p r e d i c t s  t h e  scrappage o f  c a r s  by age 

and t y p e .  Whereas adequate models o f  new c a r  s a l e s  f o r  f o r e c a s t i n g  

purposes have been developed, t h e  same i s  n o t  t r u e  f o r  v e h i c l e  s u r -  

v i v a l  models.  It was thus  a  goa l  o f  t h i s  s t u d y  t o  b u i l d  a  model o f  

f u t u r e  v e h i c l e  p o p u l a t i o n s  wh ich  c o n t a i n s  a  comprehensive v e h i c l e  

s u r v i v a l  model . 

Another  prob lem w i t h  e x i s t i n g  models o f  f u t u r e  v e h i c l e  popu- 

l a t i o n s  i s  t h a t  t hey  f a i l  t o  p r e d i c t  t h e  u n c e r t a i n t i e s  i n h e r e n t  i n  

t h e i r  f o r e c a s t s .  I n  r e c e n t  y e a r s ,  ma jo r  u n p r e d i c t a b l e  e v e n t s  have 

l i m i t e d  t h e  u t i l i t y  o f  i n d u s t r y  and government f o r e c a s t s .  For  

example, v e h i c l e  f u e l  s u p p l y  e s t i m a t e s  based on t r a d i t i o n a l  models 

I o f  f u t u r e  v e h i c l e  p o p u l a t i o n s  have been confounded by  t h e  o i l  

(embargo, t h e  abnorma l l y  c o l d  weather i n  t h e  W i n t e r  o f  1977, and (on 

t h e  b r i g h t e r  s i d e )  t h e  p r o d u c t i o n  o f  l i g h t e r  and more f u e l - e f f i c i e n t  

au tomob i l es .  Events and developments of t h i s  k i n d  o c c u r  a t  unce r -  

t a i n  t imes  and t h e i r  impacts  a r e  l i k e w i s e  u n c e r t a i n .  By e x p l i c i t l y  

t a k i n g  i n t o  account  t hese  u n c e r t a i n t i e s  i n  f o r e c a s t s ,  i t  may be pos- 

s i b l e  f o r  i n d u s t r y  and government p l a n n e r s  t o  b e t t e r  assess t h e  

e f f e c t s  of p o l i c i e s  and t h e  r i s k s  a s s o c i a t e d  w i t h  them. I t  was thus  

ano the r  goal  of t h i s  s t u d y  t o  c o n s t r u c t  a  s t o c h a s t i c  model o f  f u t u r e  

v e h i c l e  p o p u l a t i o n s  wh ich  i n c l u d e s  t h e  u n c e r t a i n t i e s  i n  i t s  f o r e c a s t s .  



O B J E C T I V E S  O F  THE STUDY 

The p r i n c i p a l  ob j ec t i ves  of t h i s  study were t o  descr ibe  a  

method of i n v e s t i g a t i n g  t he  u n c e r t a i n t i e s  i nhe ren t  i n  f u t u r e  v e h i c l e  

popu la t i ons  and t o  b u i l d  a  new model of veh i c l e  s u r v i v a l .  To accom- 
p l i s h  t h i s ,  a  s t ochas t i c  model con ta i n i ng  a  new v e h i c l e  s u r v i v a l  

model was cons t ruc ted  t o  p rov ide  d i s t r i b u t i o n s ,  by age and type,  o f  

f u t u r e  v e h i c l e  popu la t ions .  Th is  model p r e d i c t s  these d i s t r i b u t i o n s  

w i t h  respec t  t o  t he  impacts o f  two types o f  events :  planned and 

unplanned even ts .  

A  p lanned event i s  a  c o n t r o l l a b l e  event o r  s t r a t egy .  Examples 

o f  such events  a re  i n d u s t r y  and government programs t o  promote new 

designs f o r  safer ,  c leaner ,  more fue l  - e f f i c i e n t  veh i c l es .  

An unplanned event i s  i n h e r e n t l y  non-con t ro l1  ab l e ,  one f o r  

which d e s c r i p t i o n s  , occurrence t imes ,  and 1  eve1 s  o f  impact  a r e  

unp red i c t ab l e .  For example, such events may i n c l u d e  o i l  ( o r  o t h e r  

economic) embargoes, t echno log i ca l  breakthroughs, and consumer 

r eac t i ons .  Because these developments con ta i n  random components, i t  

i s  d e s i r a b l e  t o  have t he  d i s t r i b u t i o n  of t h e i r  impacts i n co rpo ra ted  

i n  t h e  model. 

The s p e c i f i c  o b j e c t i v e s  of t h i s  s tudy were t o :  

- perform a  1  i t e r a t u r e  survey; 

- desc r i be  a  procedure f o r  s p e c i f y i n g  f u t u r e  planned and 
unplanned events ; 

- c o n s t r u c t  a  f o r e c a s t i n g  model o f  v e h i c l e  s u r v i v a l  ; 

- c o n s t r u c t  a  model o f  f u t u r e  v e h i c l e  popu la t i ons  by age and 
type, us i ng  t h e  new v e h i c l e  s u r v i v a l  model, a  r e v i s e d  model 
o f  new c a r  sa les,  and t he  procedure f o r  s p e c i f y i n g  f u t u r e  
planned and unplanned events ;  and 

- develop a  computer program f o r  us i ng  t h e  model t o  produce 
f o recas t s  of v e h i c l e  popu la t i ons .  

The s t ochas t i c  model o f  f u t u r e  v e h i c l e  popu la t i ons  uses a  

r ev i sed  ve r s i on  o f  t he  automobi le  demand model developed by Wharton 

Econometric Forecast ing Assoc ia tes (21 ) t o  f o r e c a s t  new c a r  sa les .  



1 .3  REPORT ORGANIZATION 

The report has four major parts plus a series of appendices. 

The f i r s t  pa r t ,  Sections 1 .  and 2., introduce the stochastic model 
and discuss existing models of future vehicle populations. The 
next four sections, 3. through 6. ,  describe the FAPS model. The 

third part of the report, Section 7 . ,  examines the predictive ab i l i ty  

of the model. The l a s t  section concl udes the report with a summary 
and recommendations. 

Documentation for the computer program of the stochastic 

model i s  contained in Appendix A .  Appendix B contains a comprehen- 

sive review of the l i t e ra tu re ,  and Appendix C describes the Weibull 

distr ibution on which the model of vehicle survival developed in 

t h i s  report i s  based. 



2 .  R E V I E W  OF EXISTING MODELS 

Since  au tomob i l e  manufac tur ing has become a  m a j o r  i n d u s t r y  i n  

t h e  U n i t e d  S t a t e s ,  many mathemat ica l  niodels o f  v e h i c l e  demand and 

s u r v i v a l  have been developed. Over t h e  yea rs ,  t hese  models have 

i n c r e a s e d  i n  s o p h i s t i c a t i o n .  The e a r l i e r  models a t t e m p t e d  t o  

e x p l a i n  t h e  r e l a t i o n s h i p s  between au tomob i l e  demand and economic 

v a r i a b l e s ,  p a r t i c u l a r l y  d i s p o s a b l e  income and new c a r  purchase 

p r i c e .  These e a r l y  models assumed c o n s t a n t  s u r v i v a l  r a t e s  f o r  each 

t y p e  o f  v e h i c l e ,  and a r e  u s u a l l y  s imp le  one- o r  two -equa t ion  models.  

The more r e c e n t  models a r e ,  i n  genera l ,  ve ry  c o m p l i c a t e d .  

The predominant  approach r e l i e s  upon t h e  s t o c k - a d j u s t m e n t  process 

w i t h i n  a  dynamic econometr ic  model .  The fundamental  assumpt ion i s  

t h a t  g ross  e x p e n d i t u r e  on a  commodity (measured i n  u n i t s  s o l d )  can 

be c a l c u l a t e d  from t h e  d i f f e r e n c e  between d e s i r e d  s t o c k  and s t o c k  

a l r e a d y  a v a i l a b l e  as a r e s u l t  o f  p r i o r  purchases,  p l u s  t h e  need t o  

r e p l a c e  o l d  s t o c k  which has worn o u t .  I n  t h i s  s e c t i o n ,  s e v e r a l  o f  

t h e  more i m p o r t a n t  models o f  v e h i c l e  demand and s u r v i v a l  a r e  

b r i e f l y  o u t l i n e d .  A  more e x t e n s i v e  d i s c u s s i o n  o f  t h e s e  models i s  

p resen ted  i n  Appendix B.  

The e a r l i e s t  s tock -ad jus tmen t  model o f  v e h i c l e  demand was 

developed by Gregory Chow i n  t h e  1950s ( 4 ) .  T h i s  model assumes 

t h a t :  ( 1 )  d e s i r e d  t o t a l  s t o c k  o f  v e h i c l e s ,  i n  d o l l a r s ,  i s  a  l i n e a r  

f u n c t i o n  o f  d i s p o s a b l e  income and t h e  average p r i c e  o f  a  v e h i c l e ;  

( 2 )  new c a r  purchases can be c a l c u l a t e d  as t h e  sum o f  t h e  d e s i r e d  

change i n  s t o c k  and t h e  d e p r e c i a t i o n  o f  t h e  o l d  s t o c k ;  and ( 3 )  

w i t h i n  a  one-year p e r i o d ,  consumers g e n e r a l l y  do n o t  a d j u s t  t h e i r  

s t o c k  o f  v e h i c l e s  t o  t h e  d e s i r e d  l e v e l  b u t  ach ieve  o n l y  a  f r a c t i o n  

o f  t h e  change t o  t h e  e q u i l  i b r i u m  l e v e l .  

From these  assumpt ions,  p e r  c a p i t a  c a r  purchases a r e  

expressed as a  l i n e a r  f u n c t i o n  o f  d i s p o s a b l e  income, average c a r  

p r i c e ,  and t h e  s t o c k  o f  v e h i c l e s  on t h e  r o a d  i n  t h e  p r e v i o u s  y e a r .  



Realizing that the demand for automobiles may depend on more 

than price and income, several authors in the years following 

Chow's work have built  stock-adjustment models which include addi- 

tional variables. In 1961, Daniel Suits adjusted the average 

retai l  price of cars by the number of months' duration of an aver- 

age credi t  contract (23).  Hamburger included interest  rates (1 3 ) ,  

and Saul Hymans (15) included male unemployment rate and a consumer 

sentiment index. 

In recent years, modelers have included many more variables 
in their new car sales equations. Chase Econometrics included the 

new variables: gas01 ine prices, unemployment rates ,  an index of 

credit  rationing, and dummy variables for auto s t r ikes  and cancella- 

tion and reinstatement of investment tax credits ( 3 ) .  These 

variables, plus annual vehicle miles travelled, are included in 

recent models by E E A  ( 8 ) ,  Sweeney ( l o ) ,  Faucett (16),  and Wharton 

(21  1. 
The development of vehicle survival models has been much less 

extensive. Models reported in the l i terature assume that vehicles 

face the same survival process regardless of type. Only a few of 

the models assume that the survival process changes over time-- 

namely, the models by Wal ker (24) ,  Faucett (1  6 ) ,  and Wharton (21 ) . 
Walker f i t s  the logarithm of the vehicle survival rates expressed 

as an odds to a function of vehicle age, rate of turnover in auto- 

mobile ownership, and the level of used car prices to relat ive 

costs of representative car repair services. Faucett assumes that  

survival rates of the f i r s t  eight years of a vehicle 's l i f e  are 

constant from year to year a t  the average levels,  based on f i f teen 

years of vehicle survival data. For nine-year-old and older vehi- 

c les ,  an adjustment to the average rates i s  calculated based on 

current employment rates and average new car price. Wharton goes 

one step further than Faucett with an adjustment to the survival 

rates of a1 1 ages of vehicles, based on new car sales ,  scrap metal 



p r i c e s ,  v e h i c l e  m i l e s  t r a v e l  l e d ,  and o t h e r  v a r i a b l e s .  These models 

a r e  1 i m i t e d  i n  t h a t  t h e y  a t tempt  t o  i n v o l v e  o n l y  t h e  economic 

d e t e r m i n a n t s  of  v e h i c l e  s u r v i v a l  and n o t  t h e  p h y s i c a l  c h a r a c t e r i s -  

t i c s  o f  v e h i c l e s .  A goa l  of t h i s  s tudy  was t o  b u i l d  a  more 

comprehensive v e h i c l e  s u r v i v a l  model . 
As ment ioned,  i n  t h e  r e c e n t  models v e h i c l e  demand and s u r v i -  

v a l  have been used f o r  f o r e c a s t i n g  purposes.  Equa t ions  a r e  i n c l u d e d  

i n  t h e  models so t h a t  v e h i c l e  demand, f l e e t  compos i t i on ,  and f l e e t  

g a s o l i n e  consumpt ion can be examined. To produce f o r e c a s t s ,  

modelers  f o r m u l a t e  scenar ios  t h a t  a r e  p u t  i n t o  t h e  models t o  gener -  

a t e  expected va lues  of t h e  f u t u r e  v a r i a b l e s .  No e x i s t i n g  models 

genera te  p r o b a b i  1  i t y  d i s t r i b u t i o n s  of t h e  f o r e c a s t  v a r i a b l e s ,  no r  

do t h e y  e s t i m a t e  va r iances  of  t hese  e s t i m a t e s  ( e x c e p t  i n  t h e  s i m p l e  

one-equat ion mode ls ) .  Another  g o a l  of t h i s  s tudy  was t o  b u i l d  a  

model wh ich  w i l l  genera te  p r o b a b i l i t y  d i s t r i b u t i o n s  of  t h e  f o r e c a s t  

v a r i a b l e s .  



3. STRUCTURE OF THE FUTURE AUTOMOBILE POPULATION 
STOCHASTIC MODEL (FAPS MODEL) 

The FAPS Model developed i n  t h i s  s tudy  i s  made up o f  t h r e e  

ma jo r  components: 

1 ) Model o f  New Car Sales 

2 )  Model of V e h i c l e  S u r v i v a l  

3 )  Procedure f o r  S p e c i f y i n g  Fu tu re  Planned and Unplanned 
Events 

3.1 MODEL OF NEW C A R  SALES 

The f i r s t  major  component o f  t h e  FAPS Model i s  a f o r e c a s t e r  

o f  new c a r  sa les .  As ment ioned i n  t h e  i n t r o d u c t i o n ,  t h e  model of 

new c a r  sa les  i s  a r e v i s e d  v e r s i o n  o f  t h e  Wharton Model o f  automo- 

b l e  demand. The Wharton Model i s  a ve ry  l a r g e  econometr ic  model 

designed t o  f o r e c a s t  t h e  l ong - run  s i z e  and compos i t i on  of t h e  U.S. 

automobi le  demand and s tock .  It i s  one o f  t h e  more r e c e n t  models 

o f  t h i s  t y p e  t o  have been cons t ruc ted ,  and i t  has been r e c e n t l y  

used by seve ra l  government agencies t o  e v a l u a t e  proposed automobi le -  

r e l a t e d  p o l i c i e s .  

The Wharton Model segments t h e  v e h i c l e  p o p u l a t i o n  i n t o  f i v e  

s i z e  c a t e g o r i e s .  I n  a d d i t i o n ,  i t  d i s t i n g u i s h e s  between domest ic-  

and foreign-made ca rs .  The f i v e  s i z e  c a t e g o r i e s  a r e  based on 

wheel base and p r i c e  as f o l l o w s :  

1 ) Subcompact--up t o  100 i n c h  wheel base 

2 )  Compact--100 t o  110 i n c h  wheelbase 

3 )  Mid-s ize- -110 t o  118 i n c h  wheelbase 

4 )  F u l l  - s i ze - -ove r  118 i n c h  wheel base 

5 )  L u x u r y - - a l l  "h igh "  p r i c e d  c a r s .  

An overv iew o f  t h e  Wharton Model i s  presented i n  t h e  n e x t  s e c t i o n .  

The Wharton Model c o n t a i n s  a v e h i c l e  s u r v i v a l  model which 

assumes t h a t  t h e  scrappage r a t e s  f o r  a g i v e n  age o f  v e h i c l e  a r e  t h e  



same r e g a r d l e s s  of  t h e  v e h i c l e ' s  s i z e - c l a s s .  S ince a  new and more 

comprehensive v e h i c l e  s u r v i v a l  model was developed i n  t h i s  s tudy ,  

t h e  Wharton Model was m o d i f i e d  t o  remove a l l  equa t i ons  t h a t  a r e  

used t o  p r e d i c t  v e h i c l e  scrappage. The new model of v e h i c l e  s u r v i -  

v a l  was i n c o r p o r a t e d  i n t o  t h e  m o d i f i e d  Wharton Model t o  gene ra te  

scrappage f o r e c a s t s .  D e t a i l s  on how t h i s  was done a r e  p resen ted  i n  

S e c t i o n  5.3. 

3 .2  MODEL OF VEHICLE SURVIVAL 

The second m a j o r  component o f  t h e  FAPS Model i s  t h e  new model 

o f  v e h i c l e  s u r v i v a l .  T h i s  new model i s  v e r y  much d i f f e r e n t  f r o m  

e x i s t i n g  v e h i c l e  s u r v i v a l  models.  It i s  based on t h e  m o d i f i e d  

We ibu l l  mode l ,  which has t h r e e  parameters w i t h  t h e  f o l l o w i n g  s u r v i -  

v a l  d i s t r i b u t i o n :  

where: 

S ( t )  i s  t h e  p r o b a b i l i t y  a  v e h i c l e  s u r v i v e s  t o  age t 

a,b a r e  We ibu l l  parameters 

p  i s  t h e  p r o b a b i l i t y  t h a t  a  v e h i c l e  f a i l s .  

The m o d i f i e d  We ibu l l  d i s t r i b u t i o n s  a c c u r a t e l y  model t h e  f a i l u r e  

process o f  au tomob i l es .  The m o d i f i e d  We ibu l l  Model a l s o  t a k e s  i n t o  

account  t h e  f a c t  t h a t  a  c e r t a i n  p r o p o r t i o n  o f  v e h i c l e s  i s  n e v e r  

scrapped. (These c a r s  a r e  p r o b a b l y  p rese rved  as " h i s t o r i c a l "  v e h i -  

c l e s . )  A f u l l  e x p l a n a t i o n  o f  t h e  v e h i c l e  s u r v i v a l  model i s  

p resented i n  S e c t i o n  5.0.  

3 .3  PROCEDURE FOR SPECIFYING FUTURE PLANNED AND UNPLANNED EVENTS 

The t h i r d  m a j o r  component o f  t h e  FAPS Model i s  a  p rocedu re  

f o r  s p e c i f y i n g  f u t u r e  p lanned and unplanned e v e n t s .  The s p e c i f i c a -  

t i o n  procedure  i s  a  two -s tep  process .  The f i r s t  s t e p  i s  t o  

r e p r e s e n t  f u t u r e  even ts ,  p lanned o r  unplanned, i n  te rms of t h e  



exogenous v a r i a b l e s  o r  parameters o f  t h e  FAPS Model. The second 

s t e p  i s  t o  d e s c r i b e  t h e  u n p r e d i c t a b l e  n a t u r e  o f  unplanned even ts .  

There a re  u n c e r t a i n t i e s  assoc ia ted  w i t h  t h e  s p e c i f i c a t i o n s  i n  

b o t h  s t e p s  o f  t h e  procedure.  I n  t h e  f i r s t  s tep ,  t h e r e  may be an 

u n c e r t a i n  r e l a t i o n s h i p  between an event  and exogenous parameters  o f  

t h e  model .  For example, t h e  new s o c i a l  s e c u r i t y  t a x ,  wh ich i s  a  

p lanned event ,  w i l l  have a  ma jo r  b u t  u n c e r t a i n  i n f l u e n c e  on r e a l  

d i s p o s a b l e  income as w e l l  as on many of t h e  o t h e r  exogenous parame- 

t e r s  i n  t h e  model. I n  t h e  second s tep,  unplanned even ts  may have 

an u n c e r t a i n  impact,  and t h e  occur rence t i m e  o f  an unplanned e v e n t  

i s  c e r t a i n l y  u n c e r t a i n .  The s p e c i f i c a t i o n  procedure d e s c r i b e s  t h e  

u n c e r t a i n t i e s  i n  each o f  t hese  even ts  i n  te rms o f  s u b j e c t i v e  

p r o b a b i l i t i e s - - t h a t  i s ,  p r o b a b i l i t i e s  d e r i v e d  i n  an i n t e r v i e w  p r o -  

cess w i t h  an " e x p e r t "  on t h e  even t  i n  q u e s t i o n .  

The probab i  1  i t i e s  generated i n  t h e  s p e c i f i c a t i o n  p rocedure  

a r e  used t o  determine t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  t h e  f o r e c a s t  

va lues o f  t h e  FAPS Model. T h i s  i s  ach ieved by a s s i g n i n g  t h e  

p r o b a b i l i t i e s  a s s o c i a t e d  w i t h  t h e  exogenous parameters  f o r  each 

p o s s i b l e  sequence o f  p lanned and unplanned even ts  t o  t h e  model 

f o r e c a s t  va lues  which a r e  generated by those  exogenous parameters .  

I n  o t h e r  words, f o r e c a s t s  by t h e  model w i l l  be genera ted  f o r  each 

a1 t e r n a t i v e  f u t u r e - - t h a t  i s ,  each sequence o f  f u t u r e  p lanned and 

unplanned events- -and t h e  p r o b a b i l  i t y  t h a t  these f o r e c a s t s  w i  11 

occu r  w i l l  be equal  t o  t h e  probab i  1  i ty  o f  t h e  occu r rence  o f  t h e  

a1 t e r n a t i v e  f u t u r e .  

A f u l l  e x p l a n a t i o n  o f  t h e  s p e c i f i c a t i o n  p rocedure  of  f u t u r e  

planned and unplanned even ts  i s  p resen ted  i n  S e c t i o n  6.0. 



4. AN OVERVIEW OF THE WHARTON MODEL 

The model o f  new c a r  s a l e s  used i n  t h i s  s t u d y  i s  a  m o d i f i e d  

v e r s i o n  o f  t h e  model o f  automobi le  demand developed by Wharton 

E.F.A. (21 ) .  The m o d i f i c a t i o n  t o  t h e  Wharton Model e n t a i l e d  t h e  

removal  of  a l l  i t s  equa t ions  o f  v e h i c l e  scrappage. ~ h e s e  e q u a t i o n s  

were r e p l a c e d  by  t h e  v e h i c l e  s u r v i v a l  model d e s c r i b e d  i n  t h e  n e x t  

s e c t i o n .  T h i s  s e c t i o n  p resen ts  t h e  genera l  s t r u c t u r e  o f  t h e  

o r i g i n a l  Wharton Model. Emphasis i s  p laced on how new c a r  s a l e s ,  

t o t a l  and b y  s i z e - c l a s s ,  a r e  p r e d i c t e d .  

The Wharton Model c o n t a i n s  f i v e  b a s i c  s e t s  of  s t a t i s t i c a l l y  

d e r i v e d  r e 1  a t i  onsh i  ps : 

- D e s i r e d  s t o c k  

- D e s i r e d  s t o c k  by s i z e - c l a s s  

- New r e g i s t r a t i o n s  

- New r e g i s t r a t i o n s  by s i z e - c l a s s  

- Scrappage 

There a r e  many o t h e r  equa t ions  i n  t h e  model. However, t h e y  may be 

regarded as s u b o r d i n a t e  t o  t h e  f i v e  b a s i c  s e t s .  The r e l a t i o n s h i p s  

among these  e q u a t i o n s  a r e  i l l u s t r a t e d  i n  a  f l o w c h a r t  o f  t h e  

Wharton Model ( F i g u r e  1 ) .  

D e s i r e d  shares (percentage o f  v e h i c l e  s t o c k  by  s i z e - c l a s s )  

and d e s i r e d  s t o c k  a r e  c r i t i c a l  concepts  i n  t h e  model. The d e s i r e d  

s t o c k  o r  share  may be i n t e r p r e t e d  t o  be a  l o n g - r u n  " s t e a d y - s t a t e "  

l e v e l  t h a t  would e x i s t  i f  a l l  f a c t o r s  a f f e c t i n g  a u t o m o b i l e  demand 

were h e l d  c o n s t a n t .  New c a r  s a l e s  and scrappage a r e  de te rm ined  by  

t h e  "gap" between t h e  d e s i r e d  s t o c k  and t h e  a c t u a l ,  p r e v i o u s  y e a r -  

end s t o c k .  S i m i l a r l y ,  t h e  shares by s i z e - c l a s s  o f  new c a r  s a l e s  

a r e  expressed as a  f u n c t i o n  o f  t h e  d i f f e r e n c e  between t h e  d e s i r e d  

shares and a c t u a l  shares.  The mechanism l i n k i n g  d e s i r e d  l e v e l s  t o  

a c t u a l  l e v e l s  i s  c a l l e d  a  s t o c k - a d j u s t m e n t  p rocess .  
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FIGURE 1.  F l o w c h a r t  o f  Wharton Model 

The model ope ra tes  as f o l l o w s .  From t h e  a p p r o p r i a t e  exogenous 

i n p u t s  a  c a p i t a l i z e d  c o s t  p e r  m i l e  f o r  each s i z e - c l a s s  o f  v e h i c l e  i s  

computed. The c a p i t a l i z e d  c o s t  p e r  m i l e  i s  e s s e n t i a l l y  t h e  p r e s e n t  

va lue  o f  a l l  c o s t s  a s s o c i a t e d  w i t h  t h e  purchase, s a l e ,  and o p e r a t i o n  

o f  a  c a r  (a ten -yea r  1  i f e t i m e  and a  1  i f e t i m e  m i leage  o f  100,000 i s  

assumed). T h i s  v a r i a b l e ,  a l o n g  w i t h  t h e  r a t i o  o f  f a m i l y  income t o  

au tomob i l e  c o s t s ,  income d i s t r i b u t i o n ,  and v a r i o u s  demographic f a c -  

t o r s ,  i s  used t o  determine d e s i r e d  s t o c k  va lues  f o r  f i v e  s i z e -  

c l a s s e s  o f  v e h i c l e s :  subcompact, compact, m i d - s i z e ,  f u l l  - s i z e ,  and 

l u x u r y .  Equat ion ( I ) ,  t h e  d e s i r e d  m i d - s i z e  sha re  o f  d e s i r e d  s t o c k ,  

i s  an example o f  a  d e s i r e d  share  e q u a t i o n  i n  t h e  Wharton Model. 



Wharton Model Equa t i on  f o r  
D e s i r e d  M id -S i ze  Share of  Des i red  Stock  

ln (---- Desired Share - - ~ 1 1  - 1 .98 i n  (CPMM/T-M) 1 - D e s i r e d  M i d - s i z e  Sha re )  
( - 3 9 )  ( 4 . 5 7 )  

S.E. = .08 t - s t a t i  s t i c s  i n  pa ren theses  

where: 

d e s i r e d  m id -sha re  = d e s i r e d  m i d - s i z e  share  o f  d e s i r e d  s t o c k  

CPMM/T-M = c o s t  p e r  m i l e  f o r  m i d - s i z e  c a r s  o v e r  d e s i r e d  sha re  
we igh ted  c o s t  p e r  m i l e  f o r  a l l  o t h e r  c l a s s e s .  

YDI/FM/CT = d i s p o s a b l e  income o v e r  number o f  f a m i l y  u n i t s  o v e r  
f i x e d  we igh ted  c o s t  p e r  m i l e  (where w e i g h t s  a r e  
t h e  d e s i r e d  share  va lues  f o r  t h e  f i v e  s i z e - c l a s s e s  
o f  c a r s  f o r  1972 ) .  

FM3+4/FM = number of 3 and 4 member f a m i l i e s  o v e r  number o f  
f a m i l y  u n i t s .  

Source:  Page 3-38 Wharton Model r e p o r t  (21  ) . 

The most i m p o r t a n t  f a c t o r  i n  d e t e r m i n i n g  d e s i r e d  sha res  f o r  

each c l a s s  ( e x c e p t  f o r  l u x u r y  c l a s s )  i s  r e l a t i v e  c o s t - p e r - m i  l e - -  

t h a t  i s ,  t h e  c a p i t a l i z e d  c o s t  p e r  m i l e  o f  t h a t  c l a s s  d i v i d e d  by t h e  

share-we ighted c a p i t a l i z e d  c o s t  p e r  m i l e  f o r  a l l  o t h e r  c l a s s e s .  As 

t h i s  r e l a t i v e  c o s t  t e rm i n c r e a s e s ,  t h e  d e s i r e d  share  dec reases .  A 

second i m p o r t a n t  f a c t o r  i s  t h e  r a t i o  o f  f a m i l y  income t o  ave rage  

c a p i t a l i z e d  c o s t  p e r  m i l e .  As t h i s  t e r m  decreases,  t h e  d e s i r e d  

sha re  o f  l a r g e r  c a r  decreases and t h e  d e s i r e d  sha re  o f  s m a l l e r  c a r s  

i nc reases  . 
The d e s i r e d  shares  a r e  used t o  compute an average c a p i t a l i z e d  

c o s t  p e r  m i l e .  T h i s  average,  a l o n g  w i t h  income p e r  f a m i l y ,  income 



d i s t r i b u t i o n ,  v a r i o u s  demographic v a r i a b l e s ,  and non-au to - re la ted  

t r a n s p o r t a t i o n  i n d i c a t o r s ,  i s  used t o  determine t h e  d e s i r e d  s t o c k  

p e r  f a m i l y .  (See equa t ion  [2]. ) As expected, i nc reased  income 

and number of l i c e n s e d  d r i v e r s  pe r  f a m i l y  have a  s t r o n g  p o s i t i v e  

impac t  on d e s i r e d  s tock .  On t h e  o t h e r  hand, an i nc reased  percen-  

tage o f  f a m i l i e s  e a r n i n g  ove r  $15,000 has a  s t r o n g  n e g a t i v e  impact  

on d e s i r e d  s t o c k - - i  .e., as f a m i l i e s  become w e a l t h i e r ,  t h e  r a t e  a t  

wh ich t h e y  i nc rease  t h e i r  s tock  of  c a r s  decreases.  The average 

c a p i t a l  i z e d  cost -per -mi  1  e  term has a  somewhat weak n e g a t i v e  e f f e c t  

on d e s i r e d  s t o c k  p e r  f a m i l y .  

Wharton Model Equat ion f o r  
Des i red  Stock Per Fami ly  U n i t  ( 2 )  

I n  (Des i red  Stock Per Fami l y )  = - 1.91 + ,563 I n  (RDIP4lFM) 
(2 .40)  (3 .13)  

- . I 0 1  I n  (PER15+)/(100-PE~15t)  - .ZOO I n  (CPMTTCAPIPC) 
(1 .92)  ( .a41 

E~ = .461 S.E. = .06 t - s t a t i s t i c s  i n  parentheses 

where: 

RDPP4 = r e a l  permanent income p e r  f a m i l y  u n i t  

PER1 5+ = percentage o f  f a m i l i e s  e a r n i n g  $15,000 o r  more i n  
1970 d o l l a r s  

CPMTTCAPIPC = d e s i r e d  share  we igh ted  c o s t  p e r  m i l e  ove r  consumer 
p r i c e  i ndex  

LD/FM = number o f  l i c e n s e d  d r i v e r s  ove r  number o f  f a m i l y  
u n i t s  

MTWNAIFM = number o f  persons n o t  u s i n g  an au tomob i l e  t o  d r i v e  
t o  work ove r  number o f  f a m i l y  u n i t s  



NPMET = percentage of p o p u l a t i o n  l i v i n g  i n  SMSAs 

Source: Page 3-37 o f  Wharton Model r e p o r t  (21 ) .  

T o t a l  d e s i r e d  s t o c k  i s  used t o  f o r e c a s t  new c a r  s a l e s  and 

scrappage. (See e q u a t i o n  [3]  and e q u a t i o n  [4]. ) As expected,  new 

c a r  s a l e s  respond p o s i t i v e l y  t o  d e s i r e d  l e v e l  o f  s tock ,  and sc rap -  

page responds n e g a t i v e l y .  I n  a d d i t i o n ,  f a m i l y  income r e l a t i v e  t o  

p a s t  t r e n d s  and t h e  percentage inc rease  i n  new c a r  p r i c e  a r e  impor-  

t a n t  p o s i t i v e  and n e g a t i v e  f a c t o r s ,  r e s p e c t i v e l y ,  i n  t h e  new c a r  

s a l e s  e q u a t i o n .  I m p o r t a n t  f a c t o r s  i n  t h e  scrappage e q u a t i o n  a r e  

m i l e s  d r i v e n  p e r  v e h i c l e  and zverage age of  t h e  s t o c k ,  b o t h  of  wh ich 

have a  p o s i t i v e  impact .  

Wharton Model Equa t ion  f o r  New Car Sa les  

New Car Sa les  D e s i r e d  Stock 1' (S tock- l  - Scrap 
- 1 I 

' ~ / F M  P r i c e  t 6 . 0 3 9  i n  I m )  -1.267 i n  ( pT--) -.255 Dummy 
(8 .39)  (3 .45)  Ce-l (2.49) 

F~ = .864 S.E. = .05 

where : 

New Car Sa les  = t o t a l  y e a r l y  new c a r  s a l e s  

Stockvl = l a s t  y e a r ' s  end o f  y e a r  t o t a l  number of  v e h i c l e s  
on t h e  road  

Scrap = t o t a l  y e a r l y  scrappage ( e q u a t i o n  [8 ]  i n  S e c t i o n  
4 .0)  

Y d / ~ ~  = r e a l  d i s p o s a b l e  income p e r  f a m i l y  u n i t  

Y/FM = permanent fami l y  income 

P r i c e  = average new c a r  p r i c e  



Pr ice- l  = l a s t  y e a r ' s  average new c a r  p r i ce  

Dummy = s t r i k e  dummy var iab le  

Source: Page 3-44 of Wharton Model repor t  (21 ) .  

Wharton Equati on f o r  Total Vehicle Scrappage (4 )  

( 
Scrap - Given Scrap 

S t ~ c k - ~  + New Car Sa les  

Desired Stock -3.83 l n  ( S t ~ c k - ~  + New Car Sales  t2 .91 In (Avg. Age of s tock)  
(4 .50)  1 (5 .32)  

( p r i c e  Of  Old Car  -.338 l n  (Unemployment Rate) - . I 5  Scrap Metal Pr ice  (2 .20)  (4 .33)  

li2 = .923 S.E. = .046 D.W. = 2.60 

F i t  Period : 1954-1974 

t - s t a t i s t i c s  in  paren thes i s .  

where: 

Scrap = t o t a l  yea r ly  scrappage 

Given Scrap = number of veh ic les  t h a t  a r e  over 21 yea r s  old on 
the road 

New Car Sa les  = t o t a l  yea r ly  new c a r  s a l e s  (Equation [3]) 

Stock-, = l a s t  y e a r ' s  end of yea r  t o t a l  number of veh ic les  
on the road 

Average Age 
of Stock = average age of t he  vehic le  s tock  0 t o  20 yea r s  of 

age 
VMT/ k = vehic le  miles  t r a v e l l e d  divided by t o t a l  mid-year 

s tock.  

Source: Page 3-44 of Wharton Model r epo r t  (21 ). 



The new c a r  sa les  and scrappage equat ions  a r e  c l o s e l y  

r e l a t e d .  New c a r  sa les  depend on scrappage and l i k e w i s e ,  scrappage 

depends on new c a r  sa les .  Thus, i f  scrappage i nc reases ,  new c a r  

s a l e s  i n c r e a s e ,  and v i c e  versa.  

As ment ioned p r e v i o u s l y ,  t h e  new c a r  sa les  i n  a  s i z e - c l a s s  i s  

a  f u n c t i o n  o f  t h e  d e s i r e d  s t o c k  share .  The s i z e - c l a s s  share  o f  new 

c a r  s a l e s  responds d i r e c t l y  t o  changes i n  t h e  d e s i r e d  s t o c k  share  

o f  t h a t  s i z e - c l a s s ,  and the  s t r e n g t h  of  t h a t  response depends on 

t h e  d i f f e r e n c e  between t h e  e x i s t i n g  s t o c k  share ( a f t e r  scrappage)  

and t h e  d e s i r e d  s tock  share .  The Wharton Model has an e q u a t i o n  f o r  

each o f  t h e  f i v e  s i z e - c l a s s  shares o f  new c a r  s a l e s .  ( E q u a t i o n  [5],  
t h e  m i d - s i z e  sha re  of  new c a r  s a l e s ,  i s  an example. ) 

Wharton Model Equa t i on  f o r  
Mid-S ize  Share o f  New Car Sales 

( 5 )  

New M i d - s i z e  Share Des i red  M i d - s i z e  Share 
1  - New M i d - s i z e  Share ) = ln( 1  - Des i red  M i d - s i z e  Share 

A c t u a l  M i d - s i z e  Share 
- 8 7 3  F( 1 - A c t u a l  M i d - s i z e  Share ( . 66 )  (82.94 

Des i red  M i d - s i z e  Share - Desi  r e d  ~ i d z z e  Share 

-L R = .997 S.E. = . O l  t - s t a t i s t i c s  i n  pa ren theses  

where : 

new m i d - s i z e  share  = m i d - s i z e  share  o f  new c a r  s a l e s  

d e s i r e d  m i d - s i z e  share = d e s i r e d  m i d - s i z e  share  o f  d e s i r e d  s t o c k  - (See Equa t i on  [ I ] )  

a c t u a l  m i d - s i z e  share  = a c t u a l  m i d - s i z e  share  o f  s t o c k  a f t e r  
scrappage 

Source: Page 3-46 of Wharton Model r e p o r t  (21  ) .  
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5 .  MODEL OF V E H I C L E  SURVIVAL 

The f i r s t  component o f  t h e  FAPS Model - - t h e  Wharton model of  

new c a r  sales--was presented i n  t h e  p rev ious  s e c t i o n .  I n  t h i s  sec- 

t i o n ,  t h e  second component--the model o f  v e h i c l e  s u r v i v a l - - i s  d iscussed.  

I t  i s  i m p o r t a n t  t h a t  a  model o f  v e h i c l e  s u r v i v a l  i n v o l v e  two 

se ts  of  hypotheses:  ( 1 )  hypotheses about t h e  r e l a t i o n s h i p  o f  t h e  

techno logy  used i n ,  and eng inee r ing  b u i l t  i n t o ,  v e h i c l e s  and t h e  

s u r v i v a l  r a t e s  o f  v e h i c l e s ;  and ( 2 )  hypotheses about  t h e  r e l a t i o n -  

s h i p  of  government po l  i c i e s ,  economic c o n d i t i o n s ,  t r a v e l  p a t t e r n s ,  

e t c .  and d e c i s i o n s  t o  scrap a  v e h i c l e .  The f i r s t  s e t  of hypotheses 

a r e  t e c h n o l o g i c a l ;  t h e  second, b e h a v i o r a l .  They a r e  b o t h  i m p o r t a n t  

i n  i d e n t i f y i n g  how changes i n  t h e  age d i s t r i b u t i o n s  o f  v e h i c l e s  

cause changes i n  t h e  f u e l  economy, s a f e t y  m i x ,  and t o t a l  emiss ions 

o f  f u t u r e  f l e e t s .  For  example, i f  f u t u r e  v e h i c l e s  were c o n s t r u c t e d  

so t h a t  t h e  wear-out  t imes o f  sma l l  f u e l - e f f i c i e n t  v e h i c l e s  became 

much d i f f e r e n t  from those o f  l a r g e  l e s s - f u e l - e f f i c i e n t  v e h i c l e s ,  

s u b s t a n t i a l  changes i n  t h e  f l e e t  f u e l  e f f i c i e n c y  o f  o l d e r - v i n t a g e  

v e h i c l e s  may r e s u l t .  T h i s  cou ld  have a  s u b s t a n t i a l  e f f e c t  on t o t a l  

f u t u r e  f u e l  consumpt ion.  

The r e l a t i o n s h i p s  d e r i v e d  f rom t h e  two s e t s  o f  hypotheses 

l ead  t o  a  p r o b a b i l i t y  d i s t r i b u t i o n  o f  v e h i c l e  s u r v i v a l  t imes  f o r  

each t y p e  and v i n t a g e  v e h i c l e .  The use o f  p r o b a b i l i t i e s  makes i t  

p o s s i b l e  t o  r e p r e s e n t  t h e  n a t u r a l  d i f f e r e n c e s  between v e h i c l e s  o f  

t h e  same t y p e  and v in tage .  The procedure t o  genera te  t h e  p r o b a b i -  

l i t y  d i s t r i b u t i o n s  i s  t o  choose an a p p r o p r i a t e  s u r v i v a l  d i s t r i b u t i o n  

based on t h e  t e c h n o l o g i c a l  hypotheses and then  t r a n s f o r m  t h i s  

d i s t r i b u t i o n  i n t o  a  t ime-dependent d i s t r i b u t i o n  based on t h e  

b e h a v i o r a l  hypotheses.  I n  o t h e r  words, a  s u r v i v a l  d i s t r i b u t i o n  

which desc r ibes  t h e  wear-out  process o f  a  v e h i c l e  i s  chosen. The 

parameters o f  t h i s  d i s t r i b u t i o n  a r e  then a d j u s t e d  y e a r l y  i n  t h e  

f o r e c a s t  f o r  changes i n  p o l  i c y ,  economic c o n d i t i o n s ,  t r a v e l  p a t -  

t e r n s ,  and o t h e r  f a c t o r s .  



5.1 TECHNOLOGICAL HYPOTHESES 

?h i  s  s e c t i o n  d iscusses s e v e r a l  s e t s  of  t e c h n o l  o g i c a l  hypothe-  

ses.  Examina t i on  of those hypotheses r e s u l t e d  i n  t h e  m o d i f i e d  

We ibu l l  model o f  v e h i c l e  s u r v i v a l  d e s c r i b e d  below. 

T e c h n o l o g i c a l  hypotheses a r e  examined by u s i n g  d a t a  on v e h i -  

c l e  scrappage. A good way of  i n v e s t i g a t i n g  t h e  r e l a t i o n s h i p s  

between t h e  s u r v i v a l  of a  v e h i c l e  and t h e  techno logy  employed i n  

i t s  c o n s t r u c t i o n  i s  t o  use d a t a  on y e a r l y  v e h i c l e  scrappage by  v i n -  

t age  and by model .  A t a b l e  of v e h i c l e  scrappage by v i n t a g e  and 

name p l a t e  i s  a v a i l a b l e . *  C e r t a i n  name p l a t e s  co r respond  t o  s p e c i -  

f i c  t y p e s  ( i  . e . ,  s i z e  c a t e g o r i e s )  o f  v e h i c l e s ,  f o r  example, 

L i n c o l n ,  Cadi1 l a c ,  and I m p e r i a l .  O the r  name p l a t e s  co r respond  t o  

genera l  s i  ze c a t e g o r i e s  of v e h i c l e s .  For example, M e r c u r i e s  and 

Oldsmobi les  a r e  g e n e r a l l y  i n t e r m e d i a t e  t o  l a r g e  v e h i c l e s .  Even f o r  

name p l a t e s  t h a t  cor respond t o  a  broad range o f  t ypes  o f  v e h i c l e s ,  

presumably a  f a i r l y  c o n s i s t e n t  e n g i n e e r i n g  process i s  used i n  t h e  

m a n u f a c t u r i n g  of  these v e h i c l e s .  Thus, an a n a l y s i s  o f  t h e s e  name 

p l a t e  d a t a  shou ld  r e v e a l  some c h a r a c t e r i s t i c s  o f  e n g i n e e r i n g -  

r e l a t e d  s u r v i v a l  p a t t e r n s  of t h e  c o r r e s p o n d i n g  v e h i c l e s .  

Aggregate  scrappage d a t a  ove r  a l l  v e h i c l e  t ypes ,  wh ich have 

e x c l u s i v e l y  been used i n  p r e v i o u s  s t u d i e s ,  a r e  n o t  adequate t o  

examine t h e  t e c h n o l  o g i c a l  and e n g i  n e e r i  n g - r e l a t e d  wear-ou t processes 

o f  v e h i c l e s  un less  a l l  makes o f  v e h i c l e s  wear o u t  c o n s i s t e n t l y .  

A mo to r  v e h i c l e  can be t h o u g h t  of  as a  system o f  m a j o r  

e lemen ts - - tha t  i s ,  a  body, t r a n s m i s s i o n ,  c h a s s i s ,  mo to r ,  e t c .  Each 

o f  t h e s e  elements i s  exposed t o  wear and may f a i l  w i t h  t i m e - - t h e  

body r u s t s  o u t ;  t h e  b e a r i n g s  and gears  wear o u t ;  t h e  v e h i c l e  i s  i n  

a  m a j o r  a c c i d e n t  and t h e  e n t i r e  f r o n t - e n d  needs r e p l a c i n g ,  e t c .  

When a  ma jo r  f a i l u r e  occu rs ,  a  d e c i s i o n  i s  made t o  e i t h e r  s c r a p  o r  
-- 

*These t a b l e s  a r e  d e r i v e d  f r o m  t h e  R. L. Po lk  and Go. t a b l e s  
" U n i t e d  S t a t e s  Summary, Passenger Cars i n  O p e r a t i o n  as o f  J u l y  1  ," 
presen ted  i n  -- Ward's Au tomot i ve  Yearbook f r o m  1956 t o  1977. 



r e p a i r  t h e  v e h i c l e .  Dec is ions  t o  scrap a  v e h i c l e  a r e  a l s o  made by 

au tomob i l e  d e a l e r s  when they  dec ide  t h a t  t h e  c o s t  o f  r e p l a c i n g  

worn-out  p a r t s  o f  a  t r a d e - i n  v e h i c l e  i s  t o o  h i g h .  Under these  con- 

d i  t i o n s ,  t h e  d e c i s i o n  t o  scrap a  v e h i c l e  i s  made because one o r  

more components of  t h e  v e h i c l e  has n e a r l y  f a i l e d .  A1 though i n f o r -  

m a t i o n  about  l i f e  c h a r a c t e r i s t i c s  of  ma jo r  components o f  v e h i c l e s  

b y  t y p e  and v i n t a g e  i s  n o t  a v a i l a b l e ,  under c e r t a i n  assumpt ions a  

l i f e  d i s t r i b u t i o n  ( s u r v i v a l  d i s t r i b u t i o n )  can be p o s t u l a t e d .  Four 

s i m p l e  assumpt ions a r e  cons ide red  : 

Assumpt ion I: The v e h i c l e  i s  scrapped when i t s  s h o r t e s t -  
l i v e d  m a j o r  e lement f a i l s .  

Assumpt ion 11: The v e h i c l e  i s  scrapped when t h e  l o n g e s t -  
l i v e d  ma jo r  e lement f a i l s .  T h i s  c o n d i t i o n  may be c a l l e d  t h e  " l a s t  
s t raw .  " 

Assumpt ion 111: The v e h i c l e  i s  scrapped o n l y  when a  c a t a s -  
t r o p h i c  f a i l u r e  occurs- -e .g . ,  a major  a c c i d e n t .  

Assumpt ion I V :  The v e h i c l e  i s  scrapped a f t e r  a  s e r i e s  o f  
moderate t o  m a j o r  f a i l u r e s  th rough  i t s  l i f e .  These f a i l u r e s  may 
i n c l u d e  a c c i d e n t s ,  eng ine component f a i  1 u res ,  b rake  f a i  1  ures ,  e t c .  
The l i f e t i m e  o f  t h e  v e h i c l e  can then be though t  of as t h e  sum of  
i n t e r f a i  l u r e  t i m e s - - t h a t  i s ,  t h e  t imes  between f a i l u r e s .  

Assumptions I and I V  seem t h e  most reasonab le ,  and Assumpt ion 

11,  t h e  l e a s t .  I t a l s o  seems reasonable  t h a t  Assumpt ion I11 i s  

app l  i c a b l e  t o  some p r o p o r t i  on o f  t h e  automobi 1  e  p o p u l a t i o n .  

Assumpt ion I l eads  t o  a  We ibu l l  1 i f e t i m e  p r o b a b i l i t y  d i s t r i b u -  

t i o n  (36,38). (See Appendix C f o r  a  d i s c u s s i o n  o f  the W e i b u j l  

d i s t r i b u t i o n .  ) The We ibu l l  d i s t r i b u t i o n  i s  t h e  two-parameter  

d i s t r i b u t i o n :  

where : 

S ( t )  = p r o b a b i l i t y  a  v e h i c l e  s u r v i v e s  t o  age t 



L = l i f e t i m e  random v a r i a b l e  

a,b = parameters  

The mean and v a r i a n c e  o f  t h e  We ibu l l  d i s t r i b u t i o n  a r e :  

The ins tan taneous  scrappage r a t e ,  wh ich i s  de f i ned  as t h e  p r o p o r t i o n  

o f  v e h i c l e s  scrapped i n  a  t i m e  i n t e r v a l  ( t ,  t + d t )  among those  v e h i -  

c l e s  s u r v i v i n g  up t o  t i m e  t, a s s o c i a t e d  w i t h  t h e  W e i b u l l  d i s t r i b u -  

t i o n  i s :  

The scrappage r a t e  of L i n c o l n s *  f o r  t h e  f i r s t  9 t o  10 y e a r s  (see 

F i g u r e  2 )  does seem t o  i n c r e a s e  a c c o r d i n g  t o  t h i s  t y p e  o f  f u n c t i o n ,  

wh ich i m p l i e s  t h a t  Assumption I may be reasonable .  

Assumpt ion 111 leads  t o  an e x p o n e n t i a l  d i s t r i b u t i o n  f o r  t h e  

l i f e t i m e  o f  a  v e h i c l e .  The e x p o n e n t i a l  d i s t r i b u t i o n  i s  a  one- 

parameter d i s t r i b u t i o n :  

where : 

c = parameter .  

* 
*The f o l l o w i n g  ana lyses a r e  based on scrappage d a t a  o f  

L i n c o l n s  because these d a t a  i n c l u d e  o n l y  one t y p e  o f  v e h i c l e ,  namely 
a  l a r g e  l u x u r y  v e h i c l e .  





The mean and v a r i a n c e  o f  t h e  e x p o n e n t i a l  d i s t r i b u t i o n  a r e :  

We may combine Assumptions I and 111, by assuming t h a t  a  

p r o p o r t i o n ,  p, o f  t h e  p o p u l a t i o n  of  v e h i c l e s  of a  c e r t a i n  t y p e  i s  

s p e c i f i e d .  T h i s  i s  t h e  f r a c t i o n  o f  v e h i c l e s  whose f a i l u r e  process 

can be r e p r e s e n t e d  by a Weibu l l  d i s t r i b u t i o n .  The remainder  f a i l  

a c c o r d i n g  t o  t h e  exponen t ia l  d i s t r i b u t i o n .  T h i s  l e a d s  t o  a  s u r v i -  

v a l  d i s t r i b u t i o n :  

Maximum 1  i k e l i  hood es t ima tes  f o r  t h e  parameters  o f  t h i s  s u r -  

v i v a l  d i s t r i b u t i o n  were c a l c u l a t e d  f o r  1958 t o  1961 L i n c o l n  d a t a .  

Goodness-o f - f i  t t e s t s  i n d i c a t e  e q u a t i o n  ( 8 )  i s  a  reasonab le  

f u n c t i o n a l  t e rm (see Tab le  1  ) .  The parameters o f  t h e  e x p o n e n t i a l  

p a r t  o f  t h e  d i s t r i b u t i o n  i s  e x t r e m e l y  s m a l l .  T h i s  i n d i c a t e s  t h a t  

these c a r s  a r e  r a r e l y  used o r  a lmos t  a lways r e p a i r e d  a t  any c o s t .  

The p r o p o r t i o n  o f  L i n c o l n s  which f a l l  i n t o  t h i s  c a t e g o r y  i s  q u i t e  

l a r g e ,  6 t o  10 p e r c e n t .  

TABLE 1  

MAXIMUM LIKELIHOOD ESTIMATES OF SURVIVAL DISTRIBUTIONS 
OF THE WE1 BULL-EXPONENTIAL MODEL AND CHI -SQUARE TEST RESULTS 

Li n c o l  n  Chi -Square Degrees o f  
Model /Car a  b c p (100s of u n i t s )  Freedom - - 

1958 .0004 4.1 .000001 .94 10 .9  6  
1959 .0004 4.0 .000001 - 9 3  3.1 6  
1960 .0004 3.9 .000001 .91 1.5 6  
1961 .0004 3.8 .000001 .91 9.1 6 



The ins tan taneous  scrappage r a t e  assoc ia ted  w i t h  a  f a i l u r e  

p rocess  rep resen ted  by e q u a t i o n  (8 )  i s :  

A  comparison of t h i s  f u n c t i o n  ( w i t h  parameter va lues  f rom Table  1 )  

and observed scrappage r a t e s  f o r  1960 L i ~ i c o l n s  i s  shown i n  F i g u r e  

3. The two curves a r e  ve ry  c l o s e  f o r  t h e  f i r s t  10 yea rs ,  i n  wh ich 

t i m e  more than 50 p e r c e n t  o f  t h e  1960 L i n c o l n s  s o l d  were scrapped, 

and t h e  cu rves  a r e  f a i r l y  c l o s e  a f t e r  n i n e  y e a r s .  The l a r g e s t  

e r r o r  occurs  a t  around 11 t o  1 2  yea rs ,  when o n l y  20 p e r c e n t  o f  t h e  

1960 L i n c o l n s  s o l d  a r e  rema in ing  i n  t h e  p o p u l a t i o n .  A s i m i l a r  com- 

p a r i s o n  i s  presented f o r  1959 L i n c o l n s  i n  F i g u r e  4.  

Assuniption I may a1 so be modeled w i t h  a minimum-extreme-val ue 

d i s t r i b u t i o n .  T h i s  d i s t r i b u t i o n  i s  a  two-parameter d i s t r i b u t i o n ,  

s p e c i f i e d  by t h e  f o l l o w i n g  e q u a t i o n :  

where : 

a,b a r e  parameters,  and: 

The minimum extreme va lue  d i s t r i b u t i o n  can a l s o  be combined w i t h  

t h e  e x p o n e n t i a l  d i s t r i b u t i o n  t o  fo rm t h e  minimum extreme v a l u e -  

exponen t ia l  d i s t r i b u t i o n :  
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Maximum l i k e l i h o o d  est imates f o r  t he  parameters o f  t he  d i s t r i b u t i o n  

were c a l c u l a t e d  f o r  t h e  1960 L i n c o l n  data (see Table 2 ) .  The 
r e s u l t s  f o r  t h i s  d i s t r i b u t i o n  f i t  t he  data much . less c l o s e l y  than 

the  Weibul l  -exponent ia l  model. 

TABLE 2 

MAXIMUM LIKELIHOOD ESTIMATES OF SURVIVAL DISTRIBUTIONS AND 
COMPARISON OF CHI -SQUARE TEST RESULTS FOR 1960 LINCOLN DATA 

Chi -Square 
D i s t r i b u t i o n  a b c J- ( 1 0 0 s o f u n i t s )  - - - 

Weibul l -Exp. ,0005 3.9 .000001 -91  1.5 
Min. Ext.  Val-Exp 10.2 .39 .000001 .92 13.3 
Max. Ext .  Val-Exp 8.1 -40  .000001 .92 10.0 
Gama - Exp .72 6.8 .000001 .94 15.0 
Normal-Exp 9.08 2.7 .000001 .92 0.9 

Degrees o f  freedom i s  6 f o r  a l l  t e s t s .  

Assumption I 1  leads t o  a maximum-extreme-value l i f e t i m e  

d i s t r i b u t i o n  (36,38). Th is  d i s t r i b u t i o n ,  which i s  s i m i l a r  i n  form 

t o  t he  minimum-extreme-value d i s t r i b u t i o n ,  i s  a l s o  a two-parameter 

d i s t r i b u t i o n :  

where: 

a,b a r e  parameters, and 

Maximum 1 i k e l  ihood es t imato rs  were c a l c u l a t e d  f o r  t h e  parameters o f  

t he  maximum-extreme-val ue-exponent ia l  d i s t r i b u t i o n  (see Table 2 ) .  



As expected, t h i s  d i s t r i b u t i o n  d i d  n o t  f i t  t he  data as w e l l  as the  

Weibul l -exponent ial  model . 
Assumption I V  s ta tes t h a t  the l i f e t i m e  o f  a  veh i c l e  i s  made 

up o f  t h e  sum o f  i n t e r f a i l u r e  times. I f  the f a i l u r e s  occur randomly 

over a  v e h i c l e ' s  l i f e ,  which seems h i gh l y  u n l i k e l y ,  then the  su r v i -  

va l  d i s t r i b u t i o n  o f  t h i s  veh ic le  would be approximately Gamma 

d i s t r i b u t e d .  The Gamma surv iva l  d i s t r i b u t i o n  i s  spec i f i ed  by: 

The est imated probabi l  i ty-weighted Gamma-exponential d i s t r i b u t i o n  

d i d  n o t  f i t  the data we l l  (see Table 2 ) .  However, i f  t he  number o f  

f a i l u r e s  i n  a  veh ic le  l i f e t i m e  i s  la rge ,  then i t  fo l lows  from the  

cen t r a l  l i m i t  theorem t h a t  the sum o f  i n t e r f a i l u r e  t imes tends 

toward a  normal d i s t r i b u t i o n :  , 
9 

Maximum 1  i ke l  ihood est imators  f o r  the  parameters o f  t he  normal - 
exponent ial  d i s t r i b u t i o n  were ca lcu la ted  f o r  t he  1958 t o  1961 L i n -  

c o l n  data (see Table 3 ) .  The normal-exponential d i s t r i b u t i o n  i s :  

The instantaneous scrappage r a t e  associated w i t h  the  normal- 

exponent ial  d i s t r i b u t i o n  i s :  

t - a  2 

p  e - ( ~ )  
bm + ( ~ - p ) c e - ~ ~  h ( t )  = r )  



For  each year ,  t h e  normal -exponent ie l  m d e l  f i t  t h e  da ta  as we1 1 as 

o r  b e t t e r  than t h e  Weibul l -exponent ia l  model. For comparat ive pur -  

poses, t h e  scrappage r a t e s  based on t h e  normal -exponent ia l  model 

a r e  a l s o  presented i n  Fl'gures 3 and 4, 

A g raph ic  comparison o f  a l l  models discussed i n  th , i s  s e c t i o n  

i s  presented i n  F i gu re  5. 

TABLE 3 

MAXIMUM LIKELIHOOD ESTIMATES OF SURVIVAL DISTRIBUTIONS OF 
NORMAL-EXPONENT IAL MODEL AND CHI -SQUARE TEST RESULTS 

(a = MEAN AND b = STANDARD DEVIATION OF NORMAL DISTRIBUTION) 

Degrees 
L i n c o l n  Chi -Square o f 

b Model/Year a - c p (100s o f  u n i t s )  Freedom 

1958 8.6 2.7 .000001 .94 4.5 6 
1959 9.0 2.6 .000001 .93 1.8 6 
1960 9.1 2.7 .000001 .92 0.9 6 
1961 10.1 3.1 .000001 .91 9.2 6 

It i s  n o t  s u r p r i s i n g  t h a t  the  normal -exponent ia l  model, 

equa t ion  ( l o ) ,  and Weibul l -exponent ia l  model, equa t ion  (8), pe r fo rm 

a lmost  equa l l y  w e l l .  Assumption I, which i s  modeled by t h e  We ibu l l  

d i s t r i b u t i o n ,  may be thought o f  as a subset o f  Assumption IV, which 

i s  modeled by t he  normal d i s t r i b u t i o n .  The d i f f e r e n c e  between t h e  

assumptions i s  t h a t  i n  t h e  f i r s t  one a v e h i c l e  i s  scrapped because 

o f  t h e  f i r s t  occurrence of any major  v e h i c l e  component f a i l u r e  o r  a 

major  acc iden t .  The f o u r t h  assumption i m p l i e s  t h a t  t h e  v e h i c l e  may 

be scrapped a t  t h i s  f i r s t  occurrence o f  a ma jo r  f a i l u r e  o r  t h e  

second occurrence o f  a major  f a i l u r e  o r  a t  t h e  occurrence o f  a non- 

major  component f a i l u r e ,  as l o n g  as more than  a few f a i l u r e s  have 

occurred i n  t h e  v e h i c l e ' s  l i f e t i m e .  I n  a d d i t i o n ,  Assumption I 

inc l udes  cases when veh i c l es  a re  scrapped due t o  a ma jo r  f a i l u r e  o r  

acc i den t  du r i ng  t he  f i r s t  severa l  years  o f  a v e h i c l e ' s  l i f e t i m e - -  

t h a t  i s ,  when o n l y  a few o r  no moderate f a i l u r e s  have occur red- -  
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whereas Assumption I V Y  modeled by the normal d i s t r i b u t i o n ,  does n o t  

i n c l ude  such cases. 

A reexaminat ion o f  t h e  scrappage r a t e s  drawn i n  F igures  3 and 

4 ill us t ra tes  t h e  d i f fe rences  between t he  models based on t h e  

Weibul l -exponent ia l  d i s t r i b u t i o n ,  equat ion (9) ,  and t h e  normal- 

exponent ia l  d i s t r i b u t i o n ,  equat ion ( 1 1 ) .  The scrappage r a t e s  f o r  

t h e  Weibul l -exponent ia l  model match t he  observed r a t e s  f o r  t h e  f i r s t  

n i n e  years of v e h i c l e  1 i f e  more c l o s e l y  than t he  normal -exponen t ia l  

model. Th is  i n d i c a t e s  t h a t  t h e  Weibul l  d i s t r i b u t i o n  models e a r l y  

scrappage b e t t e r  than the  normal d i s t r i b u t i o n .  Dur ing  these f i r s t  

n i ne  years of v e h i c l e  1 i f e ,  approximately 45 percent  of  t h e  L i nco l ns  

o r i g i n a l l y  s o l d  a re  scrapped. The normal-exponent ial  model f i t s  

t he  data w e l l  d u r i n g  the  n i n t h  through t w e l f t h  years when 

approx imate ly  35 percent  of t he  L inco lns  o r i g i n a l l y  s o l d  a re  

scrapped. Because the  t h e o r e t i c a l  scrappage r a t e s  o f  t h e  Weibul l  

exponent ia l  model match t h e  observed r a t e s  f o r  a  g r e a t e r  number o f  

years o f  v e h i c l e  l i f e ,  and because t h i s  model f i t s  t h e  da ta  b e t t e r  

du r i ng  the  e a r l y  years o f  v e h i c l e  l i f e  when a v e h i c l e  i s  d r i v e n  

most ex tens i ve l y ,  t h e  s u r v i v a l  model w i l l  be based on t h e  Weibu l l  

exponent ia l  d i s t r i b u t i o n .  

5.1.1 Mod i f ied  Weibul l  Model 

A modi f ied ve rs ion  of t he  Wei b u l l  -exponent ia l  model i s  used 

as t h e  model o f  veh i c l e  s u r v i v a l  i n  t h i s  s tudy.  S ince t h e  r a t e  

parameter, c ,  o f  t he  exponen t ia l  p o r t i o n  o f  t he  d i s t r i b u t i o n ,  

equat ion (8) ,  i s  so c l ose  t o  zero ( t h e  c  value, .000001, imp1 i e s  

t h a t  about .0001 percent  o f  s u r v i v i n g  L i nco l ns  which f a i l  accord ing  

t o  Assumption I 1 1  w i l l  be scrapped per  yea r ) ,  a  va lue  o f  c  i s  equal 

t o  zero i s  assumed. This  mod i f i ed  d i s t r i b u t i o n ,  which i s  c a l l e d  

t h e  mod i f i ed  Weibul l  d i s t r i b u t i o n  i n  t h i s  study, has o n l y  t h r e e  

parameters w i t h  t h e  f o l l o w i n g  s u r v i v a l  d i s t r i b u t i o n :  



where: a,b a re  Weibul l  parameters and 1-p i s  the p r o b a b i l i t y  t h a t  

a v e h i c l e  i s  "never" scrapped. Note the  mean and var iance a re  

undef ined f o r  equat ion (12).  Th is  d i s t r i b u t i o n  has t he  scrappage 

r a t e :  

The L i n c o l n  su r v i va l  parameters were reest imated f o r  t he  mod i f i ed  

Weibul l  model. The r e s u l t s ,  which are presented i n  Table 4, a re  

almost i d e n t i c a l  t o  those f o r  t he  Weibul l -exponent ia l  model. 

TABLE 4 

MAXIMUM LIKELIHOOD ESTIMATES OF LINCOLN SURVIVAL 
DISTRIBUTIONS OF THE MODIFIED WEIBULL MODEL 

L i n c o l n  Chi -Square Degrees o f  
a b Model lcar  - _e (1 00s o f  u n i t s )  Freedom 

1958 ,00041 4.08 .94 10.90 7 
1959 ,00042 4.00 .93 3.20 7 
1960 ,00049 3.90 .92 1.54 7 
1961 ,00043 3.76 .89 9.53 7 
1962 ,00045 3.75 .85 15.97 7 

Maximum 1 i k e l  i hood est imates o f  parameters o f  t h e  mod i f i ed  

Weibul l  model were a l s o  ca lcu la ted  f o r  o t h e r  nameplate data.  The 

parameter est imates a re  presented i n  Table 5,  and t h e o r e t i c a l  scrap- 

page r a t e s  and su r v i va l  d i s t r i b u t i o n s  f o r  severa l  nameplates a re  

i l l u s t r a t e d  i n  Figures 6 and 7. 

The parameter est imates vary  from nameplate t o  nameplate. 

The graphs o f  scrappage ra tes  and s u r v i v a l  d i s t r i b u t i o n  il l u s t r a t e  

t h i s  var iance.  Cadi l  l a c s  which have t he  lowes t  Weibul l  parameters 

su rv ive  on t he  road f o r  t he  most p a r t  l onge r  than  any of t h e  o t h e r  

nameplates. The expected 1 i f e t i m e  o f  those Cad i l  l a c s  which f a i l  

according t o  a Weibul l  process, equat ion (7 ) ,  i s  10.64 years .  



TARLE 5 

MAXIMUM LIKELIHOOD ESTIMATES OF SURVIVAL DISTRIBUTIONS 
OF THE MODIFIED WEIBULL MODEL 

Degrees o f  
a Name p 1 a te/Mode 1 - b Chi-square ' Freedom 

Cadi1 l acs :  
1956 
1958 
1960 

Oldsmobi l e s  : 
1956 
1957 
1 958 
1959 
1960 
1961 
1962 
1963 

Plymouths: 
1956 
1957 
1958 
1959 
1960 
1961 
1962 

Chevrole t : 
1960 

M i  sce l  1 aneous : 
1956 
1957 
1958 
1959 
1960 
1961 
1962 

Mid-s ize  Cars: 
1958 
1960 
1962 

F u l l  -Size Cars : 
1958 
1960 
1962 

The chi-square i s  i n  terms of :  1000s of u n i t s  f o r  Cadi l lacs,  Oldsmobiles, 
Plymouths, Miscellaneous; 10,000s of u n i t s  f o r  Chevrolets, Mid-size Cars, and 
Fu l l - s i ze  Cars. 

Reject ion of  hypothesis a t  f i ve  percent l eve l  of s ign i f icance.  

Miscellaneous cars are mostly imported vehicles. 

4The Mid-size Car category i s  the sum of Chevrolets, Fords, and Plymouths. 

The Fu l l - s i ze  Car category i s  the sum o f  Buicks, Chryslers, DeSotos, 
Dodges, Mercuries, Oldsmobiles, and Pontiacs. 
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The corresponding expected 1 i f e t imes  f o r  miscel laneous, mid-size, 

and f u l l - s i z e  ca rs  are 9.2, 9.5, and 9.5 years.  Th i s  low scrappage 

r a t e  may be because Cadi 1 l a c s  a re  const ructed b e t t e r ,  mainta ined 

b e t t e r ,  o r  d r i v e n  l ess  than o the r  cars .  The s u r v i v a l  parameters o f  

t he  misce l laneous veh ic les ,  which a re  mos t l y  comprised o f  impor ts  

such as Volkswagons and o the r  small veh ic les ,  have a h i g h  "a" 

value, b u t  a low "b" value. The h i gh  "a" va lue accounts f o r  

s l i g h t l y  h igher  scrappage r a t e s  o f  miscel laneous veh i c l es  i n  t h e i r  

f i r s t  few years o f  1 i f e .  ( A t  age two, a miscel laneous veh i c l e  has 

a scrappage r a t e  = ,0032; Plymouth's r a t e  = .0028; and C a d i l l a c ' s  

r a t e  = ,0020.) These s l i g h t l y  h igher  scrappage r a t e s  can be 

expla ined by t h e  h igher  p r o b a b i l i t y  o f  a smal l  c a r  be ing  t o t a l e d  i n  

a c o l l i s i o n  over  a l a r g e  car .  However, s ince  smal l  ca r s  are,  i n  

general ,  r e l a t i v e l y  inexpensive t o  r epa i r ,  then if a major  f a i l u r e  

occurs, these cars  would probably be repa i red  a g rea te r  percentage 

o f  t he  t ime than l a r g e  cars.  This may e x p l a i n  why t h e  scrappage 

r a t e  o f  miscel laneous cars  i s  gene ra l l y  lower  than o t h e r  ca rs  a f t e r  

t h e i r  f i r s t  several  years o f  veh i c l e  l i f e .  

5.1.2 Vehic le  Surv iva l  Model Parameters 

Whereas t he  parameter est imates i n  Table 5 do vary  a f a i r  

amount f rom nameplate t o  nameplate, t he  parameters, e s p e c i a l l y  t h e  

Weibul l  parameters, remain f a i r l y  constant  f rom yea r  t o  year .  Thus, 

t he  s u r v i v a l  parameters f o r  t he  veh i c l e  s u r v i v a l  model a re  assumed 

t o  be constant  through t ime, and they a re  s e t  t o  t h e  values l i s t e d  

i n  Table 6. These parameter values were based on t h e  va lues i n  

Table 5. The parameters f o r  subcompact and compact were based on 

the  parameter est imates f o r  misce l  laneous veh ic les ,  because t h e  

r e g i s t r a t i o n  data o f  miscel laneous veh i c l es  i s  t h e  o n l y  s e t  a v a i l a -  

b l e  composed predominant ly  o f  subcompacts and compacts. Note t h a t  

because of t he  l a c k  o f  data, these parameters a r e  assumed f o r  bo th  

domestic and foreign-made subcompacts and compacts even though t h e  

misce l  laneous veh i c l e  category i s  predominant ly  foreign-made cars .  



TABLE 6 

MODIFIED WEIBULL PARAMETERS 

Size-Class a  - b P 
Subcompact .00060 3 .7  .85 
Compact .00060 3.7 .85 
Mid-Size ,00036 4.0 .95 
F u l l  -S ize  .00034 4.0 .95 
Luxury .00030 3.9 .94 

The parameters f o r  l u xu r y  veh i c l es  a re  based on t he  es t imates  f o r  

Cad i l l a cs ,  which make up t he  l a r g e s t  share o f  l u x u r y  veh i c l es .  

5.2 BEHAVIORAL HYPOTHESES 

Th is  s e c t i o n  examines t h ree  behav io ra l  hypotheses of v e h i c l e  

scrappage. The va r i ab l es  t h a t  seem t o  cause f l u c t u a t i o n s  i n  y e a r l y  

t o t a l  scrappage a r e  new and used ca r  p r i ces ,  unemployment r a t e s ,  

scrap meta l  p r i c e s ,  veh i c l e  m i l es  t r a v e l l e d ,  and t h e  average age o f  

the  v e h i c l e  popu la t ion .  These va r i ab l es  presumably a f f e c t  y e a r l y  

v e h i c l e  scrappage ra tes  d i f f e r e n t l y  f o r  d i f f e r e n t  types of veh i c l es .  

Thus, i d e a l l y ,  behav io ra l  hypotheses should be cons t r uc ted  f o r  each 

type  o f  veh i c l e .  Those hypotheses cou ld  be cons t ruc ted ,  b u t  t h e  

ex tens ive  ana l ys i s  necessary f o r  v a l i d a t i n g  them l i e s  beyond t h e  

scope o f  t h i s  study. Instead,  severa l  s imple behav io ra l  hypotheses 

were formulated.  These hypotheses assume t h a t  t h e  f l u c t u a t i o n s  i n  

y e a r l y  scrappage by t ype  a re  s i m i l a r  t o  t h e  f l u c t u a t i o n s  i n  t o t a l  

y e a r l y  scrappage. 

Th is  f i r s t  behav io ra l  hypothes is  t es ted  i n  t h e  model i s  t h e  

one used i n  t h e  o r i g i n a l  Wharton model (see Appendix B) .  Th i s  

hypothes is  s t a t e s  t h a t  scrappage i s  a  f u n c t i o n  o f  d e s i r e d  s tock ,  

ac tua l  s tock,  new ca r  sa les,  average age o f  s tock,  unemployment 

r a t e ,  changes i n  v e h i c l e  t r a v e l ,  and t h e  p r i c e  o f  used ca r s  and 

scrap meta l .  The Wharton equa t ion  f o r  scrappage i s :  



Form 1  Equat ion 

Scrap - Gfven Scra = -6.98 
ln [ stock-, t New Car Sayes (7.99) 

Desi red Stock -3'83  stock-^ t New Car Sales t 2 . 91  I n  (Avg. age o f  s tock )  
(4.50) ) (5.32) 

- 15 1n  ( Price Of O l d  Used Car - .  338 1  n  (Unemployment r a t e )  
(2.20) Scrap Metal P r i ce  (4.33) 

~i;' = ,923 S.E .  = ,046 D.W. = 2.60 

F i t  Per iod :  1954-1974 

t - s t a t i s t i c s  i n  parenthes is .  

Where: Scrap = t o t a l  y e a r l y  scrappage 

Given Scrap = number o f  veh ic les  t h a t  a r e  over  21 years o l d  on 
t h e  road 

New Car Sales = t o t a l  y e a r l y  new c a r  sa les (equa t ion  4 )  

Stockml = l a s t  y e a r ' s  end o f  ye& t o t a l  number o f  veh i c l es  
on t he  road 

Average age 
o f  s tock = average age of t he  veh i c l e  s tock  0  t o  20 years  o f  

age. 

VMT/k = veh i c l e  m i l e s  t r a v e l l e d  d i v i d e d  by t o t a l  mid-year 
s tock.  

The parameters f o r  equa t ion  (13) were est imated assuming 

t h a t  t h e  s u r v i v a l  p r o b a b i l i t i e s  by age i n  a g i ven  year  a re  t h e  

same f o r  a l l  veh i c l es  regard less  o f  a  v e h i c l e ' s  s i z e  o r  type. I f  

t h e  veh i c l e  s u r v i v a l  model o u t l i n e d  i n  t h e  p rev ious  sec t ions ,  

equat ion (12) w i t h  t h e  parameters s p e c i f i e d  i n  Table 6, i s  used 



t o  c a l c u l a t e  t h e  s u r v i v a l  probabf 1  i c i e s ,  t h e  g iven  scrappage and 

average age o f  s tock va r i ab l es  assume d i f f e r e n t  values. Thus, 

t h e  Wharton scrappage e q u a t ~ o n  us i ng  these mod i f ied  v a r i a b l e s  

was rees t imated  w i t h  t h e  f o l  l ow ing  r e s u l t s  : 

Form 2 Equat ion (74) 

Scrap - Given Scra 
= -17.453 -6.4171n ( 5  Desired Stock 

In I ~tock-, + ~ e u  car ~aP~er J 
(-6.17) ( -3 .29 )  toek-, + New Car Sales 1 

+8.906 1 n  (Avg. age of s tock )  -0.440 I n  (Unemployment r a t e )  
(5.33) (2.76) 

K~ = ,883 S.E. = .ll D.W. = 1.42 

The p r i c e  o f  used cars /scrap metal  p r i c e  term became i n s i g n i f i c a n t  

i n  t he  r ees t ima t i on ,  and t he re fo re  i t  was dropped f rom t h e  equa- 

t i o n .  

A t h i r d  fo rm of t h e  scrappage equat ion,  which has a  d i f f e r -  

e n t  s t r u c t u r e  from t he  f i r s t  two equat ions,  i s  t es ted  i n  t h e  model. 

Th is  t h i  r d  equat ion at tempts t o  i n co rpo ra te  t he  t echno log i ca l  

hypotheses. Ins tead  of desc r i b i ng  scrappage as a  r a t i o  t o  a c t u a l  

s tock,  t h i s  equat ion descr ibes  scrappage as be ing d i r e c t l y  p ro -  

p o r t i o n a l  t o  expected scrappage. Expected scrappage i s  t h e  t o t a l  

number o f  veh i c l es  t h a t  would be scrapped based on t h e  t echno log i -  

c a l  hypotheses. The expected scrappage i s  c a l c u l a t e d  by 

mu1 t i p l y i n g  the  scrappage probabi  1  i t i e s  determined by t h e  techno- 

l o g i c a l  hypotheses of t h e  v e h i c l e  s u r v i v a l  model t imes t h e  age 

d i s t r i b u t i o n  o f  veh i c l es  by s i ze - c l ass .  The s p e c i f i c  equa t i on  f o r  



expected scrappage i s  discussed in Section 5.3. (See 
equation (16) in Section 5.3.) The third form of the scrappage 

equation i s :  

Scrap - Given Scra . Desired Stock - 4'467 -6'997 l n  [3 twt - ,  + No. car Sales ln( t p e c t d  *rap - ~ i v e D k r a p  I (-2.40) (5.59) 1 

+2.741 I n  (Avg. age of stock) -.541 I n  (Unemployment rate) 
(2.48) (-5.14) 

R* = ,946 S.E. = .0517 D.W. = 1.68 

I t  is  n o t  surprising t h a t  the coefficients of this equation are 

very much the same as the second form equation. As in equation 

(13), increases in desired stock and unemployment tend t o  produce 
decreases i n  yearly scrappage. Also, increases in the average of 

stock and vehicle miles travelled tend to produce increases in 

scrappage. 

Whereas the regression f i t s  for the second and third forms of 

the equations are fairly good, these regression results should 

improve with a better specification of the modified Weibull para- 

meters. These parameters greatly influence the values of expected 

and given scrappage and the average age of stock. 

Each form of the behavioral equation for scrappage (13), (14), 

and (15), i s  included in the computer program of the FAPS Model. 

The computer program prompts the user for the form of the equation 

to  be used in a forecast simulation. (See Appendix A for detai ls .)  



5.3 THE VEHICLE SURVIVAL MODEL 

Prev ious sec t ions  descr ibed t h e  equat ions and parameters t h a t  

make up t h e  v e h i c l e  s u r v i v a l  model. Th is  sec t i on  d iscusses d e t a i l s  

on how these equat ions and parameters a re  used t o  p r e d i c t  t h e  

scrappage of v e h i c l e s  by age and s ize -c lass .  It a l s o  p resen ts  

d e t a i l s  on how t h e  v e h i c l e  s u r v i v a l  model i s  i n co rpo ra ted  i n t o  t h e  

Wharton Model. 

The v e h i c l e  s u r v i v a l  model p red i c t s ,  by age and s ize -c lass ,  

t h e  number of ca r s  scrapped i n  a  yea r .  Th is  scrappage i s  c a l c u l a t e d  

i n  two s teps.  The f i r s t  s tep  i s  t o  c a l c u l a t e  t he  expected scrappage 

o f  ca rs  by age and s ize -c lass .  Expected scrappage i s  c a l c u l a t e d  

us i ng  t he  m o d i f i e d  Weibul l  Model o f  v e h i c l e  s u r v i v a l ,  equa t i on  ( l l ) ,  

d iscussed i n  Sec t ion  5.1 .I, as fo l lows :  

Expected Scrap ( i  , t )  = PROB(i , t -1 ) * STOCK ( i  , t -1 ) (16) 

where : 

Expected Scrap ( i  , t )  = expected scrappage o f  ca r s  o f  age t - 1  t o  
age t and s i ze - c l ass  i d u r i n g  t h e  year .  

p ~ O ~ ( i , t - l )  = p r o b a b i l i t y  t h a t  a  c a r  o f  s i ze - c l ass  i i s  scrapped 

d u r i n g  i t s  tth yea r  i n  opera t ion .  

STOCK(i,t-1) = t he  s tock o f  ca r s  age t - 1  t o  age t and s i ze - c l ass  
i i n  ope ra t i on  a t  the beginn ing o f  t h e  year .  (Note: STOCK(i,O) 
a re  t he  new c a r  sa les of s i ze -c lass  i . ) 
t = 1,2, ... ,21 

i = subcompact, compact, mid-s ize,  f u l l - s i z e ,  l u xu r y .  

PROB ( i  , t -1)  i s  determined by t h e  mod i f i ed  Weibul l  model as f o l l o w s :  

PROB(i , t -1 )  = P r o b a b i l i t y  of scrappage a t  age t - 1  t o  t g i ven  
s u r v i v a l  t o  age t - 1  . 

= Prrscrappage a t  age ( t - 1 , t ) l s u r v i v e  t o  age t - 1 ]  

= P r r s u r v i v e  t o  age t - 1  [ s u r v i v e  t o  age t-l] 

- P r r s u r v i v e  t o  age t l s u r v i v e  t o  age t-l] 

P r r s u r v i v e  t o  age t = - P r [ su r v i ve  t o  age t-;I 

= 1.0 - S ( t ) / S ( t - 1 )  
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where : 

S ( t )  i s  t h e  veh i c l e  su r v i va l  d i s t r i b u t i o n  de f ined  i n  equat ion 
(11) i n  Sect ion 5.1.1. 

A l l  ca rs  over 21 years o l d  are assumed t o  be scrapped a t  t he  

end o f  t h e i r  20 th  year.  

To determine ac tua l  scrappage, expected. scrappage i s  ad justed 

based on t he  r e s u l t s  of one o f  the th ree  behaviora l  equat ions o f  

scrappage, (13), (14), and( l5) ,  discussed i n  Sect ion 5.2. The 

adjustment procedure i s  a  somewhat s i m p l i s t i c  one t h a t  can be 

improved i n  f u t u re  work on t h e  model. 

The adjustment procedure operates as f o l l ows :  The t o t a l  

expected scrappage (EXP SCRAP) i s  ca l cu l a t ed  by summing t he  

expected scrappage fo r  a l l  ages and s ize-c lasses of cars .  Th is  sum 

inc ludes  t he  g iven  scrappage o f  cars  which i s  the  number o f  ca rs  

over 21 years o l d  (GIVEN SCRAP). A t o t a l  y e a r l y  scrappage (SCRAP) 

i s  determined by one o f  t he  behaviora l  equat ions (13), (14), (15), 

i n  Sect ion 5.2. The scrappage adjustment (ADJ) i s  then  ca l cu l a t ed  

by: 

ADJ = (SCRAP - GIVEN SCRAP)/(EXP SCRAP - GIVEN SCRAP) 

and scrappage by age and type i s  ca l cu l a t ed  by: 

SCRAP(i , t )  = EXPECTED SCRAP(i , t )  ADJ 

Note t h a t  t h e  behaviora l  hypotheses a re  assumed t o  a f fec t  the  scrap- 

page o f  ca rs  s i m i l a r l y ,  regard less o f  age and s ize -c lass .  Th is  i s  

c l e a r l y  a  simp1 i f i c a t i o n ,  b u t  t h i s  adjustment process does approx i -  

mate t he  behaviora l  adjustments t o  scrappage and guarantees t h a t  

t h e  scrappage est imates a re  cons is ten t  w i t h  o t he r  p red i c t ed  v a r i -  

ab les i n  t he  model . 
Once t h e  scrappage by age and s ize -c lass  i s  determined, t he  

age d i s t r i b u t i o n s  of veh ic les  by s i ze -c lass  can a l s o  be ca lcu la ted ,  

as f o l l ows :  

STOCK(i , t )  = STOCK(i , t -1 )  - SCRAP(i , t )  



The number o f  veh i c l es  by s i r e - c l a s s  i s  de tem ined  by summing 

STOCK(i,t) o v e r  age, t, f o r  each s ize -c lass ,  i. The t o t a l  number 

o f  veh i c l es  i s  then s imply  c a l c u l a t e d  by sumning the number o f  

veh i c l es  by s i  ze-class. 

The es t imates  f o r  t o t a l  y e a r l y  scrappage, number o f  v e h i c l e s  

by s i ze - c l ass ,  and t o t a l  number o f  veh i c l es  a r e  p u t  i n t o  t h e  

r e v i s e d  Wharton Model t o  c a l c u l a t e  t o t a l  new car sa les  and t h e  new 

c a r  share es t imates  f o r  t h e  f i v e  s i ze -c lasses  o f  veh i c l es .  



6. PROCEDURE FOR SPECIFYING FUTURE PLANNED AND UNPLANNED EVENTS 

Th i s  sec t i on  discusses the  t h i r d  component of the FAPS Model, 

the  procedure f o r  spec i f y i ng  f u t u re  planned and unplanned events. 

The a b i l i t y  o f  any model t o  fo recas t  accura te ly  i s  h i g h l y  dependent 

upon how w e l l  t he  planned and unplanned events a re  spec i f i ed .  As 

discussed i n  t h e  i n t r oduc t i on ,  planned events 'are t h e  programs and 

p o l i c i e s  t he  user o f  t h e  model wishes t o  evaluate, and unplanned 

events a r e  those non-con t ro l lab le  developments t h a t  may a f f e c t  t h e  

s t a t es  o f  t h e  model. A c l e a r  s p e c i f i c a t i o n  o f  these events 

invo lves :  (1 )  a  represen ta t ion  t h a t  can be i n t e r p r e t e d  and used by 

the  model; and (2 )  a  method o f  desc r ib ing  t he  unpred ic tab le  na tu re  

of unplanned events. Procedures t o  handle these s p e c i f i c a t i o n  

problems a re  descr ibed i n  t h i s  sec t ion .  

6.1 GENERAL DISCUSSION 

The approach t o  the  s p e c i f i c a t i o n  o f  planned and unplanned 

events i n  t h i s  model i s  q u i t e  d i f f e r e n t  from t he  general  approach 

t o  exe r c i s i ng  of models o f  long-term veh i c l e  demand and composi t ion 

f o r  p o l i c y  ana lys is .  The commonly used approach i s  t o  develop an 

expected fu ture,  g iven present  po l  i c y .  Th is  expected f u t u re  i s  

c a l l e d  t he  base l ine  scenario.  A base l ine  scenar io  i s  u s u a l l y  

developed by using, f o r  example, p ro j ec t i ons  by t h e  U.S.  Bureau o f  

Census and econometric models. 

A proposed p o l i c y ,  such as a proposed f ede ra l  r egu la t i on ,  

can be evaluated by mod i fy ing  t he  base1 i n e  scenar io  t o  r e f l e c t  t he  

cond i t i ons  of t h a t  p o l i c y .  Forecast s imu la t i on  r e s u l t s  f o r  t h e  

po l  icy-modi f i e d  scenar io  a re  compared w i t h  t h e  base1 i n e  r e s u l t s .  

The r e l a t i v e  m e r i t s  o f  t h e  proposed po l  i c y  can be examined i n  t h i s  

way, For example, t he  s imulated r e s u l t s ,  g i ven  an exc ise  t a x  on 

new car  purchase p r i c e  based on veh i c l e  f u e l  economy, may i n d i c a t e  

a f i v e  percent  r educ t i on  i n  automobi 1  e  gas01 i n e  consumpti on i n  



1985 as compared w i th  the basel ine  assumptions. Other proposed 
p o l i c i e s  can be compared i n  t h i s  manner, and t h i s  approach can 

i nd i ca te  the "best" po l icy .  

A drawback of the basel ine scenario approach i s  t h a t  i t  does 

not  i nd i ca te  the  range o r  probabi 1 i t y  d i s t r i b u t i o n  o f  fo recas t  

values. Probabi l  i t y  d i s t r i b u t i o n s  of forecast values are important 

because the cos t  measure o r  u t i l i t y  associated w i t h  each poss ib le  

value o f  a fo recas t  var iab le  may not  be simply re la ted  t o  the fo re -  

cas t  var iable.  Thus, the expected cost  o f  a pol i c y  g iven a 

p r o b a b i l i t y  d i s t r i b u t i o n  of a forecast w i l l  not,  i n  general, be 

equal t o  the cos t  associated w i t h  the basel ine forecast .  Using the 

above example, an excise tax may cause a s i g n i f i c a n t  drop i n  gaso- 

1 i n e  consumption only if the country has become deeply aware o f  and 

committed t o  conservation. The excise tax may have no e f f e c t  

otherwise-i  .e. , i f  d r i ve rs  continue t o  consume ever- increasing 

amounts o f  gasol ine .  The expected drop i n  gasol ine consumption 

(calculated by: the decrease i n  gasol i ne consumption g iven d r i v e r s  

are conservation minded i n  1985 times the p r o b a b i l i t y  t h a t  d r i v e r s  

w i l l  be conservation minded i n  1985 plus the increase i n  gasol ine 

consumption g iven t h a t  d r i ve rs  are no t  conservation minded i n  1985 

times the p r o b a b i l i t y  t h a t  d r i v e r s  w i l l  not  be conservation minded 

i n  1985) may s t i l l  be f i v e  percent i n  1985. However, the p o l i c y  

would be i n e f f e c t i v e  where the  po ten t i a l  costs are  the  greatest- -  

i .e., when gasol ine consumption i s  excessively high--and thus the  

po ten t i a l  f o r  a gasol ine supply s h o r t f a l l  i s  the greatest .  The 

expected cost  associated w i t h  t h i s  p o l i c y  may then be much h igher  

than the cost  associated w i t h  a f i v e  percent , reduct ion i n  gasol ine 

consumption. I f  t h i s  were the  case, the e f fec t iveness  o f  an 

excise tax  pol i c y  would have t o  be se r i ous l y  questioned. 

Another drawback o f  the basel ine scenario approach i s  t h a t  

i t  usua l ly  does not  take i n t o  account the occurrence of major 
unplanned events. This i s  so because major unplanned events, such 



as embargoes, war, o r  severe recessions, a re  n o t  l i k e l y  t o  happen 

i n  any g i ven  year .  The approach t o  the  s p e c i f i c a t i o n  o f  planned 

and unplanned events i n  t h i s  model i s  designed t o  generate 

probabi 1 i t y  d i s t r i b u t i o n s  and t o  inc lude  major  unplanned events. 

For these reasons, the  approach i s  expected t o  be more useful  than 

t he  base1 i ne scenar io  approach. 

6.2 EVENT REPRESENTATION PROCEDURE 

The f i r s t  procedure i n  t he  s p e c i f i c a t i o n  of f u t u re  planned 

and unplanned events r e1  i e s  on t he  r e l a t i o n s h i p  between t h e  events 

and t h e  exogenous parameters of the  model. The procedure i s  t o  base 

the  values of t he  parameters on the  occurrence o f  t he  planned and 

unplanned events.  As an example of how t h i s  may be done, cons ider  

t he  r e c e n t l y  enacted f ede ra l  standard t h a t  a1 1 automobi le manufac- 

t u r e r s  must a t t a i n  an average o f  27.5 m i les  per  g a l l o n  f o r  t he  

f l e e t  o f  veh i c l es  they manufacture i n  1985. I f  average new car  

p r i c e  i s  a parameter o f  t he  model , then t h i s  standard may be 

represented, i n  p a r t ,  by an increase i n  t he  1985 p r i c e  of veh i c l es  

due t o  more expensive ma te r i a l s  t h a t  must be used i n  t h e  veh i c l e  

manufactur ing t o  achieve the f u e l  economy goal .  (Note t h a t  t h i s  

represen ta t ion  o f  the  standard i s  on ly  an example. ) The method o f  

d e r i v i n g  t he  r e l a t i o n s h i p s  between the  parameters and planned and 

unplanned events i s  t o  i n i t i a l l y  analyze t h e i r  h i s t o r i c a l  r e l a -  

t i o n s h i  ps. Where t he re  are no h i s t o r i c a l  precedents,  a sub jec t i ve  

es t ima t i on  o f  t he  r e l a t i o n s h i p  w i l l  be used. 

I n  de f i n i ng  the r e l a t i o n s h i p  between t he  parameters and 

planned and unplanned events, i t  may n o t  be poss i b l e  t o  ass ign  a 

s e t  o f  f i x e d  parameters corresponding t o  an event .  An event,  

espec i a l l y  one w i t h o u t  h i s t o r i c a l  precedent, may be b e t t e r  repre-  

sented as a p robab i l i t y -we igh ted  s e t  o f  parameters.  I n  t h e  above 

example, the re  i s  a p r o b a b i l i t y  t h a t  the  automobi le  manufacturers 

may n o t  have t o  r e s o r t  t o  more expensive m a t e r i a l s  t o  ach ieve t h e  



f u e l  economy goa l .  Therefore, t he re  i s  a c e r t a i n  p r o b a b i l i t y ,  pl, 

t h a t  t h e  average r e a l  p r i c e  o f  1985 veh ic les  w i l l  no t  increase,  a 

p r o b a b i l i t y ,  p2, t h a t  t he  average r e a l  p r i c e  w i l l  increase by x2, 

a p r o b a b i l i t y ,  pg, t h a t  t h e  p r i c e  w i l l  increase by xg, and so on. 

Under t h i s  unce r t a i n t y ,  t h e  r ep resen ta t i on  o f  t h i s  event  'in terms 

o f  average r e a l  veh i c l e  p r i c e  would be no increase i n  t he  1985 

p r i c e  w i t h  p r o b a b i l i t y ,  p,, and an increase equal t o  x2 i n  p r i c e  

w i t h  p r o b a b i l i t y ,  p2, an increase of x j  w i t h  p r o b a b i l i t y ,  pg, e t c .  

6.3 UNPREDICTABIL ITY OF UNPLANNED EVENTS 

The second procedure t o  be discussed i s  t h e  method o f  

desc r i b i ng  the  unpred ic tab i  1 i t y  o f  unplanned events. The f u t u r e  i s  

unce r t a i n  and may unfo ld  i n  an i n f i n i t e  number o f  d i r e c t i o n s .  A 

procedure i s  therefore necessary t o  s e l e c t  a p l a u s i b l e  and manage- 

ab l e  s e t  o f  a1 t e r n a t i v e  fu tures.  The procedure commonly used i n  

e x i s t i n g  veh i c l e - r e l a t ed  models i s  t o  generate a s e r i e s  o f  p o s s i b l e  

a l t e r n a t i v e  fu tu res  c a l l e d  scenar ios.  A s e t  of parameters based 

on each scenar io  i s  generated and independent ly  p u t  i n t o  t h e  model, 

producing a se r i es  of r e s u l t s  ( i  .e. , expected values of t h e  s t a t e s  

of t he  model) t h a t  a decision-maker must eva luate.  A good 

decision-maker w i l l  weigh each scenar io  by t he  p r o b a b i l i t y  o f  i t s  

occurr ing,  and then use t h i s  in fo rmat ion  t o  d e r i v e  a crude 

probabi 1 i ty  d i s t r i b u t i o n  o f  t h e  expected values o f  t h e  s t a t e s  o f  

t h e  model. 

The procedure can be improved i n  two ways. F i r s t ,  t h e  

d i s t r i b u t i o n  o f  t he  s t a t es  g i ven  a scenar io  should be weighted 
ins tead  o f  we igh t ing  t he  expected values. Th is  can be done i f  t h e  

var iance o f  t he  f o recas t  values i s  generated by t he  model. Second, 

a more formal procedure, s i m i l a r  t o  those used i n  b u i l d i n g  d e c i s i o n  

t r ees  i n  dec i s i on  ana lys is ,  can be used t o  generate scenar ios- -  
t h a t  i s ,  t o  b u i l d  scenar io  t r ees .  Scenario t r e e s  may be q u i t e  



compl icated t o  generate, b u t  t h e i r  use may pay off  i n  a more r e a l i s -  

t i c  d e s c r i p t i o n  o f  a l t e r n a t i v e  f u t u res .  

6.3.1 Scenario Trees 

The major  f ea tu re  o f  scenar io  t r ees  i s  t h a t  they may branch 

i n t o  two o r  more p robab i l i t y -we igh ted  scenar ios a t  any t ime d u r i n g  

t h e  model ' s  t ime hor izon.  A t  these t ime po in ts ,  each branch would 

correspond t o  an event spec i f i ed  by the  scenar io .  As an example, 

cons ider  two scenarios o f  economic cond i t i ons  i n  1980. One 

scenar io  s t a t es  t h a t  a recess ion w i l l  occur ( c a l l  t h i s  event I ) ,  

and t h e  o the r  scenar io  s t a t es  t h a t  t he  economy w i l l  experience 

normal growth ( c a l l  t h i s  event 2) .  If the  p r o b a b i l i t y  t h a t  event  

i occurs i s  p, then t he  scenar io  t r e e  would have two branches i n  

1980. The f i r s t  branch would cons i s t  o f  t h e  s e t  o f  parameter 

values corresponding t o  event 1, and t he  r e s u l t s  o f  the  model w i t h  

t h i s  parameter i n p u t  would occur w i t h  p r o b a b i l i t y  p. Likewise, 

t he  r e s u l t s  of t he  model generated on t he  second branch would 

occur w i t h  probabi 1 i t y  1-p. 

The scenario t r e e  o n l y  approximates an e x p e r t ' s  assessment 

o f  how t he  model 's parameters may behave i n  t he  f u t u r e .  Indeed, 

t he  decision-maker may view most parameters as s t ochas t i c  

processes which may take a continuum of values over  t ime. Even 

i f  such a s t ochas t i c  process could be expressed mathemat ica l ly ,  

i t  cou ld  r equ i r e  more e f f o r t  t o  i n co rpo ra te  i n t o  t h e  model than 

would be wor thwhi le .  The scenar io  t r e e  approach can be e a s i l y  

implemented, and t h i s  i s  one of t he  p r imary  .reasons f o r  us i ng  i t .  

A scenar io  t r e e  may i nc l ude  planned and unplanned va r i ab l es .  

Th is  i s  h i g h l y  des i reab le .  A planned event  i s  represented on 

the  t r e e  as occu r r i ng  w i t h  p r o b a b i l i t y  1, and an unplanned event  

i s  represented as occu r r i ng  a t  one o r  more t ime  p o i n t s  under a 

s e t  o f  p r o b a b i l i t y  cond i t i ons .  The implementat ion o f  a program, 



which i s  a  planned event, may be cond i t iona l  on non-cont ro l lab le  

events. An example i s  a  program which requires the mod i f i ca t i on  

o f  a  manufacturing f a c i l i t y .  The t im ing o f  t h i s  mod i f i ca t i on  may 

depend on i n t e r e s t  rates,  the st rength o f  the market, e tc .  A 
cond i t iona l  event may be represented on the scenario t r e e  as a  

branch w i t h  a  weight of p r o b a b i l i t y  1  i f  t h i s  event branches from 

a  scenario where the cond i t ions  are met. 

An example of a  simple scenario t r e e  conta in ing planned and 

unplanned events i s  presented i n  Figure 15. 

I n  using the model described i n  t h i s  repor t ,  a  scenario 

t r e e  should be constructed f o r  each o f  a  ser ies o f  p o t e n t i a l  

a1 te rna t i ve  programs and p o l i c y  decisions t o  be evaluated. The 

const ruc t ion  of a  se t  of p laus ib le  dec is ion  t rees  w i l l  probably 

be the most d i f f i c u l t  process i n  using the model. 

6.3.2 Scenario Tree Formation 

The scenario t rees should be constructed through in terv iews 

w i t h  "experts" i n  automobile design and economic fo recas t ing .  

An expert  i s  def ined here t o  mean anyone w i t h  specia l  knowledge 

about f u t u r e  automobiles and/or general economic fo recas t ing .  

The in te rv iew process must be w e l l  thought ou t  so t h a t  accurate 

p r o b a b i l i t y  assessments o f  f u t u r e  events can be determined. The 

in te rv iew process i s  based on a  method developed by Spetz le r  and 

Von He ls te in  a t  the Stanford Research I n s t i t u t e  (34), and i t  i s  

b r i e f l y  ou t l i ned  here. The i n te rv iew  i s  d iv ided i n t o  s i x  phases: 

1 )  Mot iva t ing  

2 )  S t ruc tur ing  

3)  Condit ioning 

4)  Pre tes t ing  

5 )  Encoding 

6 )  Ver i fy ing 





The f i r s t  phase, mo t i va t i ng ,  i s  t o  f a m i l i a r i z e  and e x p l a i n  

t h e  importance of scenar io  t r e e s  i n  a  f o r e c a s t i n g  e f f o r t .  I n  
p a r t i c u l a r ,  an exp lana t ion  w i t h  examples should be presented on 

t he  advantages of t he  scenar io  t r e e  approach over t he  base l i ne  

f o r e c a s t i n g  approach. 

The second phase, s t r u c t u r i n g ,  i n vo l ves  two s teps.  F i r s t ,  
t h e  e x p e r t  i s  probed i n  o rder  t o  enumerate a 1 i s t  o f  reasonable 

planned and unplanned events i n t o  t h e  f u t u r e  t h a t  may a f f e c t  

automobi le  demand and scrappage. A t  t h i s  s tep,  t he  events  a r e  

expressed i n  whatever terms a re  most f a m i l i a r  t o  t he  expe r t .  The 
second s tep  i s  t he  estab l ishment  of  an event  r ep resen ta t i on  p ro -  

cedure. I n  t h i s  step, t h e  expe r t  i s  asked t o  t h i n k  about how t h e  

l i s t  o f  events can be t r a n s l a t e d  i n t o  t h e  parameters o f  t he  

model. The exper t  i s  asked t o  cons ider  which parameters may have 

u n c e r t a i n  r e l a t i o n s h i p s  w i t h  events and t o  cons ider  t h e  degree o f  

u n c e r t a i n t y .  Since c e r t a i n  parameters have a g rea t  deal  more 

impact on t h e  f o recas t s  of t h e  model than  o t h e r  parameters, t h e  

expe r t  i s  guided t o  g i v e  a d d i t i o n a l  thought  t o  t h e  va lues o f  

these parameters. 

Once t h e  scenar io  approach i s  s t r uc tu red ,  t h e  nex t  two 

phases a r e  conducted t o  prepare t h e  expe r t  f o r  t h e  encoding phase. 

The f i r s t  o f  these phases i s  t he  c o n d i t i o n i n g  phase. The cond i -  

t i o n i n g  phase i s  aimed a t  e x p l o r i n g  how t h e  e x p e r t  goes about 

making p r o b a b i l i t y  assessments. I n  p a r t i c u l a r ,  t h e  e x p e r t  i s  

asked t o  s p e c i f y  t he  bas is  f o r  h i s  judgement and t o  i n d i c a t e  what 

i n f o r m a t i o n  i s  be ing taken i n t o  account i n  making h i s  assessments. 

The purpose of t h i s  phase i s  t o  d i s cove r  and head o f f  any . 

b iases t h a t  a re  assoc ia ted w i t h  modes o f  judgment. These b iases  

i nc l ude :  

A v a i l a b i l i t y  b i as .  Th i s  b i a s  occurs when an even t  which 

i s  c l e a r l y  i n  mind may cause t he  e x p e r t  t o  ass i gn  a h i ghe r  



p r o b a b i l i t y  t o  i t  than i s  reasonabls.  Th i s  b i a s  may occur when an 

event  i s  s i m i l a r  t o  a recen t  event o r  when t he  expe r t  can e a s i l y  

v i s u a l i z e  t h e  event.  

Anchoring b ias .  Th is  b i as  occurs when p r o b a b i l i t y  assess- 

ments by t h e  exper t  a re  formulated by adjustment t o  the.most 

r e a d i l y  a v a i l a b l e  p iece  o f  i n f o rma t i on  about. the  event.  Th is  b i a s  

o f t e n  occurs when t he  i n i t i a l  response about an event  serves as 

a bas i s  f o r  l a t e r  responses. 

Representat iveness b ias .  Th is  b i a s  occurs when an exper t ,  

who i s  asked t o  g i ve  a p r o b a b i l i t y  assessment g iven  some 

evidence, w i l l  t h i n k  o f  a p r o b a b i l i t y  t h a t  makes the  evidence 

more l i k e l y .  Th is  b i as  i s  a l s o  known as s t e ro t yp i ng .  

Conjunct ive event b ias .  Th is  b i as  occurs when an event i s  

t h e  r e s u l t  o f  a se r i es  o f  events.  The p r o b a b i l i t y  o f  t h e  occur- 

rence o f  such an event tends t o  be overest imated. 

D i s j u n c t i v e  event b ias .  Th is  b ias  occurs when an event i s  

dependent on one even t ' s  occu r r i ng  ou t  o f  a group o f  events. The 

p r o b a b i l i t y  of t h e  occurrence of t h i s  k i nd  o f  event tends t o  be 

underestimated. 

B ias o f  unstated assumption. Th is  b i a s  occurs when t h e  

e x p e r t ' s  assessments a re  c o n d i t i o n a l  on uns ta ted  assumptions. 

The r e s u l t i n g  p r o b a b i l i t y  d i s t r i b u t i o n ,  i n  t h i s  case, may n o t  

p rope r l y  r e f l e c t  t he  e x p e r t ' s  t o t a l  unce r t a i n t y .  

The l a s t  s tep  be fo re  t h e  encoding phase i s  a p re - t es t .  The 

p r e - t e s t  serves t o  f a m i l i a r i z e  t he  expe r t  w t t h  t h e  encoding p ro -  

cess. I n  t h i s  phase, the  expe r t  i s  asked t o  form a scenar io  

t r e e  o f  events f o r  some h i s t o r i c a l  pe r iod ,  say t he  l a t e  1950s. 

The p r e - t e s t  should g i v e  a good i n d i c a t i o n  o f  any b iases t h a t  may 

a r i s e .  These b iases can then be co r rec ted  f o r  i n  the  encoding 

phase by s t r u c t u r i n g  t he  problem f u r t h e r  o r  by modi fy ing t h e  

encoding phase i n t e r v i e w  technique.  



I n  t h e  l a s t  two phases, t he  ac tua l  encoding o f  t h e  scena r i o  

t r e e  i s  conducted, and t he  r e s u l t s  a re  shown g r a p h i c a l l y  as 

d i s t r i b u t i o n  p l o t s  t o  t h e  expe r t  t o  v e r i f y  t h a t  t hey  conform t o  

t h e  e x p e r t ' s  b e l i e f s .  

The model computer program, which i s  discussed i n *  Appendix 

A ,  i s  designed t o  accept scenar io  t r ees  as i n p u t .  



7, HISTORICAL SIMULATIONS CONDUCTED WITH THE FUTURE AUTOMOBILE 
POPULATION STOCHASTIC MODEL (FAPS MODEL) 

Simulat ions over t h e  h i s t o r i c a l  per iod,  1960 t o  1974, were 

generated us ing  each form o f  t he  behaviora l  equat ion, (13), (14), 

(15), f o r  y e a r l y  scrappage discussed i n  Sec t ion  5.2. The, r e s u l t s  

f o r  seven impor tant  var iables--new car  sales, scrappage, and new 

c a r  shares o f  t he  f i v e  s ize-c lasses-- (F igures 8-14) a re  discussed 

i n  t h i s  sec t ion .  

A s imu la t i on  over  an h i s t o r i c a l  peri,od i s  ve ry  much l i k e  a 

f o recas t  s imu la t ion .  I n  both, t he  model i s  i n i t i a l i z e d  be fo re  t he  

f i r s t  f o recas t  per iod.  The model then p r e d i c t s  t he  values o f  a l l  

t h e  dependent va r i ab l es  f o r  t h e  f i r s t  f o recas t  per iod,  and i t  uses 

these p red i c t ed  r e s u l t s  t o  p r e d i c t  the  values o f  t h e  dependent 

va r i ab l es  f o r  t he  second f o recas t  per iod.  I n  an h i s t o r i c a l  simu- 

l a t i o n  t h e  ac tua l  values o f  c e r t a i n  exogenous va r i ab l es  a re  known, 

and these values serve as t he  scenario.  The r e s u l t s  o f  a  simula- 

t i o n  generated over an h i s t o r i c a l  pe r i od  can be compared w i t h  

ac tua l  h i s t o r i c a l  values, and examined t o  see how "c lose"  they are 

t o  ac tua l  values. 

The r e s u l t s  o f  t he  h i s t o r i c a l  s imu la t i on  f o r  new c a r  sa les 

(F igure 8)  do match t he  ac tua l  values q u i t e  w e l l .  Increases and 

decreases i n  ac tua l  sa les a re  p red ic ted  i n  t h e  s imu la t i on  r e s u l t s .  

S i m i l a r l y ,  t he  scrappage r e s u l t s  (F igure  9 )  a l s o  match t h e  ac tua l  

values, a1 though n o t  as w e l l  as those f o r  new ca r  sa les.  

The r e s u l t s  o f  the  s imu la t i on  f o r  t h e  new c a r  shares do 

p o i n t  o u t  some problems i n  t h e  f o recas t i ng  a b i  1 i t y  of t h i s  segment 

o f  t h e  model as i t  i s  p resen t l y  const ructed.  (Note t h a t  t he  share 

r e s u l t s  were almost i d e n t i c a l  f o r  each ve r s i on  of t he  model. ) The 

r e s u l t s  f o r  compact and l uxu r y  shares (F igures 11 and 14) a re  

f a i r l y  c lose  t o  t h e  ac tua l  values. The r e s u l t s  f o r  compact shares, 

i n  p a r t i c u l a r ,  p r e d i c t  t h e  increases and decreases i n  t he  ac tua l  
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shares fair ly well. The results for the sub-compact shares (Figure 
10) are poor. The results for mid-size and full-size shares 
(Figures 12 and 13) are fair ly close after the f i r s t  several years 
of the simulation period. However, neither share results predicts 
the changes i n  the actual shares correctly for the las t  several 
years of the simulation period. 

The share predictions do depend on the s'pecification of the 
vehicle survival model. Each of the new car sales shares by size- 
class equations have the following form: 

ln(new car share) = ln(desired share of total stock) 
+ c In(desired share of total stock 
- actual share of total stock) 

where : 
c i s  an estimated coefficient. 

If the actual share of total stock which i s  calculated using 
the vehicle survival model is  predicted poorly, the new car shares 
will also be predicted poorly. 

In conclusion, as the model is  presently constructed, the 
historical predictions for total new car sales and scrappage are 
fairly close to their historical values. However, the predictions 
for the new car shares are not as good and should be used carefully. 



8. SUMMARY AND RECOMMENDATIONS 

The p r imary  o b j e c t i v e  of t he  study was t o  assemble t h e  com- 

ponents of a  s t ochas t i c  model of f u t u r e  veh i c l e  popu la t ions  (FAPS 

Model ) and w r i t e  a  computer program o f  the  model. The t h ree  

components of t h e  model are: 

1 ) Automobile Demand Model. This model' o f  s t ochas t i c  veh i c l e  

popu la t ions  uses several  major pa r t s  o f  t he  model o f  

automobi le demand developed by Wharton E. F.A. (21 ).  These 

p a r t s  i n c l ude  the  equat ions f o r  .new c a r  sa les and t h e  new 

ca r  shares by s i ze -c lass .  

2) Veh ic le  Surv iva l  Model. This new model o f  v e h i c l e  s u r v i -  

va l ,  which i s  vc ry  much d i f f e r e n t  from any e x i s t i n g  

veh i c l e  s u r v i v a l  model, was constructed. Th i s  v e h i c l e  

s u r v i v a l  model, which i s  based on the  mod i f i ed  Weibul l  

d i s t r i b u t i o n ,  exp la ins  the d i f f e r e n c e  i n  t h e  l i f e t i m e  

d i s t r i b u t i o n s  of c a r  by s ize-c lass.  

3 )  Procedure f o r  Spec i f y ing  Planned and Unplanned Events. 
The procedure o u t l i n e d  i n  t h i s  r e p o r t  f o r  genera t ing  t h e  

f u t u r e  values of t he  model's exogenous va r i ab l es - - t ha t  

i s ,  the  s p e c i f i c a t i o n  o f  f u t u r e  planned and unplanned 

events- - is  based on an i n t e r v i ew  process developed a t  

Stanford Research J n s t i  t u t e  (34).  Such a  procedure, 

which has no t  been app l ied  i n  ana lyz ing  f u t u r e  veh i c l e  

populat ions,  i s  an appropr ia te  procedure f o r  i n c o r p o r a t i n g  

t h e  unce r t a i n t y  o f  f u t u r e  values o f  exogenous va r i ab l es  

i n t o  t he  model. 

The th ree  components o f  t he  model have been coded i n t o  an i n t e r -  

a c t i v e  computer program which i s  out1 ined i n  Appendix A .  

There are two recommendations f o r  f u r t h e r  work. F i r s t ,  t h e  

procedure f o r  spec i f y i ng  planned and unplanned events should be 



f u l l y  tested. Whereas the procedure has been described, i t s  

app l i ca t i on  may be very complex and may requ i re  use o f  some s impl i -  

f y i n g  assumptions i n  work required t o  v e r i f y  i t s  usefulness. 

Second, i t  i s  recommended t h a t  fu r ther  work be done t o  

improve the vehic le surv iva l  model. One o f  the  major weaknesses o f  

a l l  models of vehic le populat ions evaluated i n  t h i s  study was i n  

est imat ing vehic le scrappage. While we be1 i eve  t h a t  our vehic le 

surv iva l  model i s  a s i g n i f i c a n t  improvement over any o f  the models 

evaluated, there i s  s t i l l  room f o r  f u r t h e r  refinement. 



APPENDIX A 

Futu re  Automobi le Popu la t ion  S tochas t i c  Model (FAPS Model) 
Computer Program Documentation 

The computer Program of t h e  FAPS Model i s  designed t o :  

1 )  Accept scenar io  t r ees  as i n p u t  

2 )  Exerc ise  t h e  t h r e e  vers ions o f  t he  model (corresponding 
t o  forms 1, 2 and 3 of t he  scrappage equat ion d iscussed i n  Sec- 

t i o n  5.0). 

3 )  Produce forecasts  up t o  t h e  year  2000. 

The program does n o t  p r i n t  t h e  f o r e c a s t  r e s u l t s .  Instead,  t h e  

program generates an ou tpu t  f i l e  which can be e a s i l y  analyzed by 

t he  s t a t i s t i c a l  ana l ys i s  package, MIDAS, a t  The U n i v e r s i t y  o f  

Michigan. The MIDAS package then can be used t o  p r i n t  t h e  f o r e -  

c a s t  r e s u l t s  o r  manipu la te t h e  da ta  so  t h a t  h is tograms o f  

f o r e c a s t  r e s u l t s  may be generated. 

The computer program i s  designed f o r  conversa t i  onal use. 

The f o l l o w i n g  se r i es  o f  prompts a r e  issued upon execu t ion :  

1 ) ENTER FIRST, LAST YEAR OF FORECAST 

The f o r e c a s t  p e r i o d  i s  entered as X X X X , Y Y Y Y .  P resen t l y ,  a l l  
f o recas t s  must beg in  w i t h  1975. 
Example: 1975,2000 

2) ENTER VERSION NO 

A "1 ," "2," o r  "3," which correspond t o  t h e  fo rm o r  t h e  
scrappage equa t ion  t o  be used, i s  entered. 

3 )  ENTER NON-STOCHASTIC EXOGENOUS VARIABLES 
VAR , VALU ES 

Those exogenous v a r i a b l e s  which a re  non-s tochas t i c  (i .en,  
t h e i r  annual values remain cons tan t  no m a t t e r  what p a t h  
through t h e  scenar io  t r e e  i s  exerc ised)  a re  en te red  w i t h  t h e  
v a r i a b l e  index f i r s t  and v a r i a b l e  values separated by commas. 
I f  t h e  number o f  va lues entered i s  l e s s  than  t h e  number o f  
f o recas t  per iods,  t h e  l a s t  e n t r y  va lue i s  assumed f o r  t h e  



remaining periods. A blank ent ry  l i n e  terminates the prompts 
f o r  non-stochastic exogenous variables. 
Example f o r  a f i v e  year forecast :  
57,56.197,57..108,58.117,59.105,60,102 (U.S. f a m i l i e s )  
124,5.50 (maximum passbook savings) 

4 )  ENTER TREE CARDS 
NODE ,YEAR ,BRANCH ,PROB 

Each node of the scenario t r e e  i s  entered on th ree cards. 
The f i r s t  card defines a scenario node. A t  a node, the  values 
of the  stochast ic  exogenous var iables are set.  The NODE en t r y  
i s  the  number o f  the node; YEAR i s  the  year i n  the fo recas t  t o  
which the node corresponds; BRANCH i's the  node from which NODE 
i s  connected; and PROB i s  the p r o b a b i l i t y  of the scenario 
branching t o  NODE given BRANCH. The nodes must be numbered 
according t o  the fo l lowing ru les :  

1 ) A1 1 nodes have unique numbers 

2 )  A node i n  year t must have a h igher number than any node 
i n  a previous year 

3 )  Node numbers are se t  such t h a t  the  lowest unassigned node 
number i s  assigned t o  t h a t  node which i s  l i n k e d  t o  the 
lowest unassigned branch. An unassigned branch i s  a 
l inkage o f  two nodes where the node o f  the  lesser  year i s  
assigned and the  node o f  the  l a t t e r  year i s  not .  The 
value o f  an unassigned branch i s  equal t o  the  assigned 
node number o f  the branch. 

4) The node corresponding t o  year previous t o  the  fo recas t  
per iod i s  se t  t o  zero. 

A f t e r  the node d e f i n i t i o n  card i s  entered, a va r i ab le  l i s t  
o f  the  stochast ic  exogenous var iables i s  entered fo l lowed by 
the  values o f  these var iables on a separate l i n e .  A se t  of 
three cards f o r  each node i s  entered u n t i l  the e n t i r e -  
scenario t r e e  has been spec i f ied .  A blank en t r y  l i n e  s ignals 
the program t h a t  a l l  node in format ion  has been spec i f ied .  
Example f o r  a f o u r  year forecast :  
I n  t h i s  example, personal income (Var iab le  58) and unemploy- 
ment (Variable 393) are the  on l y  s tochast ic  exogenous 
var iables considered. The scenario t r e e  cards are: 



The scenar io  t r e e  corresponding t o  t h i s  i n p u t  i s :  

5) ENTER ADJUSTMENTS 
VAR ,VALUES 

Forecast  adjustment values f o r  a v a r i a b l e  a re  en te red  w i t h  
t he  v a r i a b l e  index f i r s t  and adjustment values separated 
by commas. Forecast adjustments a re  cons tan ts  added t o  
v a r i a b l e  f o recas t s  t o :  (1 ) a1 i g n  f o recas t s  w i t h  c u r r e n t l y  
a v a i l a b l e  data, ( 2 )  a d j u s t  f o recas t s  f o r  data r e v i s i o n s ,  
and (3 )  a d j u s t  da ta  f o r  t rends  n o t  accounted f o r  i n  the 
f o recas t  v a r i a b l e ' s  equat ion.  I f  t he  number o f  va lues 
entered i s  l e s s  than  t he  number o f  f o r e c a s t  per iods,  t h e  
l a s t  e n t r y  i s  assumed f o r  t he  remain ing per iods .  A b lank  
e n t r y  te rm ina tes  i nput.  



Sample Run o f  Computer Program 

ENTER F I R S T I L A S T  YEAR OF FORECAST 
?lY75r1978 

ENTER VERSION NO 
? 1 

ENTER NOM-STOCI-IASTIC EXOGENOUS VARIABLES 
WARPVALUES 

?$cwlstinc~e w i t h  -base  returrl .+ F i l e  -base con ta ins  t h e  non-stochast ic  
'?$$erldf i l e  exogenous va r i ab l es  l i s t e d  i n  Volume I 1 1  

o f  Wharton Model Report (21 ). 
ENTER TREE CAHIlS 
NODEFYEARIERANCHIPROB 

?$cont inue  w i t h  -t r e t ~ ~ r r ~  + F i l e  -t con ta ins  t h e  t r e e  cards l i s t e d  
? $ e ~ - ~ d f  i l e  on prev ious page. 

ENTER ABJUS'TMENTS 
VARrVALUES 

?$cl'or.l.L.il..~u~ with -ad j ~ ~ t  r e t u r n  + F i l e  - a d j u s t  con ta ins  t he  adjustment 
?$el..lrJ,Fi l e  constants  l i s t e d  i n  Volume I o f  
# r  8 to t :midas  Wharton Model Report  (21). 

M I D A S  
S T A T I S T I C A L  RESEhRCH LABORATORY 
UNIVERSITY  OF MICHIGAN 
14:06:59 
MAR 101 1970 

COMMANII 
' I read f i - - o u t  c = i - 1 2  v=1-695 128 fo=s j , r ld le  + Output of  model 

program i s  i n  f i l e  -ou t  

READ OBSERVATIONS 1-12 
VARIABLES BY CASE 

12 CASES HERD FOR 695 UARIABLES 



C0M:lANI:r 
T w r  t ~=:200rZ02r203~279~299 

W H I T E  CIBSE'RVATXONS 
V A R I A B L E S  BY  CASE 

200. 202 * 203 * 27Y * 299 
S O L U T I O N  YEAR F 'ROEARIL  S A L E S  SCRAF'F'AG 

3 6 0000 1977+0 * 50000 174005 11 + :l,47' 

3 + 0000 1Y78*0 6 50000 8 + Y 9 7 S  9 t 0710 

12 CRSES WRITTEN FOR 5 VRRlnEtL.ES 

-.- 

Three so lu t ions  corresponding t o  the th ree paths through the  
scenario t r e e  have been generated. 

So lu t ion  1 has a p r o b a b i l i t y  of .3 o f  occurr ing; So lu t i on  2, .2; 
and Solut ion 3, .5. The t o t a l  new car  sales and t o t a l  scrappage 
var iables are i n  m i l l i o n  o f  u n i t s .  



WRITE OBSERVATIQNS 
VARIABLES EY cnsE 

200 4 202 + 203 53 t 398 
SOLUTION YEAR F'ROBAEIL INCOME UNEMPLOY 

3 eO000 1975 * 0 * 50000 1249 + 7 8 t 5000 

3 I 0000 1976eO * 50000 1376, 1 7 * 7000 

3 e 0000 iY77,O t 50000 1600eO 6 8000 

3 * 0000 1978.0 + 50000 1650tO 6 * 0000 

12 CASES WRITTEN FOR 5 VARIABLES 

This output displays the stochastic exogenous var iables 
speci f ied by the t r e e  cards. 



APPENDIX E 

L i t e r a t u r e  Survey 

Since automobi le manufacturing has become a major  i n d u s t r y  

i n  t he  Un i t ed  States,  many mathematical models of  v e h i c l e  demand 

and s u r v i v a l  have been developed. The e a r l i e r  models . repor ted  

i n  the  1 i t e r a t u r e  a re  veh ic le  su r v i va l  models, w i t h  t h e  f i r s t  

veh i c l e  demand models appearing i n  the l i t e r a t u r e  about t e n  

years l a t e r .  Over t he  years these types o f  models have increased 

i n  s o p h i s t i c a t i o n  and many a d d i t i o n a l  types o f  models have been 

developed. Inc luded i n  the 1 i s t  o f  model types are:  

0 Shor t - run sa les 

0 Marke t ing  

0 P r i c i n g  

0 Market Shares 

0 F l e e t  

I n  recen t  years, w i t h  the  growing concern over  e f f e c t s  

o f  the  domestic f l e e t  on the  environment and f u t u r e  f u e l  supp l ies ,  

new types o f  models have been developed, i n c l u d i n g :  

0 Accident  
0 A i r  P o l l u t i o n  

0 A i r  Qua1 i ty 

0 Energy Consumption 

0 Fuel Consumption 

0 Fuel Economy 

e Safe ty  

These recen t  models, i n  general ,  a re  designed t o  be used as 

i n p u t  f o r  f l e e t  d i s t r i b u t i o n  o f  veh ic les  by t ype  and age, generated 

by veh i c l e  demand and su r v i va l  models. 



I n  the survey, the p r i nc ipa l  types o f  models reviewed are 

long-run vehlc l  e demand models and vehic le su rv i va l  models . 
These two types of models w i l l  be the major components o f  the 

s tochast ic  model of future vehic le populat ions t o  be constructed 

i n  t h i s  study. The demand and surv iva l  models are discussed 

i n  sec t ion  B .2 and B $ 3 ,  respect ive ly .  I n  add i t ion ,  thase models 

which can u t i l i z e  the output  of the veh ic le  ,demand and su rv i va l  

models are b r i e f l y  discussed i n  B - 4 .  These models are c a l l e d  

appl i ca t i o n  models . 
The l a s t  sec t ion  o f  the review contains a b ib l iography.  

This b ib1  iography i s  d iv ided i n t o  four  par ts:  

a V.ehicle demand and surv iva l  m d e l s  

a Appl ica t ion  models 

a Scenario t rees and probabi l  i t y  assessment procedures 

a Stochastic modeling theory 

This b ib l iography contains the reference mater ia l  which i s  

being used t o  b u i l d  the  s tochast ic  model o f  f u t u r e  vehic le 

populat ions . 



6.2 Demand Models 

The predominant approach used i n  modeling automobi le demand i s  the  

stock-adjustment model. Both of the two major models be ing exerc ised 

by t he  Federal  Government today--the Faucett  Model and the  Wharton 

Model--are stock-adjustment models. Stock-adjustment models a re  forms 

of dynamic econometric models. The i r  t heo re t i ca l  bas is  i s  t h a t  gross 

expendi ture on a commodity, measured i n  u n i t s  sold,  i s  ca l cu l a t ed  from 

the  d i f f e r e n c e  between des i red  stock and stock a l ready a v a i l a b l e  as a 

r e s u l t  o f  p r i o r  purchases, and the  need t o  rep lace t he  o l d  s tock  which 

has worn ou t .  

The stock-adjus tment approach t o  model i n g  automobi le demand was 

f i r s t  app l i ed  separate ly  by Chow and Nerlove i n  t he  mid-1950s. Since 

t h e i r  app l i ca t i ons ,  t h i s  approach has been employed i n  an i nc reas i ng l y  
soph i s t i ca ted  manner by researchers. I n  t h i s  survey, t he  development 

o f  t h i s  modeling approach i s  discussed by focusing on a few o f  t h e  

stock-adjustment automobile demand models. A1 so, because o f  t h e i r  

importance i n  d e f i n i n g  t he  automobile demand problem, two s t ud i es  ear-  

l i e r  than Chow's a re  discussed. 

Ea r l y  Models 

Two impor tant  models o f  automobi le demand were cons t ruc ted  i n  t he  

1930s. I n  each, an i n t e r e s t i n g  fo rmu la t ion  o f  a demand f u n c t i o n  i s  

der ived.  Demand i s  s p l i t  i n t o  two components: new ownership demand 

and replacement demand. I n  the  e a r l i e r  work by deWolf f ,  replacement 

demand was est imated from y e a r l y  age d i s t r i b u t i o n s  o f  veh i c l es  on t he  

road, based on r e g i s t r a t i o n  data. ( 7 )  Disposable income was found t o  

c o r r e l a t e  we1 1 w i t h  the est imated replacement demand. New ownership 

demand was approximated by sub t r ac t i ng  the  replacement demand from 

t o t a l  new ca r  sales. deWolf f  found t h a t  new ownership demand cou ld  be 

modeled as a f unc t i on  o f  t h e  p r i c e  index o f  new cars  and a purchasing 

power i n d i c a t o r  as represented by co rpora te  p r o f i t s .  

The second study, by Roos and von Szel i s k i  , was pub l i shed  i n  

1 9 3 9 . ' ~ ~ )  Th is  study i s  s i m i l a r  t o  deWol f f ls ,  i n  t h a t  automobi le demand 



was separated i n t o  new owner demand and replacement demand. However, 
a more sophisticated theory of demand was developed. The theory was 
based dn five assumptions: 

1)  The demand for automobiles i s  a derived demand since the 
primary demand i s  for a transportation service. 

2 )  Consumers are continuously adjusting the number of cars in 
operation toward some particular level called "the maximum 
ownership 1 eve1 ." 

3) The maximum ownership level is continuously changing accord- 
ing t o  the economic status of consumers and such variables 
as car durability and price. 

4)  Consumers are continuously adjusting the quality of the car 
population toward an optimum level of rep1 acerent. 

5) The rate a t  which the car population i s  adjusted depends 
on general and economic conditions . 

I t  i s  interesting to note t h a t  these assumptions are very similar to 
those underlying stock-adjustment models. 

Based on these assumptions, Roos and vonszeliski hypothesized 
that new owner sales are a function of the price of cars, an income 
factor, the capacity of sales outlets, the trade-in price ratio, and 
the difference between the maximum ownership level and existing stock 
of cars. The maximum ownership level is  hypothesized t o  depend on an 
income factor, the price of cars, and the durabili tv of cars as meas- 
ured by average vehicle l i f e .  Replacement sales are assumed t o  depend 
on the rate of used car scrappage, the price of cars, the trade-in 
ratio, and per capita income. The three hypothesized relationships 
were incorporated into a single relationship for new car sales. Est- 
imates of income and price elast ici t ies using different data sets were 
calculated. Both the income and price elast ici t ies were found t o  be 
quite high (income: 1.38 to 3.51 ; price: -1 .O to -2.0) .  



Stock-Adjus tment Models 

The e a r l i e s t  stock-adjustment model o f  vehic le demand was de- 

veloped by Gregory Chow i n  the  1950's ( 4 ) .  I n  h i s  model, Chow f i r s t  

develops a model of the desi red (equ i l ib r ium)  t o t a l  s tock of vehic les,  

i n  do l l a rs .  I n  t h i s  model the desi red stock i s  assumed t o  be a l i n e a r  

func t ion  o f  economic and demgraphi c condit ions . Using h i s  expression 

f o r  desi red stock,  Chow reasons t h a t  new car  purchases can be calcu- 

l a t e d  as the sum of the desi red change i n  stock (a stock-adjustment 

term) and the deprec ia t ion  of the o l d  stock. However, Chow argues 

t h a t  w i t h i n  a one year period, consumers i n  general do no t  ad jus t  t h e i r  

stock o f  vehic les t o  the desi red o r  equ i l i b r i um leve l .  An assumption 
i s  made t h a t  consumers w i l l  achieve only a f rac t i on  o f  the  change t o  

the equi 1 i b r i  um 1 eve1 . 
The l a g  i n  adjustment t o  the equ i l i b r i um i s  explained more f u l l y  

i n  an a r t i c l e  by Marc Nerlove t h a t  appeared about the 

same t ime as Chow's work. (19) Nerlove states t h a t  the l a g  i n  ad jus t -  

ment may r e s u l t  f o r  a va r i e t y  of reasons. One reason given i s  t h a t  

a consumer may be unw i l l i ng  t o  change h i s  stock because of a n t i -  

c i pa t i on  o f  changes i n  the cur ren t  l eve l s  o f  economic var iables.  

Another i s  t h a t  a consumer's budget may be comnitted t o  o the r  items 

such as i ns ta l lmen t  payments o r  l i f e  insurance premiums. 

Based on the  assumptions out l ined,  Chow developed h i s  model o f  

new car purchases as fol lows: 

where: X t  = desi red stock i n  year t 

p = average p r i c e  of a vehic le 

It = disposable income 

a,b,c = constants 

then: 'new = k(Xt - Xtml) + (1 - d)xtel + v 
= ka * kbpt  kc^^ + (1  - d - k)Xtml + v 



where: XneW = pe r  c a p i t a  new car  purchases, i n  u n i t s  

k  = stock-adjustment f a c t o r  

d  = dep rec i a t i on  r a t e  

v = s t o c h a s t i c  e r r o r  

The r eg ress i on  r e s u l t s  are: 

'new = ,0779 - .0201pt - .2310Xt-l + .01171d 

(.0026) (.0472) (.0011) 

R~ = ,858 Standard e r r o r s  i n  'parentheses 

The s tock-adjustment  fac to r ,  k ,  i s  est imated t o  be around .59 and 

the  dep rec i a t i on  r a t e ,  .74. 

Ner love developed h i s  model i n  a  manner s i m i l a r  t o  Chow's model. 
Using Chow's no ta t i on ,  Ner love assumes t h a t  t h e  long- run  e q u i l  i b r i  um 

stock can be expressed by: 

' t = a + bpt + c I t  

then: X newt = k[xt - ( l -d )x t - , l  + (I-k)Xnew t - 1  

o r :  X newt = t a d  - kbpt - kb ( l -d )pG1 + k c I t  

I n  es t ima t i ng  parameters f o r  t h i s  equat ion based on 1921 -53 data, Ner love  

found t he  dep rec i a t i on  r a t e  equal t o  approx imate ly  .45 and t h e  s tock -  

adjustment f ac to r  equal t o  about -73. H i s  es t imate  f o r  t h e  p r i c e  

e l a s t i c i t y  i s  about -.9 and t h e  est imate f o r  t h e  income e l a s t i c i t y  i s  

2.8. 

Rea l i z i ng  t h a t  t h e  demand f o r  autornobi l e s  may depend on more 
than p r i c e  and income, severa l  authors b u i l t  models which i nc l ude  



add i t i ona l  var iab les  i n  the years fo l l ow ing  the pub1 i c a t i o n  of Chow 

and Ner love's models. I n  1961, Daniel Sui ts  included a c r e d i t  term 

by ad jus t i ng  the  average r e t a i l  p r i c e  o f  cars by the number o f  months' 

dura t ion  of an average c r e d i t  contract.(23) Hamburger, i n  h i s  model, 

inc luded i n t e r e s t  rates and found an i n t e r e s t  r a t e  e l a s t i c i t y  o f  - .85. 

(13) I n  another model by Saul Hymans, male unemployment r a t e  and a 

consumer sentiment index were included. (1 5 )  

These models improved the s ta te  of the a r t  o f  veh i c le  demand 

modeling, and they provided the groundwork on which the recent, l a rge  

models have been constructed. 

Recent Model s  

I n  recent  years, many models of new car  demand have been developed 

f o r  fo recas t ing  and po l i cy  analys is  purposes. Of these models, two 
are  being exercised f a i r l y  extensively as aids t o  federa l  pol  icymaking. 

These two models are the Faucett Model and the Wharton Model. These 

two models w i l l  be extensively discussed i n  t h i s  sect ion.  I n  add i t ion ,  

b r i e f  descr ip t ions  of other  important recent models are  presented. 

I n  1974, Chase Econometric Associates b u i l t  a  model t o  assess 
the probable energy and economic inpacts o f  s i x  veh i c le  t a x  and 

regu la tory  assumptions fo r  the Counci 1 on Environmental Qua1 i ty .  ( 3 )  
The primary purpose of the study was t o  p r e d i c t  gasol ine consumption 

by passenger vehic les f o r  1974 t o  1986. Basic t o  t he  model a re  equa- 

t i ons  f o r  annual new car  sales and market shares by f i v e  s i ze  ciasses-- 

subcompacts, compacts, intermediates, standards, and l uxu ry  cars. 

Included i n  the sales equation i s  a term f o r  the r e l a t i v e  p r i c e  o f  
gas and o i l  , which i n  previous studies had no t  been s i g n i f i c a n t .  The 

e l a s t i c i t y  f o r  t h i s  p r i c e  i s  -.82 of mean values. The o the r  important 

f ac to rs  inc luded i n  the model a re  disposable income, r e l a t i v e  new 

car  p r ice ,  unemployment ra te ,  s tock o f  cars, and a c r e d i t  index. 

Also i n  1974, Rand Corporat ion b u i l t  a  new ca r  sales model as 

p a r t  o f  an annual mul t i -equat ion fo recas t ing  model. ( 2 5 )  The i r  equation 



f o r  new c a r  sa les i s  a l i n e a r  f unc t i on  o f  used c a r  p r i c e ,  t he  r a t i o  o f  

t h i s  y e a r ' s  permanent income per  household t o  l a s t  y e a r ' s  permanent 

income p e r  household, new car  p r i ces ,  and a dumny s t r i k e  va r i ab l e .  A 

d i r e c t  r e l a t i o n s h i p  between new car  sales and gaso l ine  p r i c e s  cou ld  

n o t  be found. However, t he  equat ion f o r  used c a r  p r i c e s  does depend 

on gaso l i ne  p r i ces ,  so t h a t  t he  model o f  new ca r  sa les  does respond 

t o  gaso l i ne  p r i c e s  through changes i n  used c a r  p r i ces .  Also, a f f e c t i n g  

new c a r  sa les through used car  p r i c e  i s  l a s t  y e a r ' s  s tock  o f  ca rs  per  

household. Thus, t h i s  model does inc lude  a stock-adjustnient term. 

A d i f f e r e n t  approach was taken i n  the  new car  sa les model 

developed i n  1975 by Energy and Environmental Analys is ,  I nc .  (EEA) . (8) 
EEA found t h a t  new car  sa les increase w i t h  p o s i t i v e  changes i n  

v e h i c l e  m i l es  t r a v e l  l e d  from one year  t o  t he  n e x t  and decrease when 

t he  r a t i o  o f  new car  p r i c e  t o  used car  p r i c e  increases. An equat ion 

f o r  t o t a l  veh i c l e  m i les  per  household was est imated t o  i n p u t  i n t o  

t he  sa les  equat ion. Th is  equat ion i nd i ca tes  t h a t  veh i c l e  m i les  

t r a v e l  1 ed increase as the unemployment r a t e  i ncreases, increase as 

r e a l  d isposable income increases, and decrease as t h e  gaso l ine  c o s t  

per v e h i c l e  mi 1 e t r ave l ed  i ncreases . 
James Sweeney a l s o  found t h a t  veh i c l e  m i l e s  t r a v e l l e d  i s  a s i g -  

n i f i c a n t  f ac to r  a f f e c t i n g  new ca r  sa les.  ( l o )  Sweeney inc ludes t h i s  

va r iab le ,  t he  unemployment r a t e ,  and d isposable income i n t o  d standard 

stock-adjustment model o f  new ca r  sa les.  

Faucet t  Model 

The Faucet t  Model was w r i t t e n  i n  1976 under t h e  sponsorship o f  

t he  Federal Energy Admin is t ra t ion .  ( I 6 )  I t s  o b j e c t i v e  i s  t o  model t h e  

e f f e c t s  of a1 t e r n a t i v e  f u e l  economy p o l i c i e s  on f u t u r e  gaso l ine  con- 

sumption, veh i c l e  m i l e s  t r a v e l l e d ,  new ca r  sa les,  f l e e t  s i ze ,  and f l e e t  

composi t i  on, through t he  year  2000. 

The automobi le demand es t imato r  used i n  t h e  model i s  a shor t - run  

stock-adjustment model which i s  a v a r i a t i o n  of the  c l a s s i c  s tock-  



adjustment  model used by prev ious researcners. Adjustment i ri t h i s  

model occurs due t o  a gap between a " t a rge t "  s tock  o f  automobi les, 

Ot*, and t h e  ' (ex is t ing"  s tock  of automobiles as of t h e  end o f  t h e  c u r r -  

e n t  peri,ud.. I n  t h e  prev ious stock-adjustment models, t h e  gap i s  

u s u a l l y  de f i ned  as the  d i f f e rence  between t h e  t a r g e t  s t ock  and t he  

e x i s t i n g  s t ock  a t  t he  end o f  t he  p rev ious  per iod .  

The t a r g e t  s tock  i s  hypothesized t o  be r e l a t e d  t o  household 

income. To d e r i v e  t h e  t a r g e t  s tock,  f i r s t ,  automobi le  ownership p e r  

household i s  r e l a t e d  t o  household income based on t h e  1970 Consumer 

Buying I n d i c a t o r s  by t h e  f o l l ow ing  formula: 

Auto ownership per  household = 0.01 786(income) .4743 

Th i s  p a r t i c u l a r  form o f  t h e  r e l a t i o n s h i p  was chosen because i t  r e f l e c t s  

t h e  t ape r i ng  o f f  o f  a d d i t i o n a l  automobi le ownership w i t h  income. The 

t a r g e t  ownership i s  then computed by mu1 t i p l y i n g  automobi le  ownership 

pe r  household est imated f o r  each of s i x  income groups t imes t h e  number 

of households i n  each group, and then summing over  a1 1 groups. 

Once t h e  t a r g e t  automobi le  ownership i s  ca l cu l a t ed ,  t h e  gap 

between t a r g e t  and ac tua l  ownership i s  computed as t he  d i f f e r e n c e  

between t a r g e t  ownership and t h e  s tock  of ca rs  on hand a t  t h e  beginn ing 

o f  t he  yea r  l e s s  t h e  number o f  ca rs  scrapped over  t h e  yea r .  The gap 

term i s  combined w i t h  a genera l i zed  p r i c e  term t o  es t imate  t h e  f o l l o w i n g  

formula f o r  new car  sa les :  

where: Nt = To ta l  annual new c a r  sa les i n  y e a r  t 

Ot* = Target  ownership of automobi les i n  yea r  t 

Autost = The s tock  o f  automobi les a t  t h e  beg inn ing  o f  
yea r  t 

t = Scrappage o f  veh i c l es  over course o f  y e a r  t 

xi = Index o f  genera l i zed  p r i c e  w i t h  1967=1 

The genera l i zed  p r i c e  term inc ludes  new ca r  p r i c e  and a discounted, 
perce ived l i f e t i m e  p r i c e  o f  gaso l i ne  f o r  a new ca r .  



Wharton Model 

The Wharton Automobile Demand Model i s  a  very  l a r g e  econometr ic 

model designed t o  forecast  the  long-run s i z e  and composit ion o f  t h e  

U.S. automobi le demand and s tock t o  the y e a r  2000.(21) The model 

con ta ins  about e i g h t y  s t a t i s  t i c a l  l y  es t imated  r e l a t i o n s h i p s  p l u s  

some t h ree  hundred assoc ia ted i d e n t i t i e s .  Inc luded  i n  ' t he  model 

f o r c a s t  outputs  are t o t a l  s tock,  veh i c l e  m i l e s  t r a v e l l e d ,  t he  com- 

p o s i t i o n  o f  s tock by f i v e  s i z e  classes, y e a r l y  demand f o r  new cars  by  

s i z e  c lass,  y e a r l y  scrappage of cars  by v i n t age  and s i z e  c lass,  new 

ca r  p r i c e s  by s i z e  class, and used ca r  p r i c e s  by s i z e  c l a s s  and v in tage .  

The Wharton automobi le demand es t ima to r  i s  based on a s tock-  

adjustment process s i m i l a r  t o  the one used i n  the  Fauce t t  Model. New 

r e g i s t r a t i o n s  a re  determined by t h e  gap between a des i red,  equi 1  i b r i  um 

s tock  and the  ac tua l  s tock .  The Wharton Model, however, d i f f e r s  f rom 

prev ious  models i n  two major  aspects. F i r s t ,  t h e  t h e o r e t i c a l  concepts 

used i n  d e r i v i n g  t he  des i red  s tock  are new and i nnova t i ve .  Second, 

t h e  y e a r l y  scrappage of veh i c l es  i s  s imul taneously  determi ned w i t h  

new c a r  sa les,  and thus scrappage is  a f f e c t e d  by t he  s tock-adjustment  

process. 

The des i r ed  s tock  of automobi les i s  es t imated  f rom s t a t e  cross-  

sec t i ona l  data a t  one p o i n t  i n  t ime as opposed t o  t ime-ser ies  data 

as i n  e a r l i e r  s tud ies .  Wharton argues t h a t  i n  o rde r  t o  analyze t h e  

cha rac te r i s  t i c s  o f  the  consumer's decision-making t he  choice and 

technology a v a i l a b l e  i n  veh ic les  must be h e l d  constant .  I n  add i t i on ,  

demographic v a r i a t i o n s  (across s t a t e s )  i n  des i r ed  demand may be 

analyzed. 

Wharton decided t o  use 1972 c ross - sec t i ona l  data f o r  t h e i r  

es t ima t i on  o f  des i red  s tock.  They argue t h a t  i n  1972, des i r ed  s tock  

by s t a t e  was approx imate ly  equal t o  the  a c t u a l  s tock.  I n  t h i s  year ,  

t he  economy was f a i r l y  s tab le ,  w i t h  moderate unemployment and i n f l a t i o n ;  

p o l l u t i o n  c o n t r o l s  had y e t  t o  make an impact;  and sma l l e r  domestic 

cars  had been p resen t  i n  t h e  market  f o r  seve ra l  years.  



The d e s i r e d  s tock equat ion i s  est imated i n  terms o f  des i red  

u n i t s  p e r  f a m i l y ,  as f o l l ows :  

R~ = -461 t - s t a t i s t i  cs i n  parentheses 

where: Xt*/FM = Desired s tock  per f a m i l y  u n i t  

Y/FM = Permanent r e a l  d isposable income per  f a m i l y  

Y15 = Percentage o f  f a m i l i e s  earn ing $15,000 o r  more 
i n  1970 d o l l a r s  

CPM = Desired share weighted cos t  per  m i l e  

CPI = Consumer P r i ce  Index (1972 = 1.0) 

LD/FM = Number o f  1 icensed d r i v e r  d i v i d e d  by number o f  
f a m i l y  u n i t s  

MTWNA/FM = Number of persons n o t  us ing  an automobi le  t o  
t r a v e l  t o  work d i v i ded  by t h e  number of f a m i l y  
u n i t s  

WPMET = Percentage of popu la t ion  1 i v i n g  i n  SMSA's 

As may be expected, t he  income and number o f  l i censed  d r i v e r  terms 

have t h e  s t r onges t  p o s i t i v e  e f f e c t  on des i red  stock, w i t h  e l a s t i c i t i e s  
of -56 and . 42 ,  r espec t i ve l y .  The nega t i ve  s i g n  o f  t h e  term, percentage 
o f  fami l i es  which earn more than $15,000, expressed as an "odds ," 
r e f l e c t s  income s a t u r a t i o n - - i  . e., above a c e r t a i n  income l e v e l ,  fami 1 i e s  

increase t h e i r  s tock  of cars  a t  a lower  r a t e  w i t h  inc reases  i n  income 

than below t h i s  l e v e l .  

The des i red  share weighted c o s t  per  m i l e  term i s  a measure o f  

combined purchase and opera t ing  costs  and a p p r o p r i a t e l y  has a nega t i ve  



s ign.  I t  i s  computed by f i r s t  c a l c u i a t i n g  a c o s t  pe r  m i l e  f o r  each 

s i z e  c l a s s  of veh ic le .  Th is  cos t  inc ludes t h e  purchase p r i c e  and 

d iscounted f inance  and opera t ing  costs .  The f l e e t  c o s t  per  m i l e  i s  

then 'computed as a weighted average o f  these s i z e  c l ass  cos ts  by t h e  

des i r ed  shares o f  each c lass.  Formulas f o r  t h e  des i red  shares a re  

es t imated  based on 1971 and 1972 s t a t e  cross sec t i ona l  data. Wi th  

t h i s  f o rmu la t i on ,  t h e  des i red  s tock equat ion ,responds t d  changes i n  

t h e  composi t ion o f  des i red  s tock.  However, i t  should be noted t h a t  

t h e  t - s t a t i s t i c  i nd i ca tes  t h a t  the  c o e f f i c i e n t  o f  t he  cost -per-mi l  e term 

i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom zero. Even though t he  term i s  

s t a t i s t i c a l l y  weak, i t s  magnitude and s i gn  seem t o  j u s t i f y  i t s  i n c l u s i o n  

i n  t h e  model. 

Wi th  an es t imate  of des i red  stock, t h e  new ca r  r e g i s t r a t i o n  and 

scrappage equat ions can be est imated. These equat ions a re  expressed 

as r a t e s  as f o l l ows :  

Xnew 3.79 I n  

and t o t a l  au to  scrappage: 



where: Xnew = New car registration 

t = Year-end stocks i n  opertion in year t 

St = Total auto scrappage 

Xt* = Desired stock in year t 

Yd/FM = Real disposable income per family 
Y/FM = Permanent family income 

t = Average new car price in year t 
D = Dummy s t r ike  variable 
s20t = Vehicles over 20 years of age 
A = Average age of stock 
PU = Average price of used cars 
P S = Scrap metal price 
U = Unempl oyment 
VMT = Vehicle miles travelled th i s  year 
VMT(-1) = Vehicle miles travelled l a s t  year 

In both equations the ra te  of new car sa les  and scrappage are  functions 
of the gap between desired and actual stock, and both new sales  and 
scrappage respond strongly (posit ively and negatively, respectively) 
t o  changes in desired stock. 

New car registrations a1 so, as expected, fa1 1 with sharp increases 
i n  new car  prices. Similar t o  the cost-pepmile variable i n  the desired 
stock equation, the price variables are  calculated based on an averaging 
of prices by the shares of actual new stock. In an in teres t ing for-  

mulation, the actual new shares equations are  modeled as a stock- 



adjustment process toward the desired shares. Thus, the new ca r  

r e g i s t r a t i o n s  w i l l  respond t o  changes i n  the composition o f  new car  

r e g i s t r a t i o n s  through the p r i c e  variables. 

The Wharton Model i s  a  very complex model. However, i t  i s  we1 1- 
thought out  and includes many 1 ogical , dynamic i n t e r a c t 1  ons. 



9. 3 .Vehicle Survival /Scrappage Models 

The s t udy  o f  s u r v i v a l  o f  automobiles dates back t o  t h e  1920's 

t o  an a r t i c l e  by  C la re  G r i f f i n  (12).  I n  t h i s  a r t i c l e  G r i f f i n  demon- 

s t r a t e s  how t h e  "standard" methods o f  cons t r uc t i ng  l i f e  t a b l e s  o f  

persons can be app l i ed  t o  cons t r uc t i ng  l i f e  t ab l es  o f  automobi les. 

H is  procedure i s  s imply  t o  normal ize t he  r e g i s t r a t i o n  data by model 

yea r  t o  t h a t  model ' s  p roduc t ion  f i gu res .  Thus, i f  x ca rs  were pro-  

duced i n  1920 and y o f  these cars  remain i n  1923, then t h e  f r a c t i o n  

y + x remain i n  1923. For each se r i es  o f  model yea r  data, G r i f f i n  

f i t t e d  t h e  f o l l o w i n g  equat ion: 

where: L = f r a c t i o n  o f  su r v i vo r s  o f  model year  m i n  yea r  m + t. 
m, t  

k ,  S ,  c, G a re  constants.  

The t h r e e  components on t he  r igh t -hand  s i de  o f  t h e  equa t ion  

represent ,  accord ing  t o  G r i f f i n ,  t he  t h ree  causes o f  automobi le  

r e t i r emen t :  ( 1 )  acc idents ,  which occur  a t  a  f a i r l y  cons tan t  r a t e  

f rom year  t o  year, ( 2 )  d e t e r i o r a t i o n ,  which i s  age-spec i f ic ,  and, 

(3 )  obsolescense, which i s  a l s o  age-spec i f i c .  

G r i f f i n ' s  model o f  automobi le s u r v i v a l  was p a r t i a l l y  i n c o r -  

porated i n t o  Roos and von S z e l i s k i ' s  replacement automobi le  demand 

model (20).  I n  p a r t i c u l a r ,  they used G r i f f i n ' s  model t o  c a l c u l a t e  
" t h e o r e t i c a l "  scrappage r a t e s  f o r  veh ic les  o f  v i n t age  1919 t o  1926. 

For veh ic les  o f  v in tage  a f t e r  1926, they  ad jus ted  G r i f f i n ' s  r a t e s  

by t h e  ac tua l  scrappage data t o  d e r i v e  t h e  t h e o r e t i c a l  scrappage. 

From t h i s  i n f o rma t i on ,  they  generated a t ime se r i es  (1919 t o  1938) 

of y e a r l y  t h e o r e t i c a l  aggregate scrappage which was i nc l uded  i n  

t h e i r  equa t ion  f o r  replacement r a t es .  

The m a j o r i t y  o f  t he  v e h i c l e  su rv iva l / sc rappage  models s i nce  

G r i f f i n  have n o t  been very  soph is t i ca ted .  Usua l l y ,  average 



s u r v i v a l  r a t e s  a r e  c a l c u l a t e d  based on seve ra l  y e a r s  o f  r e g i s t r a t i o n  

da ta .  T h i s  method assumes f i x e a  s u r v i v a l  r a t e s ,  and l i k e w i s e ,  f i x e d  

scrappage r a t e s .  Some o t h e r  models assume a  c o n s t a n t  s u r v i v a l  r a t e .  

These models, t h e r e f o r e ,  assume t h a t  v e h i c l e  s u r v i v a l  i s  an exponen- 

t i a l  o r  geomet r ic  f u n c t i o n  o f  age. I n  t h e  l a s t  t e n  yea rs ,  a  few 

i n n o v a t i v e  models of v e h i c l e  s u r v i v a l  have been c o n s t r u c t e d .  Some 

o f  t hese  models w i l l  be d iscussed i n  the  remainder  o f  t h i s  r e v i e w .  

I n  1968, F r a n k l i n  Walker pub l i shed  a  v e h i c l e  scrappage model 

based on t h e  l o g i s t i c  f u n c t i o n  ( 2 4 ) .  He found t h a t  t h e  r e l a t i o n s h i p  
between t h e  average scrappage r a t e s ,  based on new and used c a r  reg-  

i s t r a t i o n s  compi led  by  R .  L. Po lk  Company, and t h e  age o f  v e h i c l e  

can be rep resen ted  by t h e  1  o g i  s t i c  f u n c t i o n :  

where: M i s  t h e  mean scrappage r a t e  o f  v e h i c l e s  o f  age t. 
t 

I, B a r e  parameters .  

Et i s  a  random e r r o r  term. 

Walker used t h i s  scrappage equa t i on  t o  i n v e s t i g a t e  t h e  f 1 u c t u a t i o n s  

i n  annual  aggregate  v e h i c l e  scrappage from t h e  expected annual  sc rap -  

page. He c o n s t r u c t e d  a  model t h a t  r e l a t e s  these  f l u c t u a t i o n s  t o  

( 1 )  t h e  r a t e  o f  t u r n o v e r  i n  au tomobi le  ownersh ips ,  f o r  wh i ch  t h e  

r a t i o  o f  new-car t o  t o t a l  r e g i s t r a t i o n s  i s  used as a s u r r o g a t e ,  and 

( 2 )  t h e  l e v e l  of used c a r  p r i c e s  t o  r e l a t i v e  c o s t s  o f  r e p r e s e n t a t i v e  

c a r  r e p a i r  s e r v i c e s .  H i s  r e s u l t s  show t h a t  a lmos t  t w o - t h i r d s  o f  t h e  

v a r i a t i o n s  of  t h e  a c t u a l  scrappage f rom i t s  t r e n d  i s  e x p l a i n e d  by 

these two f a c t o r s .  

I n  1974, Chase Econometr ics p u b l i s h e d  a  v e h i c l e  s u r v i v a l  model 

t h a t  i s  q u i t e  d i f f e r e n t  f r o m  p r e v i o u s  models ( 3 ) .  T h i s  model assumes 

t h a t  t h e  s u r v i v a l  r a t e s  o f  a  model y e a r  o f  v e h i c l e s ,  as c a l c u l a t e d  

b y  d i v i d i n g  c u r r e n t  y e a r  r e g i s t r a t i o n s  f o r  a  model y e a r  b y  t h e  

o r i g i n a l  r e g i s t r a t i o n s  o f  t h a t  model y e a r ' s  p r o d u c t i o n  run ,  i s  

r e l a t e d  t o  t h e  age o f  t h e  model y e a r  c a r  by t h e  f o l l o w i n g  f u n c t i o n :  



where': R = cu r ren t  reg i s t ra t i ons  f o r  the  model year (my) i n  
year t. 

Rw = o r i g i n a l  reg i s t ra t i ons .  

T  = t-my = age o f  the model year c,ar. 

a,b = model year parameters. 

Chase ca l cu la ted  separate model year ca r  su rv i va l  func t ions  f o r  

1951 t o  1968 model year vehicles. However, no attempt i s  made i n  

t h i s  model, as i n  Walker's model, t o  ad jus t  t o t a l  scrappage by exo- 

genous fac tors ,  o r  t o  exp la in  the  d i f fe rences i n  the  parameters o f  

the su rv i va l  funct ions fo r  d i f f e ren t  model year vehicles. 

I n  add i t ion ,  ne i t he r  Chase nor previous i nves t i ga to rs  had 

looked a t  the e f fec t  of exogenous factors on the scrappage ra tes  o f  

vehic les of various ages. I n  the Marketing and M o b i l i t y  Panel 

Report o f  the Motor Vehicle Goals Study (16), t h e  in f luence o f  economic 

fac tors ,  s p e c i f i c a l l y  new car  p r ices  and unemployment ra te ,  on 

scrappage ra tes  of o lde r  cars i s  invest igated.  The arguments out-  

1  ined are t h a t  as new car  p r ices  r i s e ,  new cars become less  

a t t r a c t i v e ,  c rea t i ng  a tendency t o  postpone new car purchases and t o  

ho ld  onto e x i s t i n g  stock. Also, new car  p r i ces  are assumed t o  be 

p o s i t i v e l y  r e l a t e d  t o  used car  p r i ces ,  and a  r i s e  i n  new c a r  

p r ices  causes a  r i s e  i n  used car  p r ices .  This changes a  consumer's 

dec is ion  when t o  scrap o r  r e p a i r  a  vehic le.  

The unemployment r a t e  i s  inc luded i n  the  model as an i n d i c a t o r  

o f  c y c l i c a l  macroeconomic condi t ions.  Thus, i t  i s  expected as 

unemployment increases, scrappage would decrease. 

The s p e c i f i c  scrappage model developed assumes the  scrappage 

ra tes  f o r  each age of the f i r s t  e i g h t  years o f  a  v e h i c l e ' s  l i f e  are 

f i x e d  a t  the average l e v e l s  based on the  1957 t o  1974 model year 

Polk r e g i s t r a t i o n  data. These average scrappage ra tes  increase from 

. 2  percent f o r  a  one-year-old veh ic le  t o  15.7 percent f o r  an e igh t -  



y e a r - o l d  v e h i c l e .  For  n ine -yea r -o ld  and o l d e r  v e h i c l e s ,  an a d j u s t -  

ment t o  t h e  scrappage r a t e  i s  c a l c u l a t e d  based on t h e  f o l l o w i n g  

f o r m u l a :  

degrees i n  freedom = 10 

( P ~ ) ~  = new c a r  r e a l  p r i c e  index Ut = unemployment r a t e  i n  
i n  y e a r  t year  t. 

( p a r e n t h e t i c a l  numbers a r e  t - s t a t i s t i  cs based on t h e  r e g r e s s i o n  

e s t i m a t e s ) .  SPGt i s  d i v i d e d  by t h e  average scrappage r a t e  f o r  n i n e -  

y e a r  o r  o l d e r  v e h i c l e s  and m u l t i p l i e d  by t h e  average scrappage r a t e  

f o r  a v e h i c l e  o f  a s p e c i f i c  age t o  determine t h e  a d j u s t e d  scrappage 

r a t e .  

T h i s  model, o r i g i n a l l y  developed by Jack F a u c e t t  Assoc ia tes ,  

assumes, as do a1 1 t h e  p rev ious  models, t h a t  each s i z e  ca tego ry  o f  

v e h i c l e s  (market  c l a s s )  has t h e  same average scrappage r a t e s ,  How- 

ever ,  t h e  ad jus tment  procedure i s  a p p l i e d  s e p a r a t e l y  f o r  each marke t  

c l a s s  o f  v e h i c l e  i n  t h e i r  f o r e c a s t i n g  model. T h i s  a l l o w s  unusual  

average p r i c e  changes i n  a s i n g l e  c l a s s  t o  be r e f l e c t e d  i n  t h e  

scrappage o f  t h a t  c l a s s  o f  v e h i c l e s  a lone.  

Unders tand ing t h e  impor tance o f  accoun t ing  f o r  y e a r l y  v a r i a -  

t i o n s  i n  t h e  scrappage r a t e s ,  Wharton Econometr ic Assoc ia tes  

c o n s t r u c t e d  a complex scrappage model w i t h  annual ad jus tments  (21 ) .  

U n l i k e  t h e  F a u c e t t  procedure,  i n  t h e  Wharton model t h e  ad jus tmen t  

f a c t o r s  a r e  a p p l i e d  t o  t h e  scrappage r a t e s  o f  a l l  ages o f  v e h i c l e s .  

The d e r i v a t i o n  o f  these ad jus tment  f a c t o r s  i s  q u i t e  i n t e r e s t i n g .  

Wharton f i r s t  assumes t h a t  a l l  v e h i c l e s  a re  scrapped by t h e  

end o f  t h e i r  2 0 t h  y e a r .  The average scrappage r a t e s  

(qi , 0 . . . , 20) f o r  t h e  f i r s t  20 y e a r s  o f  v e h i c l e  l i f e  a r e  c a l -  

c u l a t e d  f rom t h e  1953 t o  1974 Pol  k r e g i s t r a t i o n  da ta  o f  v e h i c l e s  i n  

o p e r a t i o n .  The ad jus tment  f a c t o r s  a r e  c a l c u l a t e d  n u m e r i c a l l y  by a 

r e c u r s i v e  procedure beg inn ing  w i t h  1953. To beg in  t h e  r e c u r s i v e  



procedure, t h e  scrappage ra tes  f o r  the 20 years p r i o r  t o  1953 a re  

assumed t o  be cons tan t  and equal t o  the  average ra tes .  The a d j u s t -  

ment f a c t o r  f o r  1953 i s  then: 

- Actua l  t o t a l  1953 scrappage 
al 953 ' Theore t i ca l  t o t a l  1953 scrappage 

where the  t h e o r e t i c a l  t o t a l  1953 scrappage equals : 

20 i - 1  

where: Nk = number o f  new r e g i s t r a t i o n s  i n  model year  k .  

q i  = average scrappage r a t e  o f  veh i c l e  o f  age i years.  

t he  c a l c u l a t i o n  f o r  the  adjustment f a c t o r  f o r  1954 i s :  

- Actua l  t o t a l  1954 scrappage 
a1954 ' Theore t i ca l  t o t a l  1954 scrappage 

where t he  1954 t h e o r e t i c a l  scrappage equals : 

The procedure i s  cont inued u n t i l  a l l  adjustment f a c t o r s  through 1974 

a re  ca lcu la ted .  

Wharton notes i n  t h e i r  documentation t h a t  f o r  1955 through 1957, 

when new car  demand was s t rong,  scrappage ra tes  were h i ghe r  t han  

average. The adjustment f a c t o r  drops sharp ly  i n  t h e  1958 recess ion  

pe r i od  and c l imbs s l ow l y  through 1965, then f l u c t u a t e s  around one 

through 1973 when new c a r  demand was s t rong.  The adjustment  f a c t o r  

f a l l s  s i g n i f i c a n t l y  below one i n  1974, a recess ion  year .  



The forecast of adjustment factors in the Wharton model is 
generated by the same recursive formula. However, the actual total 
scrappage in the formula is substituted by the estimated total 
scrappage generated in the Wharton Automobile Demand Model . This 
total scrappage equation is a function of new car registrations, 
scrap metal prices, vehicle miles travel led, and other variables. 
Thus, the adjustment factor would reflect these variables also. 



B.4 A p p l i c a t i o n  Models 

A p p l i c a t i o n  models a re  those which u t i l i z e  t he  

o u t p u t  o f  v e h i c l e  demand and s u r v i v a l  models t o  i n v e s t i g a t e  

au tomob i le - re la ted  i npac t s  on safety ,  a i r  q u a l i t y ,  f u e l  consump- 

t i o n ,  e t c .  Q u i t e  o f t e n  an a p p l i c a t i o n  model i s  b u i l t  as a  sub- 

model t o  a  v e h i c l e  demand and s u r v i v a l  model. For  example, t h e  

Chase (3 ) ,  EEA (8), Fauce t t  (16 ) ,  and Rand (25) models d iscussed 

i n  s e c t i o n  2.3 have submodels t o  compute f l e e t  f u e l  consumption. 

The a p p l i c a t i o n  models are u s u a l l y  account ing models based 

on a  s e t  of  s i m p l i f y i n g  assumptions. As an example o f  how a 

t y p i c a l  f u e l  consumption model i s  const ructed,  t he  Fauce t t  model 

i s  d iscussed here. 

H i s t o r i c a l  data, t h e  ou tpu t  o f  the  Fauce t t  v e h i c l e  demand, 

s u r v i v a l ,  and market sharemodels a re  used t o  generate age d i s -  

t r i b u t i o n  of t he  f l e e t  o f  veh ic les  by t h ree  s i z e  ca tego r i es ,  

Using these age d i s t r i b u t i o n s ,  v e h i c l e  m i l es  t r a v e l l e d  by 

v e h i c l e  age i s  determined by an a p p l i c a t i o n  o f  t h e  age/VMT 

r e l a t i o n s h i p  repor ted  by the  Federal  Highway Adm in i s t r a t i on ,  

as f o l l o w s :  

3 
VMT (AGE)= Z FLEET (SC,AGE) * 17.9729 

sc= l  

-9.57481 * LOGlO (AGE) 

Where: VMT(AGE)= v e h i c l e  m i l e s  t r a v e l l e d  i n  a  yea r  f o r  veh i c l es  

o f  age, AGE. 

SC = s i z e  c l ass  

FLEET(SC,AGE)= Number o f  cars  i n  t h e  f l e e t  o f  s i z e  c lass ,  

SC and age, AGE. 

Note t h a t  an assumption i s  made t h a t  each s i z e  c l ass  o f  v e h i c l e  

i s  d r i v e n  t h e  same average m i l e s  per  year .  The f u e l  economy o f  each 

age o f  v e h i c l e  i s  computed by d i v i d i n g  t h e  number o f  veh i c l es  o f  



t h a t  age by t h e  sum o f  t h e  d i v i s i o n  o f  t h e  number o f  v e h i c l e s  

i n  each s i z e  c l a s s  o f  t h a t  age by  t h e  fue l  economy f o r  t h a t  s i z e  

c l a s s  and v i n t a g e  o f  v e h i c l e .  T h i s  i s  s i m p l y  an ave rag ing  

p rocedure .  Note  t h a t  t h e  fue l  econoniy o f  a  p a r t i c u l a r  v e h i c l e  

i s  assumed n o t  tochange w i t h  age. The t o t a l  f u e l  consumpt ion 

i s  t h e n  c a l c u l a t e d  by summing t h e  t o t a l  m i l e s  t r a v e l l e d  d i v i d e d  

by t h e  f u e l  economy f o r  each age o f  v e h i c l e .  

Many models w i t h  s i m i l a r  o u t p u t s  as t h e  a p p l i c a t i o n  models 

have been c o n s t r u c t e d  b u t  a r e  n o t  l i s t e d  i n  t h e  b i b 1  i og raphy .  

T h i s  i s  because these models do n o t  r e q u i r e  age d i s t r i b u t i o n s  

o f  v e h i c l e s  as i n p u t s .  
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APPENDIX C 

Notes on t he  Weibul l  D i s t r i b u t i o n  

The Weibul l  d i s t r i b u t i o n  was proposed i n  1939 by Waloddi 

Weibul l ,  a professor  a t  t he  Royal I n s t i t u t e  o f  Technology i n  

Sweden, as  an appropr ia te  d i s t r i b u t i o n  t o  descr ibe  t he  1 i f e  l e n g t h  

o f  meta ls . *  He formulated the  d i s t r i b u t i o n  as fo l l ows :  

Assume t h a t  we have a cha in  c o n s i s t i n g  of n l i n k s ,  and i f  

any l i n k  breaks ( f a i l s )  then we say t he  cha in  as a whole f a i l s .  

Accord ing ly ,  t he  p r o b a b i l i t y  o f  non fa i  l u r e  of t h e  chain, (1 -Pn), 

i s  equal t o  t h e  probabi 1 i t y  o f  t h e  simultaneous n o n f a i l u r e  o f  a l l  

the  1 i nks .  Thus: 

( 1  = ( l - ~ ) ~  

where : 

P i s  t h e  p r o b a b i l i t y  o f  f a i l u r e  o f  any l i n k  of t h e  chain.  

Consider ing o n l y  t h e  c l a s s  o f  f a i l u r e  d i s t r i b u t i o n s  o f  t he  form: 

P = F (x )  = 1-e -q (x )  

where : 

x i s  a l oad  l e v e l  app l i ed  t o  a l i n k .  

then t h e  p r o b a b i l i t y  o f  n o n f a i l  u re  o f  t he  c h a i n  i s :  

(1-p ) ; (,-q(x))n ; ,-nq(x) 
n 

The s imp les t  form o f  q ( x )  such t h a t  F ( x )  i s  a p o s i t i v e ,  nondecreas- 

i ng  f unc t i on ,  van ish ing  a t  a va lue  xu, which i s  n o t  n e c e s s a r i l y  

equal t o  zero, i s :  

and thus :  

The formula f o r  n o n f a i l u r e  o f  t h e  cha in  becomes: 

*This d i s cuss i on  i s  adapted from Weibu l l  , " A  S t a t i s t i c a l  D is-  
t r i b u t i o n  Func t ion  o f  Wide Appl i c a b i  1 i ty,"  Journa l  o f  App l ied  
Mechanics, Vol. 18, p. 293-297, 1951. 



If xu i s  se t  t o  zero, and nc i s  se t  t o  a, then: 

which i s  the Weibul l  surv iva l  d i s t r i b u t i o n  (equation [ 6 ] )  discussed 

i n  Section 5.1 

It i s  i n t e r e s t i n g  t h a t  Weibull proposed t h i s  d i s t r i b u t i o n  

w i thout  recogniz ing t h a t  i t  i s  an extreme-value d i s t r i b u t i o n .  The 

extreme-val ue random va r iab le  corresponding t o  the Weibull d i s t r i b u -  

t i o n  i s  the weakest and/or sho r tes t - l i ved  component o f  a system o f  

components. Gumbell, i n  h i s  book, The s t a t i s t i c s  o f  Extremes (38), 

der ives the  Weibull d i s t r i b u t i o n  by applying a logar i thmic  

t ransformat ion t o  the random va r iab le  of the  minimum extreme-value 

d i s t r i b u t i o n ,  as fo l l ows :  

The dens i ty  f unc t i on  f o r  the  minimum extreme value d i s t r i b u -  

t i o n  i s :  

I f  we make the change o f  va r i ab le  x = l n ( l / t )  and se t  c = l n ( l / d ) ,  

then : 

I f  we l e t :  
l b  

= a 

then : 
b-1 - a t  b f ( t )  = ba t  e 

which i s  the Weibull dens i ty  f unc t i on  corresponding t o  t h e  s u r v i v a l  

d i s t r i b u t i o n  ( i ) .  



Thus, as argued i n  Sec t ion  5.1, i f  a c a r  i s  thought of  as be i ng  

composed o f  severa l  c r i t i c a l  components such t h a t  t he  c a r  i s  scrapped 

when one o f  these components f a i l s ,  then t he  l i f e t i m e  d i s t r i b u t i o n  o f  

t he  c a r  tends toward a Wei b u l l .  Th is  i s  because, as presented above, 

a We ibu l l  d i s t r i b u t i o n  models t he  1 i f e t i m e  o f  t he  shor tes t -1  i v e d  

component i n  a system o f  components. 



APPENDIX D 

REPORT OF INVENTIONS 

The o b j e c t i v e  of t h i s  s tudy was t o  i n v e s t i g a t e  t h e  unce r t a i n -  

t i e s  o f  p r e d i c t i n g  fu tu re  automobi le populat ions.  To t h i s  end, two 

components were added t o  an  e x i s t i n g  model o f  new ca r  sa les.  The 
f i r s t  was a  procedure of spec i f y ing  u n c e r t a i n f u t u r e  events and t h e i r  

e f fec t  on new c a r  sa les and o the r  va r i ab l es  a f f e c t i n g  t h e  automobi le  

f l e e t .  The second was an improved model of veh i c l e  s u r v i v a l  f rom 

year  t o  year .  Both components were i nnova t i ve  i n  app l i ca t i on ,  b u t  

n o t  e n t i r e l y  new inven t ions .  As discussed i n  t h e  r epo r t ,  t h e  p ro -  

cedure of quan t i f y i ng  unce r t a i n t y  i s  based on a  method developed 

and used by t h e  Stanford Research I n s t i t u t e .  The model of v e h i c l e  

s u r v i v a l  depends on t h e  Weibul l  d i s t r i b u t i o n  o f  s t a t i s t i c s  p ro -  

posed by Waloddi Weibul l  of Sweden. 
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