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METRIC CONVERSION FACTORS
Appraximata Canvariiani ta Milrle Maaaarat

IptP Wkaa Yaa Kaaw M aHI.lv kf Ta Fiat Ivakal

LENGTH
fetches • 2 4 centimeters cm
k e t 30 centimeters cm
yards 0.9 meters m
miles 1 4

AREA
kilometers km

square k 4 » e t •  4 square centimeters cm*
•quart lt« t 0.09 square meters m*
•quae* yards o.a square meters m*
aQuars m ike 2.1 square hlloweters km*
•eras 0.4

MASS (woight)
hectares ha

ounces 20 *ame^. «
pounds 0.48 hlkgrams k»
short tons (2000 lb|

0.9

VOLUME
tonnes t

tesspoons s m illiliters ml
tablespoons 15 m illiliters ml
fluid ounces 30 m illiliters ml
cups 0.24 liters I
pints 0.47 liters I
quarts 0.95 liters I
gallons 3.8 liters 1
cubic feat 0.03 cubie meters m3
cubic yards 0.76

TEMPERATURE (exact)
cubic meters m3

Fahrenheit 5 /9  (after Celsius •c
temperature subtracting

32)
temperature

*1 mi * 2S4 (4«scrWt. Far e«ect ctjnyiit%tiy*ya ami merit i>ta<'ed IstHes. M e N8S M«tc. Subl. ?9G, 
I M i  oV Wea^vts e»*l Price SO Cluing No. C13.10-J84.
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m = LENGTH
■ = a—  ■■

. — mm millimeters 0.04 Inches
- = s cm centimeters 0.4 inches

— = m meters 3.3 feet
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------ I = km kilometers 0.8 mites
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Z ^Z 8
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EX E C U TIV E  SUMMARY

I n t r o d u c t i o n

An u n d e r s t a n d i n g  o f  t h e  n a t u r e  o f  c o s t s  o f  p r o d u c t i o n  i s  i m p o r t a n t  in  

e v e r y  r e g u l a t e d  i n d u s t r y ,  b o t h  f o r  i n d i v i d u a l  f i r m s  and t h e i r  r e g u l a t o r s .  , A t  

t h e  m o s t  b a s i c  l e v e l  a f i r m  w i l l  r e q u i r e  c o s t  d a t a  f o r  c o r p o r a t e  p l a n n i n g .  F o r  

e x a m p l e ,  a  f i r m  m ay  w is h  t o  know w h a t  s i z e  p l a n t  t o  b u i l d ,  w h e t h e r  t o  u p g r a d e  

t h e  q u a l i t y  o f  p l a n t  o r  w h e t h e r ,  a t  an e x i s t i n g  t a r i f f ,  t h e  r e v e n u e s  f o r  a 

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

R e g u l a t o r s  and  o t h e r  p o l i c y  m a k e r s  a l s o  h a v e  m any  r e a s o n s  t o  s e e k  im p r o v e d  

i n f o r m a t i o n  a b o u t  c o s t s .  When e x a m in e d  c o r r e c t l y ,  c o s t  d a t a  c a n  be  u s e d  t o  

d e t e r m i n e  w h e t h e r  t h e r e  a r e  i n  f a c t  e c o n o m ie s  o f  s c a l e  i n  p r o d u c t i o n ,  and  

w h e t h e r  r e g u l a t i o n  i s  a n e c e s s a r y  t o o l  o f  s o c i a l  c o n t r o l  i n  a  g i v e n  i n d u s t r y .  

R e g u l a t o r s  o f t e n  a s k  w h e t h e r  a s e r v i c e  i s  b e i n g  s u b s i d i z e d  b y  o t h e r  s e r v i c e  o f  

a m u l t i p r o d u c t  f i r m *  i s  s u b s i d i z i n g  o t h e r  s e r v i c e s ,  and w h e t h e r  t h e  p r o v i s i o n  

o f  s e r v i c e  b y  o n e  mode w i l l  e l i m i n a t e  a n o t h e r  mode o v e r  a g i v e n  r o u t e .

P r o b l e m  S t u d i e d

P r e v i o u s  r a i l r o a d  c o s t  s t u d i e s  t y p i c a l l y  h a v e  e x a m in e d  a c r o s s  s e c t i o n  o f  

C l a s s  I  r a i l r o a d s ,  u s i n g  IC C  d a t a ,  and m o s t  h a v e  assum ed  a  s i n g l e  p r o d u c t ,  

u s u a l l y  t o t a l  t o n - m i l e s .  S e v e r a l  a s p e c t s  o f  t h e s e  s t u d i e s  h a v e  s e r v e d  t o  l i m i t  

t h e  i n f e r e n c e s  t h a t  c a n  be d r a w n .  T h e y  r e l y  on d a t a  f r o m  t h e  IC C  a c c o u n t s  

r a t h e r  t h a n  on r a w  d a t a  f r o m  t h e  f i r m .  W i t h  f e w  e x c e p t i o n s ,  t h e y  h a v e  s p e c i 

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

a p p r o p r i a t e , w i t h o u t  a t e s t  o f  t h a t  a s s e r t i o n .  Few a d j u s t  f o r  q u a l i t y  o f  s e r 

v i c e ,  and m o re  i m p o r t a n t l y ,  many do n o t  a c c o u n t  f o r  t h e  m u l t i p r o d u c t  n a t u r e  o f  

v i r t u a l l y  e v e r y  r a i l  f i r m .  F i n a l l y ,  t h e y  do n o t  a t t e m p t  t o  a d j u s t  f o r  t h e  f a c t  

t h a t  some r a i l r o a d s  o p e r a t e  w i t h  a m o re  c o m p l i c a t e d  n e t w o r k  t h a n  o t h e r s .

O u r  own r e s e a r c h  on r a i l r o a d  t r a n s p o r t  c o s t s  r e p r e s e n t s  a v e r y  d i f f e r e n t  

a p p r o a c h  t o  t h e  p r o b l e m .  I n  an e a r l i e r  r e p o r t  ( D a u g h e t y  and T u r n q u i s t ,  1 9 7 9 )  

we d e v e l o p e d  a n o t i o n  o f  " h y b r i d "  a n a l y s i s  t h a t  r e f l e c t e d  some c r u c i a l  d i f f e r 

e n c e s  f r o m  t h e  p r e v i o u s  w o r k .
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1 ) O u r a n a l y s i s  f o c u s e d  a t  t h e  l e v e l  o f  an i n d i v i d u a l  f i r m ,  and u se d  

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

f r o m  t h e  I C C .  T h i s  h a s  a n u m b e r  o f  i m p o r t a n t  a d v a n t a g e s ,  i n c l u d i n g  

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

i n  t h e  IC C  a c c o u n t s .  We e m p lo y e d  a t i m e  s e r i e s  a n a l y s i s  f o r  a s i n g l e  

f i r m  r a t h e r  t h a n  a  c r o s s - s e c t i o n a l  a n a l y s i s  f o r  a  p a r t i c u l a r  y e a r .

2 )  T h e  m u l t i - p r o d u c t  n a t u r e  o f  t h e  f i r m  was i n c o r p o r a t e d  i n t o  t h e  a n a l y 

s i s .  M o d e ls  w e r e  e s t i m a t e d  w i t h  d i s a g g r e g a t e d  v o lu m e  ( b y  c o m m o d i t y  

t y p e )  as  w e l l  as w i t h  a g g r e g a t e  d a t a .  O u t p u t  was c h a r a c t e r i z e d  b o t h  

b y  t h e  v o lu m e  o f  f r e i g h t  h a u l e d  and  b y  t h e  a v e r a g e  s p e e d  o f  a s h i p 

m e n t  t h r o u g h  t h e  s y s t e m .  We e x p l i c i t l y  r e c o g n i z e d  t h a t  s p e e d  o f  

s e r v i c e  i s  an i m p o r t a n t  d e t e r m i n a n t  o f  r a i l  c o s t s ,  and  i n c l u d e d  t h i s ,  

i n  o u r  e s t i m a t e s .

3 )  We u s e d  i n f o r m a t i o n  a b o u t  t h e  u n d e r l y i n g  t e c h n o l o g i c a l  p r o d u c t i o n  

p r o c e s s ,  d e v e l o p e d  t h r o u g h  e n g i n e e r i n g  p r o c e s s  f u n c t i o n s ,  t o  im p r o v e  

b o t h  t h e  s p e c i f i c a t i o n  o f  t e c h n o l o g y  and  t h e  e f f i c i e n c y  o f  o u r  

e s t i m a t e s .

I n  s e v e r a l  r e s p e c t s  t h e  l a s t  p o i n t  was p a r t i c u l a r l y  n o v e l .  H i s t o r i c a l l y ,  

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

on s e r v i c e - r e l a t e d  v a r i a b l e s  w h ic h  m a y  b e  g e n e r a t e d  b y  e n g i n e e r i n g  p r o c e s s  

f u n c t i o n s .  We h a v e  l a b e l e d  o u r  m e th o d  a " h y b r i d "  a p p r o a c h  b e c a u s e  i t  i n c l u d e d  

s u c h  i n f o r m a t i o n .

T h i s  r e p o r t  b u i l d s  on t h e  f i r s t  p h a s e  o f  t h e  p r o j e c t  in .  a n u m b e r  o f  im 

p o r t a n t  w a y s .

1 )  We h a v e  a g a i n  f o c u s e d  o u r  a t t e n t i o n  a t  t h e  l e v e l  o f  i n d i v i d u a l  f i r m .  

T h i s  t i m e ,  we h a v e  w o r k e d  w i t h  d a t a  f r o m  a m a j o r  c l a s s  I  r a i l r o a d  

w i t h  a c o m p le x  n e t w o r k ;  t h e  P h a s e  I  e f f o r t  p u r p o s e l y  e x a m in e d  a  s m a l l  

r a i l r o a d  w i t h  a s i m p l e  n e t w o r k .  T h u s ,  we h a v e  d e v e l o p e d  t e c h n i q u e s  

t h a t  a d d r e s s  a w id e  r a n g e  o f  e x i s t i n g  f i r m s .  Ari i m p o r t a n t  b y p r o d u c t  

i s  t h a t  we c a n  u se  t h e  tw o  c a s e  s t u d i e s  t o  e x a m in e  t h e  c r o s s - s e c t i o n  

a n a l y s e s  d i s c u s s e d  a b o v e .

2 )  . A g a in  we a d d r e s s  t h e  m u l t i - p r o d u c t  n a t u r e  o f  t h e  f i r m  b y  i n c l u d i n g  a

q u a l i t y  v a r i a b l e  ( a v e r a g e  s p e e d  o f  s e r v i c e )  i n  t h e  e c o n o m e t r i c  m o d e l  

o f  t h e  f i r m ' s  c o s t s .  T h e  e c o n o m e t r i c  r e s u l t s  i n c l u d e  e s t i m a t e d  

s h o r t - r u n  and l o n g - r u n  f u n c t i o n s ,  t h u s  a l l o w i n g  a d i r e c t  c o m p a r is o n  

w i t h  r e s u l t s  f r o m  t h e  c r o s s - s e c t i o n  a n a l y s e s  d i s c u s s e d  a b o v e .
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3 )  We h a v e  e x p a n d e d  s i g n i f i c a n t l y  t h e  p r o j e c t ' s  a n a l y s i s  o f  r a i l r o a d

o p e r a t i o n s .  I n  o u r  P h a s e  I  r e p o r t  e n g i n e e r i n g  p r o c e s s  f u n c t i o n s  w e r e  

u s e d  t o  i m p r o v e  t h e  e c o n o m e t r i c  a n a l y s i s .  I n  t h i s ,  r e p o r t  we show how, 

e c o n o m ic  t h e o r y  c a n  be  u s e d  t o  e x t e n d  t h e  p p e r a t i o n s / e n g i n e e r i n g  

a n a l y s i s .  T a k e n  t o g e t h e r ,  t h e  tw o  r e p o r t s  c l e a r l y ,  show  t h e  a d v a n 

t a g e s  and p o t e n t i a l  o f  j o i n t  e c o n o m i c / e n g . i n e e r i n g  a n a l y s i s  o f  f i r m  

a c t i v i t i e s .

R e s u l t s  A c h i e v e d  i n  P h a s e  I I

A s h o r t - r u n  v a r i a b l e  c o s t  f u n c t i o n  was e s t i m a t e d  u s i n g  m o n t h l y  d a t a  on 1 )  

o p e r a t i n g  c o s t s ;  2 )  c a r l o a d s  m o v ed ;  3 )  a v e r a g e  s p e e d  o f  s e r v i c e ;  4 )  t h e  p r i c e s  

o f  f u e l ,  e q u i p m e n t ,  and  l a b o r ;  5 )  a  m e a s u r e  o f  t r a c k  c a p i t a l  c a l l e d  " e f f e c t i v e  

t r a c k . "  T h e  l o n g - r u n  c o s t  f u n c t i o n  was d e r i v e d  f r o m  t h e  s h o r t - r u n  f u n c t i o n .

A n a l y s i s  o f  t h e  e s t i m a t i o n  r e s u l t s  i n d i c a t e d  t h e  f o l l o w i n g :

1 )  T h e  f i r m  f a c e s  s i g n i f i c a n t  e c o n o m ie s  o f  d e n s i t y ;  i . e .  g i v e n  t h e  f i x e d  

c o n f i g u r a t i o n ,  a t  f i x e d  s p e e d - o f - s e r v i c e  i n c r e a s e s  in  a g g r e g a t e  c a r 

l o a d s  m oved w i l l  r e s u l t  in  r e d u c t i o n s  in  a v e r a g e  c o s t s  p e r  c a r l o a d .  

C o u p l e d  w i t h  t h e  P h a s e  I  r e s u l t s ,  t h i s  i n d i c a t e s  t h a t  b o t h  l a r g e  and  

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

2 )  T h e  m a j o r  s h o r t - r u n  f a c t o r s  o f  p r o d u c t i o n  ( f u e l ,  l a b o r  and e q u i p m e n t )  

a r e  i n e l a s t i c  s u b s t i t u t e s  f o r  o n e - a n o t h e r .  T h u s ,  e a c h  f a c t o r  i s  a  

s u b s t i t u t e  f o r  t h e  o t h e r s ,  b u t  o n l y  t o  a s m a l l  d e g r e e .

C o m p a r i s o n  w i t h  t h e  c r o s s - s e c t i o n  c o s t  m o d e ls  i n d i c a t e s  t w o  s o u r c e s  o f  

e r r o r  in  t h i s  l i t e r a t u r e :

1 )  O f t e n  s u c h  m o d e ls  do n o t  c o n t r o l  f o r  s y s t e m a t i c  d i f f e r e n c e s  among  

f i r m s ,  l e a d i n g  t o  b i a s e s  i n  e s t i m a t e d  c o e f f i c i e n t s .  M o r e o v e r ,  

c r o s s - s e c t i o n  a n a l y s e s  t h a t  do n o t  c o n t r o l  f o r  f i r m  d i f f e r e n c e s  

c a n n o t  s e p a r a t e  e c o n o m ie s  d u e  t o  c h a n g e s  in  f i r m  s i z e  and c o n f i g u r a 

t i o n  f r o m  e c o n o m ie s  d u e  t o  m o re  i n t e n s i v e  c o n f i g u r a t i o n  u se  ( i . e .  

e c o n o m ie s  o f  d e n s i t y ) .

2 )  I n  g e n e r a l ,  c r o s s - s e c t i o n  s t u d i e s  h a v e  n o t  used  p r o p e r l y  c o n s t r u c t e d  

q u a l i t y - o f - s e r v i c e  m e a s u r e s .  We f i n d  t h a t  e l i m i n a t i n g  t h e  s p e e d - o f -  

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

m o d e l ;  s u c h  e l i m i n a t i o n  t e n d s  t o  b i a s  d o w n w a rd  t h e  e s t i m a t e  o f  

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

e s t i m a t e s  s y s t e m  o p e r a t i n g  c o s t s  t o  w i t h i n  15% o f  a c t u a l  v a l u e s .  T h e  m o d e l  

p r o v i d e s  a  r a i l  f i r m  w i t h  a  c o n v e n i e n t  t o o l  f o r  o p e r a t i o n s  c o s t  a n a l y s i s  b e 

c a u s e  i t  i s  e a s y  t o  s e t  up and  i n e x p e n s i v e  t o  s o l v e .  M o r e o v e r ,  we show ed  how  

t o  u s e  t h e  m o d e l  t o  g e n e r a t e  an o r i g i n - d e s t i n a t i o n  s p e c i f i c  m a r g i n a l  o p e r a t i n g  

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

E c o n o m ic  t h e o r y  was used  t o  f o r m u l a t e  t h e  e s t i m a t i o n  p r o b l e m ,  and  e n g i n e e r i n g  

a n a l y s i s  was u s e d  t o  p r o v i d e  t h e  d e t a i l s  on s p e c i f i c  o r i g i n - d e s t i n a t i o n  m o v e 

m e n t s .  T o g e t h e r ,  t h e  tw o  m e th o d s  p r o d u c e d  a  v a l i d  m a r g i n a l  c o s t  f u n c t i o n .
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CHAPTER 1

INTRODUCTION

An understanding of the nature of costs of production is important in  
every regulated industry , both fo r individual firm s and th e ir  reg u la to rs . At 
the most basic level a firm  w il l  require cost data fo r corporate p lanning. For 
example, a firm  may wish to know what size plant to b u ild , whether to upgrade 
the q u a lity  of plant or whether, at an ex is tin g  t a r i f f ,  the revenues fo r  a se r
v ice cover the incremental cost of providing the serv ice . Cost data may be 
used to ju s t i fy  t a r i f f  changes. A firm  may want to  know how a change in the  
leve l of output of one service a ffe c ts  the costs of providing another serv ice , 
and i t  may re ly  in part on cost data to determine whether i t  would be p r o f i t 
able to discontinue a se rv ice , in tro d u c e s  new serv ice , or attempt to merge 
with another f irm .

Regulators and other p o licy  makers also have many reasons to seek improved 
cost in fo rm ation . When exam ined*correctly, cost data can be used to determine 
whether there are in fa c t economies Of scale in production, and whether regu la
tio n  is a necessary tool of social control in a given ind u stry . Evaluation of 
proposed t a r i f f s  requires accurate and appropriate cost in fo rm ation . Regula
tors. often ask whether a service is being subsidized by other services of a 
m ultiproduct f irm , is subsidizing other services, and whether the provision of 
service by one mode w il l  e lim inate  another mode over a given ro u te . Another 
example of current in te re s t is the evaluation of seasonal or "peak-period" 
p ric ing  p o lic ie s . In general, regulators need cost inform ation to determine 
how th e ir  p o lic ie s  w ill  a ffe c t market structure and economic performance.
These comments c e r ta in ly  apply to the ra ilro a d  industry.

1.1 Other Railroad Cost Estimates
A number of studies have examined costs in the ra ilro a d  in d u s try . The 

e a r ly  work in th is  area attempted to characterize the output of ra ilro a d s  as a 
single product, usually to n -m iles . These studies examined a cross-section of 
Class I ra ilro a d s , using ICC data, to tes t whether there were economies of 
scale in r a i l  tra n s p o rt. The resu lts  were quite mixed. For example, K lein
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(1947) used 1936 data to fin d  economies of scale th a t were s t a t is t ic a l ly  s ig n i
f ic a n t ,  though modest. On the other hand, estim ates by Borts (1960) and G ri-  
liches (1972) suggested th a t ,  while there may have been economies of scale for  
sm aller ra ilro a d s , scale economies were not prevalent fo r  la rg er Class I  r a i l 
roads.

Several aspects of these studies lim ite d  the inferences th a t could be 
drawn. They re lie d  on data from the ICC accounts ra th e r than on raw data from 
the firm s . They specified  a r e la t iv e ly  simple functiona l form fo r costs, and 
asserted that the form was appropriate without a te s t of th a t assertio n . They 
did not adjust fo r q u a lity  of s e rv ice , and more im p o rtan tly , they did not ac
count fo r the m ultiproduct nature of v i r tu a l ly  every r a i l  f irm . F in a lly ,  they  
did not attempt to adjust fo r the fa c t th a t some ra ilro a d s  operate with a more 
complicated network than others.

Keeler (1974), H arris (1977) and Sammon (1978) have emphasized the d i f f e r 
ences between economies of firm  size and economies of d e n s ity . Returns to s ize  
are associated with a s ing le  firm  serving a larger geographical area and more 
markets. Returns to density are associated with moving more t r a f f ic  on a given 
network. This d is tin c tio n  has also been, emphasized in the report by Daughety 
and Turnquist (1979), but the e a r l ie r  econometric studies which used a very 
simple model form could not make th is  d is t in c t io n .

Keeler (1974) and Hasenkamp (1976) used approaches grounded in production 
theory to examine m ulti-product aspects of ra ilro a d  a c t iv i t ie s ,  d is tingu ish in g  
between fre ig h t and passenger a c t iv it ie s .  Using more sophisticated an alys is , 
Brown, Caves and Christensen (1975) and Friedlaender and Spady.(1979) have de
veloped models that allow m u ltip le ,o u tp u ts  and re lax  several other assumptions 
of s tru c tu ra l form. Caves, Christensen and Swanson (1980) have also used such 
techniques to examine p ro d u c tiv ity  growth in U .5. ra ilro a d s . In  a l l  these 
cases, cr^ss-secHon data-'drawn -from ICC reports or based on K le in r s work 
(1947) have been used. Thus ra ilro a d s  with ra te s -o f-re tu rn  varying between 
-10% and +40%, facing d if fe re n t  geography, having d if fe re n t  mixes of equipment, 
customers and managerial perspectives were mixed together in the estim ation  
process. Service variab les such as speed could not be used, because such data  
are f irm -s p e c ific  and are not usually  published. The above studies have repre
sented important advances in the understanding of costs, but more work is 
needed, es p ec ia lly  at the level o f the ind iv idual f irm .
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1 .2  Time Series Analysis at the Level o f the In d iv id u a l Firm
Our own research on ra ilro a d  transport costs represents a very d if fe re n t  

approach to the problem. In  an e a r l ie r  report (Daughety and Turnquist, 1979), 
we developed a notion of "hybrid" analys is . We used inform ation about the 
underlying technological production process, developed through engineering  
an alys is , to  improve the s p ec ifica tio n  of technology and the e ff ic ie n c y  of our 
s ta t is t ic a l  estimates of cost function c o e ff ic ie n ts . This approach re f le c ts  
some cru c ia l d ifferen ces from e a r l ie r  l i te r a tu r e .

F ir s t ,  our analysis focused on the level of an ind iv idu al firm * and used 
cost and production data obtained d ire c t ly  from the firm  rather, than from the 
ICC. This has a number of important advantages, including the avoidance of 
a rb itra ry  cost a llo c a tio n s  of the sort often found in the ICC accounts. (For a 
discussion of the kinds of problems aris ing  from the use of ICC data , see, fo r  
example, Friedlaender (19 6 9 ), Appendix A .) We employed a time series analysis  
fo f  a sing le firm  ra th er than a cross-sectional analysis fo r a p a rt ic u la r  yearv

Second, the m ulti-p roduct nature o f the firm  was incorporated in to  the 
an a lys is . Models were estimated with disaggregated volume (by commodity type),, 
as well as with aggregate data . Output was characterized both by the volume o f 
f re ig h t hauled and by the average speed of a shipment through the system, We 
e x p l ic i t ly  recognized th a t speed of service is an important determinant of r a i l  
costs, and included th is  measure in our estim ates.

This report builds on the f i r s t  phase of the p ro jec t in three important 
w ay s . ...............  r

1) We have again focused our a tten tio n  at the leve l of ind iv idu al f irm .  
This tim e, we have worked with data from a large ra ilro a d  with a com
plex network; the Phase I e f fo r t  purposely examined a sm all. ra iIro a d  
with a simple network. Thus, we have developed techniques th a t ad
dress a wide range of ex is tin g  firm s. An important by-product is 
th a t we can use the two case studies to examine the cross-section  
analyses discussed above.

2) Again we address the m ulti-product nature of the firm  by including a 
q u a lity  v a ria b le  (average speed of serv ice) in the econometric model 
of the f irm 's  costs. The econometric resu lts  include estimated 
short-run and long-run functions, thus allowing a d ire c t comparison 
with resu lts  from the cross-section l i t e r a tu r e .
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, 3 )  We have expanded s ig n if ic a n t ly  the p ro je c t's  analysis of ra ilro a d
operations with some very ex c itin g  re s u lts . The basic s tru ctu re  o f 
the analysis is i l lu s tra te d  in Figure 1 -1 . Inform ation on the net
work co n fig u ra tio n , the t r a f f ic  volume (demand), resources a v a ila b le  
and maintenance a c t iv it ie s  are used to support a network model to  
predict t r a f f ic  flows on lin ks  in the network and associated operat
ing costs. The inform ation provided by th is  network model, together 
with the input data form the basis fo r s ta t is t ic a l  estim ation of a 
function to p red ic t marginal operating costs s p e c ific  by o rig in  and 
destination  of t r a f f ic  flow s. In our Phase I report (Daughety and 
Turnquist, 1979), engineering process functions were used to improve 
the econometric an a lys is . In  th is  report we show how economic theory  
can be used to extend the operations/engineering an a lys is . Taken to 
gether, the two reports c le a r ly  show the advantages and p o ten tia l o f 
jo in t  economic/engineering analysis of firm  a c t iv i t ie s .

The report proceeds in the fo llow ing way. C hapters  presents the analysis  
and resu lts  of estim ating a short-run varia b le  cost function  fo r the subject 
ra ilro a d . We also demonstrate how to construct the long-run function from the  
short-run function . We then examine the long-run re s u lts .

Chapter 3 develops a network-based model of r a i l  firm  operations, r e f le c t 
ing yard and linehaul a c t iv ity .  The development of the model, data req u ire 
ments and the resu lts  of some sample runs are presented and discussed. Chapter 
4 uses economic theory to extend the model in Chapter 3 to develop a function  
fo r pred icting  marginal operating costs fo r s p e c ific  o r ig in -d e s tin a tio n  pairs  
based on prices of inputs such as fu e l ,  labor and equipment, and the quantity  
of goods being shipped. F in a lly ,  Chapter 5 summarizes the re s u lts  of the 
research conducted in both phases.



Figure 1 -1 . S tru ctu re  o f operating cost an a lys is .



CHAPTER 2

ESTIMATING SHORT-RUN AND LONG-RUN COST FUNCTIONS FOR A RAILROAD FIRM

In th is  chapter we discuss the form ulation and estim ation of short-run and 
long-run cost functions fo r a ra ilro a d  f i r m .1 The procedure involves: 1) e s t i 
mating the short-run varia b le  cost function as a function of outputs, va ria b le  
fa c to r prices and a fixed  fa c to r; 2) adding a short-run fix ed  cost; and 3) op
tim iz in g  over the fixed  fa c to r to derive the long-run fu n c tio n . The estimated  
short-run and long-run functions are described and discussed.

Before entering in to  a discussion of the technical d e ta il involved in con
s tru c tin g  a cost model, i t  is important to c la r i fy  the type of model we w ill  
co nstru ct. One may d iv ide  s t a t is t ic a l ly  estimated models in to  two types: fo re 
casting and explanatory.p Models of the f i r s t  type are constructed to  provide 
estim ates of costs without a tte n tio n  to the precise ro le  o f any p a rt ic u la r  va r
ia b le  in the model; the purpose of the model is to p red ic t w e ll .  Explanatory  
models are more concerned with the linkages among various variab les  and the 
causes of cost generation. The o b jec tive  is not fo re c a s tin g , but ins igh t in to  
the nature of the cost generation process and the s e n s it iv ity  of th a t process 
to  sp ec ific  input v a ria b les . The model we have constructed is of the second 
typ e , since our focus is on try in g  to understand the production technology of a 
r a i l  system.

2 .1  Basis fo r the Procedure Used
From economic theory we know th a t the longr run costs of a firm  are a func

tio n  Of the output levels  the firm  produces and the prices i t  pays for the 
fac to rs  of production:

c = c (z , p)

where c is cost, z is a vector of outputs and p is a vector of input p ric es .
I f  one obtained from a firm  monthly observations o f costs incurred and levels  
of output produced, one would probably see something l ik e  Figure 2-1 (here we 
assume one ou tpu t). This would re f le c t  the fac t th a t while the firm  would

Daughety and Turnquist (1979) discuss long-run and short-run cost func
tio n s , and th e ir  re la t io n  to one another. This discussion is in Appendix 
B of that rep o rt, e s p e c ia lly  on pp. B-19 through B-26.

- 6 -
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p re fe r to be on Its  long-run cost curve (the dashed l in e ) ,  changes 1n output 
level can cause the firm  to Incur short-run costs 1n excess of long-run costs 
simply due to its  In a b il i ty  to adjust a l l  the facto rs  of production instantane  
ously. This is  es p e c ia lly  tru e  in the case of a ra ilro a d , because changes in 
i ts  fixed  plant (tra c k , e tc .)  cannot be made ra p id ly . In  other words, the ; 
points above the long-run curve represent points on the fa m ily  of short-run  
curves whose envelope is the long-run curve.

Stated m athem atically, le t  x be the vector of inputs used by the firm  to  
produce the vector of outputs z. Assume th at some of the inputs are variab le  
(th e  vector xv ) and some are not as va ria b le  ( i . e .  f ix e d : x^) w ith x = (xv , 
xf ) .  The input price vector p is p a rtit io n e d  in a s im ila r  manner: p = (pv ,
f

p ) .  The short-run variab le  cost function  is :  

cv U ,  pv ; xf )

i . e .  short-run variab le  costs (c v ) are a function of the vector of outputs ( z ) ,  
the vector of prices associated w ith the va ria b le  fac to rs  (pv ) and the leve ls

f
o f the fixed  factors (x ) .  Short-run to ta l costs are simply short-run variab le  
costs plus short-run fixed  costs:

v ,  v f .  f  f  c (z ,  p ; x ) + p x .
Long-run costs are found by optim izing over the fixed  fa c to rs :

c ( z , p) = min[cv (z ,  pv ; xf ) + pf  xf ] .

This suggests the fo llow ing procedure fo r estim ating a long-run cost function:

1) Estimate the fam ily  of short-run v a ria b le  cost fu n ctio n s , 
c \  ov; xf ) .

2) Compute a price for the fix ed  factors and use i t  to construct short- 
run fixed  costs, p  ̂ x^.

3) Combine the two short-run functions and find  the leve l of xf  which 
minimizes to ta l short-run cost; i . e .  solve:

• r v, v f« , f  f n min[c (z ,  p ; x ) + p x ] .
x f

f  *This y ie ld s  the optimal level of the fixed  fa c to r x :

f *  f . v f  { x ■ x (z ,  p , p ) .
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4) Plug th is  into the,sh ort-run  cost functions to obtain a long-run cost 
function :

c (z ,  p) = cv[ z ,  pv; xf (z ,  pV;, pf ) ]  + pf  x f (z ,  pv, pf ) .

Obviously, th is  is a lo t-  of; work. Whyunot ju s t estim ate the long-run  
function d ire c tly ?  Figure 2-1 shows th a t i f  the firm  cannot adjust a l l  i ts  
factors o f production in each time in te rv a l (e .g . w ith in  the month) then the 
re s u ltin g  observations w ill  be on gr above (never below) the long-run cost 
fu n ctio n . I f  a l l  we see is a scatter of po in ts , passing a lin e  through these 
points w ill  overestim ate the location of the long-run cost fu n c tio n , biasing  
the estim ation re s u lts . The procedure outlined  in steps 1-4 above was f i r s t  
proposed by Keeler (1967, 1974) and Eads, Nerlove and Raduchel (1969) and 
avoids the problem of overestim ation.

2 .2  Formulation o f the Short-Run Cost Model
Our approach has been to use the same general cost modelling approach as 

developed in the f i r s t  phase of th is  work. S p e c if ic a lly , short-run v a ria b le  
costs were modelled as

cv (y , s, p1# p2 , p3 , p4 , p5 ; k) ( 2 - 1 )

where y is qu an tity  o f goods moved, ( in -c a r lo a d s ), s is the average speed of
i.L

service through the system*-..p.pis the p ric e  of th e ,,i-  v a ria b le  input fa c to r  
( fu e l ,  crew labor,, non-prew>labor* locomotives and cars) and k is the fixed  
fa c to r . Each of these w il l  be discussed below. For reasons to be explained  
la te r , ,  th is  model was reduced to th e .fo jjo w in g  one : 1 •

cv (y , s, Pr ■'LA* ^LO! k) (2 -2 )

where pp is the price of # i ie l ,? is the phice of labor and pLQ is the price  
of locomotives. As we w ill, explain in fe c t io n  2 .3 * (2 -2 ) contains a ll the in 
formation th a t would have appeared, in ( 2 - 1 ) .  -

In order to estim ate (2 -2 ) a functional-fo rm  was 'assumed. We have used 
the translog form, developed by Christensen, Jorgenson and Lau (1 9 7 3 ). The 
translog model has4 a; number of • impor.tan|.vadyantages.

1) The form is s u ff ic ie n t ly  general so as not to r e s t r ic t  the resu lts  o f 
the estim ation process. The-translog can be viewed as an approxima
tio n  ;to a general cost function .
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2) The translog is the form used by a number of other studies (see 
Daughety and Turnquist, 1979), thus allowing d ire c t comparisons.

3) The logarithm ic form allows easy computation of im portant re su lts  o f 
the analys is , as we w i l l  see below.

The translog representation of (2 -2 ) w ill  be the fo llo w in g 2:

C = a X
iO i

6 6

l l
i=l j=l

« .X .X . 
1J T J

(2 -3 )

where
C = tn (short-run v a ria b le  cost/ayerage of short-run v a ria b le  costs) 

= nn (v a ria b le  i/average of observations for v a ria b le  i )

w ith the fo llow ing correspondences:

1 Flow (in  carloads/month)
2 Speed ( in  m ile s /d a y /c a r)
3 Fuel Price ( in  d o lla rs /g a lIo n )
4 Wages ( in  d o lla rs /h o u r)
5 Locomotive Rental Price ( in  do llars/m onth)
6  Fixed Factor (m iles of e ffe c t iv e  tra c k ) 3

Thus, and X2  represent the outputs, X 3  to X 5  the input p ric e s , and X6 

the fixed  fa c to r . The X̂  are formed by taking an appropriate observation , 
d iv id in g  by the sample mean fo r the v a ria b le , and then taking the logarithm  of 
the re s u ltin g  r a t io .  This accomplishes the fo llo w in g .

1) I t  centers the estim ation at the "point-of-means" thereby placing the 
t ig h te s t part of the model's p red ic tion  confidence in te rv a l in the 
middle of the data base.

U p p e r  c a s e  v a r i a b l e s  u s e d  i n  C o n n e c t i o n  w i t h  t h e  e s t i m a t i o n  w i l l  r e p r e s e n t  
t h e  l o g a r i t h i c ,  s t a n d a r d i z e d  v a r i a b l e  f r o m  t h e  o r i g i n a l  m o d e l .

A dditional discussion of th is  fa c to r is presented in Section 2 .3 .
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2). I t  protects the p ro p rie tary  nature of the data; by not providing the 
sample mean we can s t i l l  provide a complete analysis o f the cost 
function  without revealing p ro p rie ta ry  inform ation on absolute levels  
of co st.

We also estim ate facto r share equations simultaneously to improve the 
e ffic ie n c y  of the estim ation (see Christensen and Greene (1 9 7 6 )):

,: ;mi = “10 * J=-x “<jxj  1 * 3-4 ; ■ • <2- 4>

:• where : ; y.„- •.v. - .■ '■■.•••. i- ■ '  ' ■ > •• •

01 /  = the shaire of cost associated with v a ria b le  fac to r i ( i  = 3 ,4 ) .

Note th a t we use only two such equations, s in c e :to ta l ' fac to r shares sum to one 
and thus, only two, of the three are n e ed e d .(th e .th ird  .is  redundant). The fac to r  
share equations are derived,using Shephard's Lemma (see Daughety and, Turnqu is t,

. 1979; p . . B-22) which, for. our problem., i s ,

' H r  w . ■ T & ' - ' . ' i  (2 - 5)

: i ' "  3cv P |  '
( In  non-logarithm ic terms, m. = (—- 0 ( — ) ,  which becomes ( 2 - 5 ) . )

1 dpi cv

Economic theory d ic ta tes  that a cost function should have the fo llow ing  
properties (see V arian , 1978). ■ "

’ dC 0 c1) I t  should be monotonically non-decreasing in output: — > 0 , -— > 0 .
3y as

2) I t  should be concave in p rices .
3) I t  should be l in e a r ly  homogeneous in prices; i . e . ,  i f  we m u ltip ly  a ll  

prices by a constant, cost should be m u ltip lie d  by the same constant.

The th ird  requirement is the most s tra ightforw ard  to s a tis fy . To maintain  
price-hom ogeneity, we re s t r ic t  the parameters to s a tis fy  the fo llow ing
conditions':

5
l

i =3 

5
l

j= 3

“iO = 1

a. . = 0 ■ 1J
(2 -6 )
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Moreover, since the cost function and the marginal cost function are assumed to
be continuous functions, the c ro s s -p a rtia ls  should obey symmetry; i . e . ,

2 2 
o C  d C— - —  = — . Thus, we w i l l  r e s t r ic t  the problem to s a tis fy  symmetry: 

3 X . 3 X . 3 X . 3 X .  
i j j i

a. . 
1J a..Jl i ,J = 1 , • . « , 6 . (2 -7 )

The f i r s t  two requirements (output ^onoton ic ity  and p rice  concavity) are 
not e a s ily  enforced. The f i r s t  requirem ent, m onotonicity, is an in e q u a lity  
condition which places nonlinear re s tr ic t io n s  on the parameters. The second 
condition is presently unenforceable in any meaningful manner. Lau (1978) has 
provided a non-linear method fo r  re s tr ic t in g  th e  so th a t the translog  cost 
function is  concave in prices; u n fo rtu n a te ly , th is  does not r e a l ly  r e s t r ic t  the 
underlying cost function to be cpncave in p rices .

An important d iffe ren ce  between th is  study and our Phase I study is the 
assumption underlying the speed va ria b le  s (X 2  in the translog representa
t io n ) .  In the Phase I study we d e a lt with a medium-to-small ra ilro a d  th a t Was 
a b r id g e -lin e  between two c a r r ie rs . In  th a t case i t  made sense to assume that 
the average speed-o f-service, s, was exogenogs.

In the present case, the ra ilro a d  studied is a major ra ilro a d  which pre
sumably sets the speed of serv ice so a$ to maximize p r o f its .  Thus, s should be 
an endogenous variab le  set by the firm  so as to equate the marginal revenue
with respect to speed (MR ) to  the marginal cost with respect to  speed (MC =
3c ^ ^
— ). This re s tr ic tio n  is not lin e a r  in the parameters of (2 -3 ) .  However a
s lig h t manipulation leads to a lin e a r  re s t r ic t io n .  We note th a t:

Mr s - 3C
MCs c ' l * :

= a,
20

+ l c ^ X  
j * l  °  J

(2 -8 )

Thus, i f  there is evidence th a t the firm  endogenously sets the speed of service  
s, we w il l  append equation (2 -8 ) to  the system to be estim ated.
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; th erefo r^v -o u r system of equations to be estim ated is ( 2 -3 ) ,  (2 -4 )  and 
(2 -8 ) subject to (2 -6 ) and (2 -7 ) .  Before passing on to a discussion of the 
data to be used we need to account fo r one other problem: a u to c o rre la tio n . We 
w ill  be using-monthly d ata , and thus observations in any given month may re 
f le c t  some o f the same environmental aspects as affected  the previous month's 
observations. Let us pose our system to be estim ated with erro r terms (e^) as 
followsi ( t  represents observation in month t ) :

V yt x 1= I j +
i = l

iO i
6 6

l l
2 i=l j - 1

vt vt  , t  
“i j x f xj + h

MCt  S , r  - w t  L
s T  = “2 0 '+ > I l  ° 2 jXj  +; £2 (2 -9 )

a . n + . V a. .X*' +
1 0  j = l  1J J . 1

We w il l  assume that the erro r terms are f ir s t -o r d e r  au to c o rre la te d ; i . e .  
th is  month's e rro r term is affected by la s t month's. A representation  of th is  
is the fo llo w in g :

4
J
j = l

1 , . . .  ,4  (2 -1 0 )

where the u  ̂ are uhcorrelated (and, we W ill assume jo in t ly  norm ally d is tr ib u 
ted) and the p . j ’ are ca lled  the autocorre lation  c o e ffic ie n ts  (see J b e il ,  1971). 
This is a standard autocorre la tion  assumption made in cases where au tocorre la
tion  is handled e x p l ic i t ly .

Thus* our s ta t is t ic a l  problem is to -estim ate  the system (2 -9 ) subject to
the constra in ts  (2 -6 ) and (2 -7 ) and the assumption on the e rro r process .
(2 -1 0 ) .  Once th is  system is estim ated, we can then apply standard, techniques

★
of numerical analysis to find k , the optimal level of the fixed  fa c to r , and 
derive the long-run cost function . > .
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2 .3  Firm Selection and Data Development
Several c r i te r ia  were used in considering p o ten tia l ra ilro a d  candidates 

fo r th is  study. We desired a large Class I ra ilro a d  with a management w illin g  
to work with us in providing the data required fo r an a lys is . While the firm  in 
question completed some merger a c t iv ity  during the period stud ied , the compan
ies were already owned and operated as su b sid iaries* so that data would be 
added across the firm s to m aintain a consistent reporting base.

One obvious requirement fo r the analysis was that we obtain a complete set 
of data, reported on a consistent bas is , fo r a l l  of the variab les  discussed in 
the th e o re tic a l section . We were able to obtain such a set of data on a month
ly  basis fo r the 35 months between January, 1976 and November, 1978.

One of the additional points we considered in our development was the pos
s ib i l i t y  of including e x p l ic i t ly  a va ria b le  to represent technological change 
in the system. I f  technology were ad justing during the time in te rv a l of data 
c o lle c tio n , we would have needed,to specify  a tim e-varying cost model. How
ever, because the time horizon was only 35 months, the issue of technological 
change was not a major point to be included in the model.

The fo llow ing sections discuss the sources and nature of data used in the 
an alys is .

Operating Costs and Revenues
We obtained operating cost data d ire c t ly  from the company's records.

Since these data do not include im p lic it  c a p ita l costs on cars and locomotives, 
an estim ate of these additional costs was made using the car and locomotive 
prices and the numbers of cars and locomotives. These ad d itiona l costs plus 
operating costs y ie ld  the short-run v a ria b le  cost data required fo r our e s t i 
m ation. Thus, the short-run v a ria b le  cost includes maintenance, fu e l ,  labor, 
cars , locomotives, s ta f f  and supplies.

Operating revenues, reported on a monthly basis, were also obtained 
d ire c t ly  from the firm 's  records.

Labor
At the beginning of our study, we intended to include two kinds of labor 

in the an a lys is , crew labor and noncrew la b o r. We computed a fa c to r price fo r  
noncrew labor by d iv id ing  the to ta l number of noncrew hours a c tu a lly  worked
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1nto the sum of the noncrew wage b i l l ,  payroll taxes, and medical insurance 
paid by.the firm ; We also computed a crew 1abor price by d iv id in g  the s tra ig h t  
time a c tu a lly  worked fo r crews in to  the sum of to ta l wage payments to crews, 
payro ll ta x e s .fo r  crew labo r, and medical insurance payments.

We found that the prices fo r  crew and‘ noncrew labor had a c o rre la tio n  co
e f f ic ie n t  in excess of 0 .9 5 . Therefore, we merged the inform ation to get a 
sing le  p rice  of lab o r, calculated by taking the to ta l wage b i l l ,  payro ll tax  
and insurance payments fo r both crew and noncrew lab o r, and then d iv id in g  th a t  
sum by the to ta l hours worked in the two categories. We also generated a labor 
share by d iv id in g  the to ta l wage, payroll tax and medical insurance payments by 
the to ta l, short-run v a r ia b le c o s t o f 'th e  f ir m . *

We investigated  whether labor should be trea ted  as a v a ria b le  or fixed  
fa c to r ;  and found overwhelming in s t itu t io n a l evidence th a t i t  should be treated  
as v a r ia b le . ' The basis fo r th is  is the existence of "extra  boards" of workers 
who'have no fixed  assignment, nor fixed  sa la ry . These people may be assigned 
to any job fo r which they are q u a lif ie d , or not assigned at a l l  i f  they are not 
needed. This allows the firm  to re d is tr ib u te  Tabor where needed in the f irm . 
This s p a tia l and temporal re d is tr ib u tio n  mechanism leads to great f l e x i b i l i t y  
in the use of lab o r. Further, i f  the labor requirements of the firm  are re 
duced to such a level that re d is tr ib u tio n  of labor by ex tra  boards cannot f u l ly  
employ the lab o r, then the firm  can (and often does) furlough unneeded 
lab o rers .

Locomotives and Cars 5
For each time period, we Obtained data oh the number of cars owned and 

leased, by type o f c a r. We also found the number and types of locomotives, by 
type, both owned and leased. We obtained data on the prices of cars and’ loco
motives from Economic ABZ's o f the Railroad Industry (198 0 ), Welty (1978) and 
from ICC Transport S ta t is t ic s . These prices for physical units of ca p ita l were 
Converted to  equivalent renta l prices using the in te re s t ra te  on equipment 
o b liga tions of the firm  and depreciation rates from Swanson (1968).

We then found th a t the factor p r ic e s . for ljocomotives and cars over the 35 
month period had a co rre la tio n  c o e ffic ie n t in excess of 0 .9 5 . Therefore, we 
used the locomotive fac to r price to represent the two ca tegories . Also, the
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omitted share equation (as discussed e a r l ie r )  was the one fo r locomotives and 
cars; thus we did not compute a fa c to r share fo r these inputs. This means th a t  
the share a ttr ib u te d  to the locomotive p rice  1s the "equipment share."

Speed
Data enabling us to ca lc u la te  average speed on the system were obtained  

•> d ire c t ly  from the ra ilro a d 's  operating records. We gathered data on the to ta l  
loaded car-m iles  during each month fo r  the whole system, and then divided th is  
by the to ta l loaded car-days o n -lin e  fo r  th a t month. This c a lc u la tio n  y ie lded  
a monthly average v e lo c ity , in terms of m iles per day fo r cars on the system.; 
This approach provides a convenient way to estim ate average sp eed -o f-serv ice .

I t  might seem surprising to  some readers th a t we are not includ ing terms 
re f le c t in g  v a r ia b i l i t y  in the speed of service as a r e l i a b i l i t y  measure. There 
is a su b tle , but important point here. Firms can employ inputs to  attempt to 
control the q u a lity  of output (e .g . control fo r  the purpose of m aintaining a 
selected speed of service with low v a r ia b i l i t y ) .  Such decisions are re fle c te d  
in the f irm 's  use of inputs and thus the choice of degree of r e l i a b i l i t y  is 
endogeneous to the firm  and is Incorporated in the se ttin g  of the expected 
speed. In  other words, there is an optimal level of r e l i a b i l i t y  th a t is 
adopted by an expected p ro fit-m axim izing  f irm , which is a function of the 
chosen expected speed of serv ice . This is e s p e c ia lly  fo rtu ito u s  since data on 
r e l i a b i l i t y  are d i f f i c u l t  to accumulate.

Flow
From company data we obtained inform ation on a ll  movements in the system, 

by o rig in -d e s tin a tio n  and by tw o -d ig it  Standard Transportation Commodity Code, 
on a monthly basis. The output is measured in to ta l carloads moved fo r each 
month.

i

Fixed Factor
I t  is not an easy task to ch arac te rize  the fixed  facto rs  of a system as ' 

complex as a ra ilro a d . The fixed  fac to rs  would include tra c k , sw itches, land 
and b u ild in g s , to name the most obvious of the elements. We have employed a 
measure of miles of track to represent the level of the fixed  fa c to r in our
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an a lys is . We have done so because track represents the largest component of 
the system th a t can be regarded as fixed  w ith in  a monthly horizon but which can 
be varied (a t least to some extent) over a 35 month horizon. Moreover, in vest
ment in track.appeared to be the main component of a general vector of fix ed  
factors  th a t was adjusting during the period studied.

In our study we observed that the to ta l track -m iles  in place did not vary  
s ig n if ic a n t ly  over the 35 month period. However, the firm  was investing  in 
track  in amounts s ig n if ic a n tly  greater than would be required to m aintain a 
constant q u a lity  of track in the face of normal dep rec ia tio n . Thus, i t  was 
apparent th a t the firm  was varying not the quantity  of track in place over the 
three year perio d , but rath er was improving track q u a lity  through track  
investm ent.

Thus, we constructed a measure of e ffe c tiv e  track in the fo llow in g  way. 
Consider the d isp ositio n  of investment in track during period t .  The amount o f 
gross investment is 1^. I t  is considered to have three possible uses: (1 ) ex
pansion or contraction  of the system (g en era lly  small in our case), (2) cover
age of deprecia tion  of ex is tin g  tra c k , and (3) q u a lity  improvements in the 
ex is tin g  system. Thus, we define:

Tt  = the number of miles of track at the end of period t

<5 = depreciation ra te  of ex is tin g  track

Ak't  = improvements in track during period t .

Then the uses of 1̂ . (gross investment in trac k -m ile s ) are summarized as:

<Tt  -  W  + " t - l * Ak r (2-11)

The f i r s t  term on the r ig h t hand side of the equation ind icates the amount by 
which actual track-m iles  change during period t .  The second term shows how 
much investment (in  track-m iles ) would be required to o ffs e t normal deprecia
tion  (wear and te a r ) on ex is tin g  tra c k . The la s t term represents improvement 
in track q u a lity  above normal requirements to cover depreciation  during period 
t .

We observe th a t the above equation can be re w r itte n , using the fa c t that 
kt  -  = Akj.* where kj. denotes the e ffe c tiv e  track at time t .  Then the
fo llow ing re la tio n s h ip  can be stated:

k t - V i +  ’t - <T t - T t-i> - . " t - i (2 -1 2 )
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( We reemphas ize  th at  the t h i r d  term on the  r i g h t  hand s i d e  1s e s s e n t i a l l y  

n e g l i g i b l e  1n our ac tual  case  s t u d y . )  Because t h i s  i s  a d i f f e r e n c e  e q u a t i o n  

one o f  the must be chosen a r b i t r a r i l y .  The equ at ion  then d e f i n e s  the  r e 

maining v a lu e s  r e l a t i v e  t o  t h i s  o n e .  Th is  was done by l e t t i n g  = Tt  at  the 

end o f  1976.

The f o l l o w i n g  c a l c u l a t i o n  I l l u s t r a t e s  the  procedure  more c l e a r l y .  The 

numbers employed are p u r e ly  i l l u s t r a t i v e ,  and bear  no p a r t i c u l a r  r e l a t i o n s h i p ;  

t o  the data  o b t a in e d  from the ac tua l  f i r m  s t u d i e d .

G i v e n :

(1 )  ac tua l  t r a c k - m i l e s  at the  b e g in n in g  o f  the year  = 8000 m i l e s ;

(2 )  annual d e p r e c i a t i o n  r a t e  = 0 . 0 3 ;

(3 )  number o f  t r a c k - m i l e s  l a i d  du r in g  each o f  the tw e lve  months o f  the 

y e a r  in o r d e r :

(1 0 0 ,  150,  200,  50 ,  50 ,  100,  5 0 ,  50 ,  150,  50 ,  5 0 ,  200)  

r e f l e c t i n g  a t o t a l  o f  1200 m i l e s  l a i d  dur ing  the y e a r ;

(4 )  number o f  ac tual  m i le s  in p l a c e  at the end o f  the y ear  = 8000 m i l e s .

C a l c u l a t i o n :

The improvements in t rack  over  the year  can b e .de t erm in ed  using  ( 2 - 1 2 ) :

Ak „  * 1200 -  0 .0 3 ( 8 0 0 0 )  = 9 6 0jCfll

Then the improvement in the  q u a l i t y  o f  t r a c k  from the f i r s t  month o f  the year  

would be

month 1 

For the second month 

4k
month 2

= (T| ~ ) ( 960) -  80 m i l e s .

, we would have 

-  ^ ) ( 96° )  = 120 m i l e s -

The sequence i s  repeated  f o r  each month.  I f  we i n i t i a l i z e  a c tu a l  and e f f e c t i v e  

t r a c k  to  be 8000 m i le s  at the  be g in n in g  o f  the y e a r ,  then by the end o f  the 

year  e f f e c t i v e  t r a c k  w i l l  be 8960 m i l e s ,  al though  ac tual  t r a c k  i s  o n l y  8000 

m i l e s .  The d i f f e r e n c e  o f  960 m i l e s  r e p r e s e n t s  a rea l  improvement in the  q u a l 

i t y  o f  t r a c k  in the system.  O b v io u s ly ,  t h i s  number w i l l  change as a f u n c t i o n  

o f  which kt  v a lu e  i s  s p e c i f i e d  a p r i o r i . However, r e l a t i v e  per form ance  i s  

p r e s e r v e d .
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The P r i c e  o f  t h e  Fixed  Fac tor  (Track )

An e x t e n s i v e  study  o f  t r a c k  c o s t s  was undertaken by Danzig ,  e t  _al_ ( 1 9 7 6 ) .  

Tab le  2-1  d i s p l a y s  some o f  the  c o s t  d a t a .  Thus, the  net c o s t  per  m i l e  o f  t r a c k  

i s  in the  range o f  about $ 5 5 ,0 0 0 - $ 6 0 ,0 0 0  per m i l e ,  assuming .25% t i e  rep lacem ent 

and some b a l l a s t  re p la c e m e n t .  We n ote  t h a t  the  b a l l a s t  c o s t  i n c l u d e s  la b o r  e x 

p e n d i t u r e s  which we would in p r i n c i p l e  e x c lu d e  because  we d e s i r e  c a p i t a l  c o s t s ,  

e x c l u s i v e  o f  l a b o r .  However, s i n c e  t o t a l  b a l l a s t  c o s t s  are m in im al ,  we v iew 

t h i s  as a minor prob lem , e s p e c i a l l y  s i n c e  we have used a broad range  o f  t r a c k  

c o s t s  in our d e r i v a t i o n s  o f  l on g -ru n  c o s t  f u n c t i o n s  from the  e s t im a t e d  s h o r t -  

run c o s t  f u n c t i o n .

Maintenance C o sts  I m p l i c i t l y  In c lu ded

The method used t o  d e r i v e  the f a c t o r  p r i c e s  f o r  l o c o m o t i v e s ,  c a r s  and the 

f i x e d  f a c t o r  i m p l i c i t l y  in c lu d e s  maintenance c o s t s .  This  f o l l o w s  frbm the f a c t  

t h a t  the monthly  " r e n t a l - p r i c e - e q u i v a l e n t "  that  we form i s  a p r i c e  f o r  the s e r 

v i c e s  o f  a new item each month, not f o r  an unmaintained i tem . Thus,  t h e r e  i s  

no need t o  s e p a r a t e l y  i n c lu d e  such maintenance c o s t s .

2 . 4  I m p l i c i t  E x o g e n ie t y  o f  S p e e d - o f - S e r v i c e

C on trary  t o  our e x p e c t a t i o n s ,  our s t a t i s t i c a l  e v id e n c e  s u g g e s t s  t h a t  aver 

age s p e e d - o f - s e r v i c e  i s  e x o g e n o u s ly  determined in the s h o r t - r u n .  Th is  was d i s 

c o v e re d  when we es t im ated  the marginal  revenue with r e s p e c t  t o  s p e e d - o f - s e r v i c e  

and d i s c o v e r e d  th at  i t  was o f t e n  n e g a t iv e  ( in  many c a s e s  s u b s t a n t i a l l y  

n e g a t i v e ) .

Our p r o c e d u r e  f o r  imputing the  marginal  revenue with r e s p e c t  t o  s p e e d - o f -  

s e r v i c e  was t o  assume that  t o t a l r e v e n u e  (TR) i s  a f u n c t i o n  o f  speed ( s )  and 

f l o w  ( y ) .  D i f f e r e n t i a t i n g  t o t a l l y  we have t h a t :

dTR = MR ds + MR dy
s y

where MR$ i s  the marginal  revenue with r e s p e c t  to  sp e e d ,  MR  ̂ i s  the  marginal  

r e v e n u e  with r e s p e c t  t o  f l o w  and ds and dy are the  i n f i n i t e s m a l s  o f  speed and 

f l o w .  S o l v i n g  f o r  MR$ we have:
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Table 2-1

Operat ing  Expenses f o r  Mater ia l  and Reti rem ent Accounts  to  Relay  One Main Line 
Track Mile  with New Rail  o f  Same Weight and Welded Lengths o f  Rai l  Rep laced

Item

New Rail  Only

New Rail  p lus  P l a t e s ,  
Angle Bars,  A nchors ,  
S p ik e s ,  C o a t in g ,  e t c .

Sa lvage  Value o f  Old Rail

Net; Cost per Mile

T ie  Replacement Rate

; 2 0%
25%
30%

B a l l a s t  ( R e s u r fa c e  3. 
inches  b a l l a s t ,  s i n g l e  
l i n e  t r a c k ,  i n c lu d in g  
la b o r  c o s t )

136 pounds per yard 
Continuous Welded Rail

$62 ,235

82 ,5 1 0

41 ,9 7 0

$40 ,54 0

« $ 1 2 , 0 0 0  

«  16 ,000  
- 2 0 , 0 0 0

“  3 ,0 0 0

119 pounds per yard 
Continuous Welded Rail

" $54 ,455

73 ,4 15

37 ,3 05

$36 ,11 0

“ $ 1 2 , 0 0 0  .
« 16,000 
» 2 0 , 0 0 0

-  3 ,0 00

Source :  J .  Danzig ,  J .  Rugg, J .  Wil l iams and W. Hay, P rocedu res  f o r  A na lyz ing
the  Economic Costs  o f  R a i l r o a d  Roadway f o r  P r i c i n g  P u r p o s e s , U.S. 
Department of' t r a n s p o r t a t i o n ,  Washington,  D .C . ,  1976.
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dTR - MR dy
MR = ----- -----.

s ds

Let dTR be approximated by the change in operating revenues from month to 

month:

d T R t = 0 R fc - 0 R t_1

where OR*" is the operating revenue for the firm in month t. Furthermore, let 

d y t = y* - y t_1 and d s 1 = s^ - s t _ 1 . Finally, since the study period (January 

1 9 7 6-November 1978) predates liberalization of ICC rules on contract r a t e 

making, marginal and average revenue with respect to y are the same; i.e. MR =
t t y

ARy. Let us approximate AR^ as:

Thus, our approximation for MR^ becomes:

- OR 1 " 1 ) -

t
s

t-1
s

(2-13)

M R 1 was computed via (2-13) using the monthly data d escribed above. 

S i x t y-five percent of the computed values were negative. If s were endogenous 

to the firm this would not happen; marginal revenue should exceed zero since 

othe r w i s e  reducing s would contribute to revenues and p r e s u m a b l y  reduce costs, 

thereby increasing profits.

The implication of this is that these data will not support treating speed 

as an e n d o genous variable. Thus, our model assumes that speed is exogenous to 

the firm in the short-run. The exogeneity of s p e e d - o f-service implies that the 

speed equation (2-8) should be dropped from the system (2-9). The resulting 

system to be estimated has three equations and twenty coefficients.
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2.5 Estimation Results for the Short-Run V a r iable Cost Function

The system of equations (2-9), minus (2-8), was estimated subject to the 

error structure assumption (2-10), h o m o g e n e i t y  in prices (2-6) and symme t r y  

(2-7) via full information m a x i m u m  likelihood using the WYMER program, on 

N orthwestern's CDC/Cyber computer. The h o m o g e n e i t y  restrictions were s a t i s 

fied by normalizing the cost variable and all prices to the price of loc o 

motives. Thus, values of coefficients associated with the price of locomotives 

are implied by the regression and the standard errors of these c o e f f icients are 

computed by a p p r o x i m a t i o n . 1* Table 2-2 provides the estimated coe f f i c i e n t s  for 

the cost function and the standard errors. Mnemonics for the prices have been 

used (i.e. PFUEL is Pp, etc.).

The first-order coefficient estimates for flow, capital and the three 

price terms are significant (at the .001 level) and of the correct sign. Thus, 

the cost function is non-de creasing in outputs as required, and is increasing 

in prices; it is homogeneous in price since this restriction was enforced d u r 

ing the estimation. The function is not concave since the own s e c ond-order 

coefficients are significant and positive (i.e. a ^ ,  a ^ ,  and °^5 ).

The first-order price terms are the e l a s t icities of cost with respect to 

price at the point of means. Thus, for example, a one percent change in the 

wage rate will increase costs by slightly over .5 percent. The c o efficient on 

the price of locomotives represents the impact of both locomotives and cars.

Increases in the amount of effective track (K) reduce short-run variable 

costs at the point of means; a one percent increase in effective track miles 

implies a 0.2771 percent reduction in short-run variable costs. The negative 

sign is expected because the cost of the improvement is not included in 

short-run variable costs.

The first-order s p e e d - o f-service parameter ( o ^ )  is insignificant but a 

t e s t 5 of the hypothesis that the speed variables should be dropped is soundly 

rejected at the .005 level. Thus, even though the first-order speed term is 

insignificant, the speed variable itself is very important for proper model 

specification.

Assume a - N(a, z) and let h( a) be some function of the coefficients. If 
we expand h(a) around a point a0, in a first-order approximation, then 
Var(h(a)) = ( Vh)'EVh provides the squared standard error for the function 
h( •).

This is a joint test that 0120 ~ — ®22 — ^23 ~ ^2^ " ^ 2 5 ~ ^26 0,
performed as discussed in Daughety and Turnquist (1979), p. 65. The 
resulting x2 value was 37.005 with five degrees of freedom.
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Table 2-2

Short-Run V a r ia b le  Cost Function  Estimates

V a r ia b le C o e f f i c i e n t Estimate Standard Ern

Y ( f l o w ) “10 0 .3 9 8 4 0 . 0 6 9 4

S ( sp e e d ) “20 - 0 . 0 6 5 9 0 . 0 7 4 6
PFUEL “ 3 0 0 .1 9 0 2 0 . 0 6 0 0

PLABOR “ 40 0 .5 2 5 3 0 .0 547
PLOCO “ 50 0 .2 845 0 .0 248

K ( e f f e c t i v e  t r a c k - m i l e s ) “ 60 -0 .2 7 7 1 0 .0 887

Y-Y “11 4 .1 2 6 0 1 .5 776

Y*S “12 - 2 . 6 5 1 0 1 .3 848
Y-PFUEL “ 13 -0 .0 1 6 7 0 .0069

Y-PLABOR “ 14 0 .0090 0 .0 2 5 8

Y-PLOCO “ 15 0 .0 077 0 .0 2 6 4

Y-K “ 16 - 2 . 8 8 1 3 1 .0 598
S-S “22 - 0 . 3 6 8 1 1 .8906

S-PFUEL “ 23 0 .0 4 0 4 0 .0 0 6 9

S-PLABOR “ 24 0 .0 0 6 7 0 .0 298

S -PLOCO “ 25 - 0 .0 4 7 1 0 .0 3 0 6
S-K “ 26 2 .9 8 5 5 1 .2109

PFUEL‘ PFUEL “ 33 0 .0 6 2 3 0 .0 1 0 4

PFUEL-PLABOR “ 34 - 0 . 0 4 8 9 0 .0 083

PFUEL‘ PLOCO “ 35 - 0 . 0 1 3 4 0 .0 061

PFUEL-K “ 36 . 0 . 0 6 6 8 0.1557

PLABOR-PLABOR • ai+l+ 0 . 0 8 6 0 0 .0 176

PLABOR-PLOCO 

PLABOR -K 
PLOCO-PLOCO 

PLOCO*K 

K-K

“ 4 5 

“ 46 

“ 55
a56.

- 0 . 0 3 7 1

0 .1 1 6 6

0 .0 505

- 0 . 1 8 3 4

2.5447

0 .0165

0 .2 213

0 .0 189

0 .3 739

3 .0202“ 6 6



-24-

, The f i r s t - o r d e r  f l o w  term (Y) i s  s i g n i f i c a n t  and p o s i t i v e .  A one p e r c e n t  

change in f l o w  w i l l  g e n e r a t e  a 0 .3 984  p e r c e n t  i n c r e a s e  in s h o r t - r u n  v a r i a b l e

c o s t s .  Thus, i l n c l .  , j c \
31 ny ' *' ay ' A VC

c y
= 0 . 3 9 8 4 ;  i . e .  s h o r t - r u n  marginal  c o s t s

are below s h o r t - r u n  average  v a r i a b l e  c o s t s  at t h e  p o i n t  o f  means. Thus at the  

p o i n t  o f  app ro x im at io n ,  s h o r t - r u n  average v a r i a b l e  c o s t s  are f a l l i n g  with 

r e s p e c t  t o  f l o w .

Since  we view output as r e f l e c t i n g  both a p h y s i c a l  f l o w  o f  goods  y  and a 

q u a l i t y  measure s (a v e r a g e  s p e e d - o f - s e r v i c e ) , s i m p l i f i c a t i o n  o f  the c o s t  f u n c 

t i o n  would r e s u l t  i f  y  and s were j o i n t l y  s e p a r a b l e  from the  in puts  ( r e p r e -  . 

sented  by p and k ) .  The h y p o t h e s i s  that  y  and s are s e p a r a b l e  from the in pu ts  

was t e s t e d  ( se e  Daughety and Turnquist  ( 1 9 7 9 ) ,  p .  B-33 f o r  a d i s c u s s i o n  o f  t h i s  

t e s t )  and r e j e c t e d  at the .005 l e v e l .

The e s t i m a t i o n  was performed under the assumption o f  f i r s t - o r d e r  a u t o 

c o r r e l a t i o n  as d i s c u s s e d  e a r l i e r  and embodied in ( 2 - 1 0 ) .  Table  2-3 p r o v i d e s  

the  est im ated  c o e f f i c i e n t s ,  with t h e i r  standard e r r o r s  in p a r e n t h e s e s .  There 

appears t o  have been a s t r o n g  e f f e c t  on the fu e l  share e q u a t i o n  from a l l  t h r e e  

e q u a t i o n s  ( i . e . ,  the  second row c o e f f i c i e n t s  are a l l  s i g n i f i c a n t ) .  Moreover, :  

t h e r e  is  e v id e n c e  o f  f i r s t - o r d e r  a u t o c o r r e l a t i o n  in the l a b o r  share e q u a t i o n  

from the p r e v io u s  months labor  share e r r o r  term ( i . e . ,  i s  s i g n i f i c a n t ) .  By 

a l l o w in g  f o r  th e se  a u t o c o r r e l a t i o n s  in the e s t i m a t i o n  p r o c e s s ,  we have c o r 

r e c t e d  f o r  t h e i r  p o t e n t i a l  e f f e c t s  on the standard e r r o r s  o f  the e qu at io n  

c o e f f i c i e n t s .

2 . 6  C o n s t r u c t i o n  o f  t h e  Long-Run Cost  Funct ion

Let p^ be the p r i c e  o f  a m i le  o f  e f f e c t i v e  t r a c k  ( s e e  S e c t i o n  2 . 3 ) .  At

the po in t  o f  means f o r  a l l  the  v a r i a b l e s  e x c e p t  k we have the f o l l o w i n g  equa

t i o n  f o r  s h o r t - r u n  t o t a l  c o s t s  ( i . e .  v a r i a b l e  p lus  f i x e d ) :

c ( y ,  s ,  p;  k) = c e x p ( a 6Q £n( k /k )  + o^6 ( A n ( k / k ) ) 2 ) + p kk



-25-

A u t o c o r r e l a t i o n  C o e f f i c i e n t s

Table 2-3

1 2 3

1 - 0 . 3 2 7 2 1.2913 - 0 . 8 6 0 1

(0 .1 7 8 0 ) ( 1 . 1 3 1 8 ) ( 0 . 4 7 9 6 )

2 0 .0 858 * 0 .7681 * 0 .1 5 6 7 *

( 0 . 0 2 2 0 ) ( 0 . 1 6 6 8 ) ( 0 . 0 4 7 2 )

3 0 .0 3 9 3 0 .5 866 0 .6 0 3 1 *

( . 0 7 3 8 ) ( 0 . 4 3 3 5 ) ( 0 . 1 6 9 8 )

Table e n t r y :
3i j .

■

i :  1 Cost Function

2 Fuel Share Function

3 Labor Share Function

♦ i n d i c a t e s  th o se  c o e f f i c i e n t s  that  are s i g n i f i c a n t  at the 5% l e v e l .
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where a ( - )  over the v a r i a b l e  r e p r e s e n t s  the mean o f  the o b s e r v a t i o n s  f o r  the 

v a r i a b l e .  A one-d1mens1onal  search  te ch n iq u e  ( W i l d e ,  1964) was used to  f i n d  

k* ,  the optimal  l e v e l  o f  the f i x e d  f a c t o r .  As d i s c u s s e d  in S e c t i o n  2 . 3 ,  t h e r e : 

is  c o n s i d e r a b l e  u n c e r t a i n t y  c o n c e r n in g  the proper  c o s t  o f  a m i le  o f  e f f e c t i v e  

t r a c k .  Moreover,  the  a p p r o p r i a t e  d e p r e c i a t i o n  r a t e  and c o s t  o f  c a p i t a l  are 

a l s o  u n c e r t a i n .  We c h o s e  t o  v a r y  the c o s t  o f  a m i l e  o f  t r a c k  from $ 4 0 ,0 0 0  t o  

$ 1 3 0 ,0 0 0 ,  the d e p r e c i a t i o n  r a t e  from 3 p e r c e n t  t o  9 pe r c e n t  and the c o s t  o f  

c a p i t a l  from 8 p e r c e n t  t o  12 p e r c e n t .  The r e s u l t s  are v e r y  e n c o u r a g i n g :  k* i s

r e a s o n a b l y  i n s e n s i t i v e  t o  such ch an ges .  In what f o l l o w s  we w i l l  use the  

assumed v a lu es  o f  t r a c k  c o s t  o f  $ 5 8 , 0 0 0 / e f f e c t i v e  t r a c k - m i l e ,  d e p r e c i a t i o n  o f  3 

p e rce n t  and c o s t  o f  c a p i t a l  o f  10 p e r c e n t .  These v a lu es  appear t o  be r e a s o n 

ab le  e s t im ate s  o f  the  a p p r o p r i a t e  numbers, based both on p r e v i o u s  s t u d i e s  and 

d i s c u s s i o n s  with r a i l r o a d  management.

Under th ese  c o n d i t i o n s  we f i n d  that  k* = 1 .079  E. At the po in t  o f  means 

the optimal  p lant  s i z e  ( l e v e l  o f  f i x e d  f a c t o r )  i s  ,1 .079  t imes the  average  f o r  

the per iod  s t u d i e d .  S ince  the c o n f i g u r a t i o n  i s  f i x e d  t h i s  im p l ie s  th at  the 

f i rm  should i n c r e a s e  the q u a l i t y  o f  the e x i s t i n g  t r a c k  by ap p r o x im ate ly  8 

p e r c e n t .  Using t h i s  v a lu e  o f  k*,  we can s u b s t i t u t e  in t o  the s h o r t - r u n  c o s t  

f u n c t i o n  and d e r i v e  the  l o n g - ru n  c o s t  which i s  p r e s e n te d  in Table  2 - 4 .  N o t i c e  

t h a t  the f i r s t  o rde r  terms have new c o e f f i c i e n t s ,  which a r e :

ai0 = ai0  + ^ 6 * ° ^ * / * )  1 = 1 »5

Moreover ,  a c o n s t a n t  term a0o * a 60 *n (k* /E)  + a6 6 ( i n ( k * / k )  ) 2 now appears .  I t  

should  a l s o  be noted that  s i n c e  we are s im ply  s u b s t i t u t i n g  k* in t o  c v ( y , s , p ; k ) ,  

the r e s u l t i n g  f u n c t i o n  i s  net o f  f i x e d  c o s t s .  Th is  w i l l  not a f f e c t  any o f  the 

d e r i v a t i v e s  o f  the c o s t  f u n c t i o n ,  and thus Table 2 -4  c o n t a i n s  a l l  the  r e l e v a n t  

in fo rm at io n  a s s o c i a t e d  with the l ong -run  c o s t  f u n c t i o n .
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Long-Run Cost Fu ncti on

Table 2-4

V a r i a b l e C o e f f i c i e n t Estimate Standard Error
; V ( f l o w ) “10 .1793 0 .2 8 5 2

S ( sp e e d ) “20 .1611 0 .1 051

PFUEL “ 30 .1953 0 . 0 5 7 4
PLABOR “ 140 .5342 - 0 .0 6 6 9

PLOCO “ 50 .2705 0 . 0 6 9 8
Y-Y a l 1 4 .1 260 1 .5 776

Y -S “ l2 - 2 . 6 5 1 0 1 .3 848
Y-PFUEL al 3 -0 .0 1 6 7 0 .0 069

Y-PLABOR “ 14 0 .0090 0 . 0 2 5 8
Y*PLOCO “ 15 0 .0 077 0 .0 2 6 4

s - s . a22 r-0.3681 1.8906
S-PFUEL “ 2 3 0 .0 404 0 .0 0 6 9

S-PLABOR “ 24 0.0067 0 . 0 2 9 8
S»PLOCO “ 25 -0 .0 4 7 1 0 .0 3 0 6

PFUEL-PFUEL a3 3 0 .0 623 0 . 0 1 0 4
PFUEL-PLABOR “ 34 -0 .0 4 8 9 0 .0 083
PFUEL-PLOCO “ 35 -0 .0 1 3 4 0 .0 061

PLABOR-PLABOR “ 44 0 .0 860 0 .0 176

PLABOR-PLOCO “ 45 -0 .0 3 7 1 0 .0 165
PLOCO-PLOCO “ 55 0 .0 505 0 .0 189

CONSTANT “00 - 0 . 0 0 6 4 0 .2 283
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As in d i c a t e d  in Table  2 - 4 ,  the f i r s t - o r d e r  c o e f f i c i e n t  on f l o w  (<*1 0 ) i s  

i n s i g n i f i c a n t .  This appears t o  be a d i r e c t  r e s u l t  o f  the  la r g e  n e g a t iv e  c o 

e f f i c i e n t  on the  f l o w / c a p i t a l  c r o s s - t e r m  in the  s h o r t - r u n  f u n c t i o n  ( a i 6 in 

Table  2 - 2 )  coupled  with a s u b s t a n t i a l  c o v a r i a n c e  between a i 6 and the main 

determinants  o f  k* ( a 60 and a6 g ) .  Because the  e s t i m a t e  o f  r e t u r n s - t o - s c a l e  ( o r  

in t h i s  c a s e ,  d e n s i t y )  at the  p o i n t  o f  means depends on t h i s  c o e f f i c i e n t  ( s e e  

Daughety and T u r n q u is t ,  1979;  p .  B - 3 2 ) ,  t h i s  i s  a somewhat d i s a p p o i n t i n g  r e 

s u l t .  We w i l l  r e turn  t o  t h i s  l a t e r ,  a f t e r  d i s c u s s i n g  some o f  the o t h e r  terms 

in the  f u n c t i o n ,  and w i l l  employ an a l t e r n a t i v e  approach t o  c l a r i f y  i s s u e s  o f  

r e t u r n s , - t o - d e n s i t y .

The o ther  f i r s t - o r d e r  terms have the  e x p e c t e d  s i g n s ,  i n c l u d i n g  s p e e d - o f -  

s e r v i c e  which i s  now s i g n i f i c a n t  at app rox im ate ly  the .06 l e v e l .  The c o 

e f f i c i e n t  on the  f i r s t - o r d e r  speed v a r i a b l e  i s  p o s i t i v e ,  as is  e x p e c te d  s i n c e  

h igh e r  q u a l i t y  s e r v i c e  shou ld  incur  h igh er  c o s t s .

Table 2-5  d i s p l a y s  e s t i m a t e s  o f  the f a c t o r  demand and p r i c e  e l a s t i c i t i e s  

(own and c r o s s ) .  The own and c r o s s - e l a s t i c i t i e s  are  computed as f o l l o w s  ( 5 ^  

i s  one i f  i = j  and zero  o t h e r w i s e ) :

a. .
e.. = — ^  + a.' - 6.. l‘,j = 3,4,5.

1J a. J 
1

For example,  the own p r i c e  e l a s t i c i t y  o f  labor  i s  - . 3 0 4 8 ,  meaning that '  a 

one percen t  i n c r e a s e  in the  wage r a t e  g e n e r a te s  a .3048 p e r c e n t  d e c r e a s e  in 

demand f o r  labor  by the f i r m .  On the  o t h e r  hand,  a one p e r c e n t  i n c r e a s e  in the  

p r i c e  o f  l o c o m o t iv e s  r e s u l t s  in a .397 pe r c e n t  i n c r e a s e  in demand f o r  l a b o r :  

l o c o m o t i v e s ,  labor  and fu e l  are s u b s t i t u t e s  (a t  the p o i n t  o f  means) f o r  one 

an oth er ,  though the  deg ree  o f  s u b s t i t u t i o n  appears t o  be low ( i n d i c a t e d  by the  

small magnitudes o f  the c o e f f i c i e n t s ) .
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Own and Cross

Table 2 -5

Facto r  Demand P r i c e  E l a s t i c i t i e s

“ "PRICE

, QUANTITY

F u e l ” Labor ' ’ Locom ot ives

Fuel - . 4 8 5 7  .2838 . .2019

, Labor ; .1038 . > - . 3 0 4 8  ; . .2011

Locom ot ives .1458 .3970 - . 5 4 2 8

Table e n t r y :  % ,cj ^ g e J n ^ a n t U y
% change in p r i c e

t
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2 . 7  The Long-Run Functi on  and R e t u r n s - t o - D e n s i t y

As K ee ler  ( 1 9 7 4 ) ,  Harr is  (1977 )  and Sammon (1978 )  have o b s e r v e d ,  one can 

d i s t i n g u i s h  at l e a s t  two t y p e s  o f  s c a l e  economies in the r a i l r o a d  i n d u s t r y .  I f  

the s i z e  o f  the f i rm  in terms o f  g e o g r a p h ic  p o i n t s  served  and c o n f i g u r a t i o n  o f  

network can a d j u s t ,  one 1 s measuring econom1 e s - o f - s 1 ze (and c o n f i g u r a t i o n ;  see 

Daughety and T u rn qu ls t ,  1979;  pp.  6 - 1 1 ) .  I f  the network c o n f i g u r a t i o n  i s  he ld  

f i x e d  then e c o n o m i e s - o f - s c a l e  are r e f e r r e d  to  as e c o n o m i e s - o f - d e n s i t y .  This  

s e p a r a t i o n  i s  c r u c i a l  s i n c e  hav ing  one type  o f  s c a l e  economy does  not  p r e c l u d e  

o r  imply the  o t h e r .  Thus, r a i l  c o s t  models  must be s t r u c t u r e d  t o  measure the 

two e f f e c t s  s e p a r a t e l y .  U n f o r t u n a t e l y ,  most o f  the c r o s s - s e c t i o n  s t u d i e s  have 

not  done t h i s ;  r a i l r o a d s  r e f l e c t i n g  d i f f e r e n t  s i z e s  and c o n f i g u r a t i o n s  are 

mixed t o g e t h e r  in the  e s t i m a t i o n s .  Mundlak (1961 )  has shown t h a t  t ime s e r i e s -  

c r o s s  s e c t i o n  s t u d i e s  c$n be b i a s e d  i f  v a r i a b l e s  are not  i n t r o d u c e d  t o  c o n t r b l  

f o r  f i rm  d i f f e r e n c e s .  Caves,  C h r i s te n se n  and Thetheway ( 1 9 8 1 ) ,  in a s tu d y  o f  

a i r l i n e s ,  found that  i n t r o d u c t i o n  o f  dummy v a r i a b l e s  t o  d i s t i n g u i s h  each f i rm 

in t h e i r  sample r e s u l t e d  in f i n d i n g s  o f  r e t u r n s - t o - s c a l e ,  w h i l e  d e l e t i o n  o f  t h e  

dummy v a r i a b l e s  i n d i c a t e d  c o n s t a n t  r e t u r n s - t o - s c a l e .

While not  ab le  t o  r e j e c t  c o n c l u s i v e l y  a f i n d i n g  o f  c o n s t a n t  r e t u r n s - t o -  

s c a l e  f o r  r a i l r o a d s ,  F r i e d l a e n d e r  and Spady (1979 )  i n d i c a t e  t h a t  the  d ata  tend 

to. support  i n c r e a s i n g  r e t u r n s - t o - s c a l e .  Caves,  C h r is ten sen  and Swanson (1980)  

f i n d  c o n s t a n t  r e t u r n s - t o - s c a l e .  In both c a s e s  i t  i s  u n c le a r  whether th e s e  

r e s u l t s  r e f l e c t  s i z e / c o n f i g u r a t i o n  i s s u e s  or  d e n s i t y  i s s u e s  s i n e ?  f i rm  d i f f e r 

e n ce s  are not c o n t r o l l e d .  Thus the  r e s u l t i n g  s c a l e  economy e s t i m a t e  r e f l e c t s  

b o t h  ty pe s  o f  e co n o m ie s .  F r i e d l a e n d e r  and Spady d o ,  however ,  i n t r o d u c e  t e c h 

n o l o g i c a l  v a r i a b l e s  such as l e n g t h - o f - h a u l  as a proxy  f o r  network s i z e ,  which 

may account f o r  the d i f f e r e n c e  between t h e i r  r e s u l t s  and t h o s e  o f  Caves,  

C h r is ten sen  and Swanson.

As i n d i c a t e d  above ,  the  s tandard e r r o r  on the f i r s t - o r d e r  f l o w  term i s  

v e r y  la r g e  and thus the usual p ro ce d u re  f o r  examining the c o s t  f u n c t i o n  f o r  

r e t u r n s - t o - s c a l e  ( s p e c i f i c a l l y  r e t u r n s - t o - d e n s i t y ,  s i n c e  the  s i z e  o f  the  f i rm  

and c o n f i g u r a t i o n  o f  i t s  network i s  f i x e d )  by computing l / a 1 0  seems q u e s t i o n 

a b le  at b e s t .  Consider  i n s t e a d  t h e  f o l l o w i n g  p r o c e d u r e .  Form the  average  

t o t a l  s h o r t - r u n  c o s t  f u n c t i o n  ( f o r  s and the p r i c e  v e c t o r  at t h e i r  mean 

v a l u e s ) :
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1 ^ 1 1 ?
AC(y,  5,  p ;  k) = -  [ c  e x p ( ^ ^ ( y / y )  + ( « n ( y / y ) )

+ *n(k/C)  + ^  ( s n ( k / C ) ) 2 ) + P|<k]

and f i n d  v a lu e s  y* and k* that  s im u l t a n e o u s l y  minimize AC(y, s ,  p ;  k ) ;  i . e .  

f i n d  the  bottom o f  the  average c o s t  c u r v e .  F igure  2 - 2  d i s p l a y s  the  r e s u l t  o f  

t h i s  e x e r c i s e  ( t h e  d o t t e d  l i n e s  are approximate e x t r a p o l a t i o n s ) .  The h o r i z o n 

t a l  a x i s  r e p r e s e n t s  f l o w  on the  f i x e d  c o n f i g u r a t i o n  in u n i t s  o f  .1 MES (minimum 

e f f i c i e n t  s c a l e :  where average c o s t  f i r s t  becomes a minimum). Computations 

show th a t  y  i s  a p p r o x im a t e ly  .4 MES. The range over  which the average  c o s t  

f u n c t i o n  i s  at i t s  minimum i s  from MES t o  1 .1  MES. E x t r a p o l a t i o n  i n d i c a t e s  

th a t  f o r  y  > 1.1  MES, average c o s t  r i s e s  r a p i d l y .

Three s h o r t - r u n  average  c o s t  curves  have been drawn in at k* = 1 . 0 7 9 ,  3 . 0  

and 3 .6  fc, r e s p e c t i v e l y .  The l a s t  two are not o v e r l y  r e a l i s t i c ,  s i n c e  i t  i s  

hard t o  imagine t h e  pr e s e n t  network be ing  improved to  t h r e e  t imes i t s  p r e s e n t  

q u a l i t y .  R a th e r ,  the  p o i n t  o f  the f i g u r e  i s  to  i l l u s t r a t e  the  f a c t  th a t  the 

f i rm  does f a c e  s i g n i f i c a n t  e c o n o m i e s - o f - d e n s i t y  over  a wide range o f  o u t p u t ;  

average c o s t  at y  = y  i s  1 .5  t imes the average c o s t  at y. = MES. This r e s u l t  i s  

c o n s i s t e n t  with F r i e d l a e n d e r  and Spady 's  work on r a i l  c o s t  f u n c t i o n s  where they  

found that  e x h a u s t in g  e c d n o m i e s - o f - s c a l e  was not  " j u s t  around the c o r n e r "  

( F r i e d l a e n d e r  and Spady, 1979,  p. 2 6 3 ) .  These r e s u l t s  do appear t o  c o n f l i c t '  

with th o se  o f  Caves,  Chr is ten sen  and Swanson ( 1 9 8 0 ) ,  because  they  found c o n 

s tan t  r e t u r n s - t o - s c a l e .

A second reason  f o r  the d i f f e r e n c e  between t h i s  study  and the c r o s s -  

s e c t i o n  r e s u l t s  mentioned above i s  the  i n c l u s i o n  in t h i s  model o f  the q u a l i t y -  

o f - s e r v i c e  v a r i a b l e ,  s .  Caves,  Chr is tensen  and Swanson (1980 )  d id  not  i n c l u d e  

a q u a l i t y - o f - s e r v i c e  v a r i a b l e ;  F r i e d la e n d e r  and Spady i n t r o d u c e  t e c h n o l o g i c a l  

v a r i a b l e s ,  but t h e s e  would at be s t  be s u r r o g a t e s  f o r  a q u a l i t y - o f - s e r v i c e  

measure.  This  i s  an advantage o f  f i r m - l e v e l  a n a l y s i s :  such data  are g e n e r a l l y

not  a v a i l a b l e  at the  ag gregate  l e v e l  which c r o s s - s e c t i o n  s t u d i e s  must u se .
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O u t p u t ,  in u n i t s  o f  m i n i m u m  e f f i c i e n t  s c a l e  ( M E S )

Figure 2-2. T h e  firm's a v e r a g e  cost curve.



-33-

The e f f e c t  o f  dropping  t h i s  measure i s  v ery  i n t e r e s t i n g .  As mentioned 

above ,  d r o p p in g  s as a v a r i a b l e * i s  a s p e c i f i c a t i o n  e r r o r ;  the  x2- v a l u e  on the 

h y p o t h e s i s  t e s t  o f  s e t t i n g  the s p e e d - r e l a t e d  c o e f f i c i e n t  to  z e ro  was over  t w i c e  

the t a b l e  v a lu e  at the  .005 l e v e l .  P r o c e e d i n g ,  however ,  w i thout  the  speed Var

i a b l e  r e s u l t s  in a va lue  f o r  k* in e x c e s s  o f  the one computed a b o v e ,  s l i g h t l y  

h igh er  av erage  c o s t s  and a; lower e s t im a t e  o f  r e t u r n s - t o - d e r i s i t y V  Thus,  f a i l i n g  

t o  i n c l u d e  a p r o p e r l y  c o n s t r u c t e d  q u a l i t y - o f - s e r v i c e  measure a l t e r s  the  e s t i 

mated c o s t  f u n c t i o n  in the  d i r e c t i o n  o f  c o n s t a n t  r e t u r n - t o - s c a l e  ( i . e .  

d e n s i t y ) .

Thus,  s i n c e  we are working at the  l e v e l  o f  an in d i v i d u a l  f i r m ,  our r e s u l t s  

do not s u f f e r  from i n t e r f i r m  b i a s e s  or  s p e c i f i c a t i o n  e r r o r  due t o  f a i l i n g  to  

in c lu d e  q u a l i t y  o f  s e r v i c e .  The r a i l r o a d  under study  appears t o  have very  

s i g n i f i c a n t  r e t u r n s - t o - d e n s i t y ;  computed in the t r a d i t i o n a l  manner we f i n d  them 

t o - b e  1 / otjQ * 5 . 6 .  While the s tandard  e r r o r  on t h i s  number i s  o b v i o u s l y  q u i t e  

l a r g e  ( s i n c e  t h e ' s t a n d a r d  e r r o r  on a 10 i s  Targe r e l a t i v e  t o  the magnitude o f  

“ i o ) , - t h e  e x i s t e n c e  o f  s u b s t a n t i a l  r e t u r n s - t o - d e n s i t y  are a l s o  supported  by the  

a l t e r n a t i v e  ( o p t i m i z a t i o n )  p ro ce d u re .

The f i n d i n g  o f  s u b s t a n t i a l  e c o n o m i e s - o f - d e n s i t y  r e p l i c a t e s  a s i m i l a r  r e 

s u l t  in bur p r e v i o u s  study o f  a sm al ler  r a i l r o a d  (Daughety and T u r n q u i s t ;  1979; 

pp. 6 8 - 7 0 ) .  I t  i s  r i s k y  to  attempt e x t r a p o l a t i o n  t o  the  e n t i r e ' i n d u s t r y  on the 

b a s i s ’ o f  two sam ples ,  but the f a c t  th a t  "we have o b t a in e d  v e r y  s i m i l a r  r e s u l t s  

from two v e r y  d i f f e r e n t  r a i l r o a d s  su g g e s t s  that  d e n s i t y  econom ies  are not  an 

i s o l a t e d  phenomenon.

2 . 8  Summary

The a n a l y s i s  d e s c r i b e d  in t h i s  Chapter has y i e l d e d  s t a t i s t i c a l  e s t i m a t e s  

o f  both s h o r t - r u n  and lon g -ru n  c o s t  f u n c t i o n s  f o r  the r a i l r o a d  under s tu d y .

This type  o f  r e s u l t  i s  o f  g r e a t e s t  use t o  r e g u l a t o r s  and p o l i c y  makers,  because  

i t  f o c u s e s  a t t e n t i o n  on matters  o f  general  c o n c e r n ,  not d e t a i l s .  The est im ated  

models p r o v i d e  i n s i g h t  in t o  e c o n o m i e s - o f - d e n s i t y ,  e l a s t i c i t i e s  o f  demand f o r  

the  f a c t o r s  o f  p r o d u c t i o n ,  and e l a s t i c i t i e s  o f  s u b s t i t u t i o n  among input f a c 

t o r s .  These r e s u l t s  are important because  th ey  summarize im portant economic  

C h a r a c t e r i s t i c s  o f  the  pr o d u ct io n  p r o c e s s .
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. The a n a l y s i s  performed here d i f f e r s  s u b s t a n t i a l l y  from more t r a d i t i o n a l  

e c o n o m e t r i c  an a lyses  o f  r a i l r o a d  c o s t s .  We have undertaken an a n a l y s i s  o f  

t i m e - s e r i e s  data  from a s i n g l e  f i r m ,  r a t h e r  than data  f o r  a s i n g l e  t ime p e r i o d  

from many f i r m s .  This has a l lowed  us t o  use data  on s e r v i c e  q u a l i t y  a t t r i b u t e s  

t o  improve model s p e c i f i c a t i o n .  I t  has a l s o  al lowed  us t o  be p r e c i s e  about the 

type  o f  s c a l e  economies fo u n d .  These are e c o n o m i e s - o f - d e n s i t y  o v e r  a f i x e d  

network c o n f i g u r a t i o n ,  and should not  be con fused  with the s e p a r a t e  c o n c e p t  o f  

e c o n o m i e s - o f - s i z e ,  which r e l a t e s  t o  the  g e o g r a p h i c  e x t e n t  o f  th e  markets  

s e r v e d .

I t  i s  a l s o  important t o  r e c o g n i z e  th at  the f i r m - l e v e l  data  c o l l e c t e d  t o  

suppor t  the  a n a l y s i s  can be used in a d i f f e r e n t  way t o  support  a complementary 

t y p e  o f  a n a l y s i s .  This a n a l y s i s  f o c u s e s  on the more d e t a i l e d  o p e r a t i n g  c h a r 

a c t e r i s t i c s  o f  the r a i l r o a d ,  and g i v e s  a d d i t i o n a l  i n s i g h t s  i n t o  the  c o s t s  a s s o 

c i a t e d  with s p e c i f i c  o r i g i n - d e s t i n a t i o n  movements over  the  r a i l r o a d ' s  netw ork .  

These r e s u l t s  are more l i k e l y  t o  be d i r e c t l y  use fu l  t o  r a i l r o a d  management in 

determ in ing  p r i c e s  f o r  c e r t a i n  s e r v i c e s ,  in i d e n t i f y i n g  areas  where c o s t s  are 

h igh er  than th ey  should b e ,  and in e v a l u a t i n g  the e f f e c t s  on c o s t s  o f  changes 

in o p e r a t i n g  p o l i c i e s  or  f a c i l i t i e s .

The next  Chapter d e s c r i b e s  a model o f  o p e r a t i n g  c o s t s  on a netw ork .  Th is  

model r e p r e s e n t s  another f a c e t  o f  the " h y b r id "  a n a l y s i s  o f  c o s t s  using  both 

e n g in e e r i n g  and s t a t i s t i c a l  t e c h n i q u e s ,  which i s  at the h ear t  o f  t h i s  r e s e a r c h .



: CHAPTER 3

A NETWORK MODEL OF OPERATING COST

E c o n o m ic - t h e o r y  s p e c i f i e s  that  a c o s t  f u n c t i o n  should be the r e s u l t  o f  

s o l v i n g  a problem which may be s t a t e d  g e n e r a l l y  as f o l l o w s :

(PO) min p ' x  :

s . t .  f ( z , x )  = 0  , .

where : p = v e c t o r  o f  input p r i c e s

-i. Xi b . v e c t o r  o f  input q u a n t i t i e s  purchased f o r  use

z = v e c t o r  o f  o u tpu ts  produced ;  "

The f u n c t i o n  f ( z , x )  p r o v id e s  the in form at ion  on t e c h n o l o g i c a l  c o n s t r a in t s ;  

which de term in e  how x i s  used t o  produce  z .  In g e n e r a l ,  f ( z , x )  i s  n o n l i n e a r ,  

implying  th a t  the  c o s t  f u n c t i o n  i s  the r e s u l t  o f  a n o n l in e a r  o p t i m i z a t i o n .  In

t h i s  Chapter ,  we d e s c r i b e  a p a r t i c u l a r  f o r m u la t io n  o f  such a n o n l in e a r  program

which i s  v ery  u se fu l  f o r  s tudying  the nature  o f  o p e r a t i n g  c o s t s  on a r a i l r o a d  

network.

3 .1  Problem Formulation

The b a s i c  s t r u c t u r e  o f  the problem may be s p e c i f i e d  as f o l l o w s :

i n p u t s :  road l o c o m o t iv e s

yard l o c o m o t iv e s  

c a r s  

f u e l

road crews .

yard crews 

maintenance o f  way

o u t p u t s :  c a r l o a d s  o f  a l l  commodi t ies  by o r i g i n - d e s t i n a t i o n  p a i r .

' A  fundamenta l ’ assumption o f  the model i s  th at  the c o s t s  o f  the  v a r i o u s  

in pu ts  can be r e l a t e d  t o  f l o w s  o f  t r a f f i c  over the l i n k s  o f  the r a i l  network .  

The b a s i c  u n i t  o f  f l o w  i s  a c a r l o a d ,  and l in k s  are o f  two ty pe s  -  l in eh au l  

l in k s  and yard l i n k s .
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The flow variab les in the model may be defined as fo llow s: 

f 9 .  = carloads on lin k  i j  enroute to destin atio n  qIJ
f . .  = to ta l carloads on lin k  i j  (= .£ f!? .)«

- q 'J

The problem may then be formulated as find in g  a minimum cost assignment of a 
given set of o rig in -d e s tin a tio n  demands to the av a ilab le  network. In  crea tin g  
such a form ulation , a change in the s tru ctu re  of the optim ization  problem is 
accomplished. Problem (PO) has a lin e a r  o b je c tiv e  function which is minimised 
subject to nonlinear co n stra in ts . By introducing the lin k  flow v a ria b le s , the 
problem becomes one with a nonlinear o b je c tiv e  fu n ctio n , and lin e a r  con
s tra in ts . This change is important in achieving an e f f ic ie n t  so lu tion  
procedure.

The problem may be w ritte n  as fo llow s:

(P I) min G (f) = l l c . . ( f . . )  * f . .i - i j  i j  i j

- * •  j  -  j
V i ,q

V i j

where: c . . ( f . . )  = un it cost of flow  on 
J J on th a t l in k ,

V i j ,  q

lin k  i j ,  as a function of the volume

z iq *  volume of to ta l demand from o rig in  i to d estin a tio n  q.

The ob jective  function simply ind icates th a t we wish to choose a set of 
l in k  flows on the network (assign the demands to the network) in such a way as 
to minimize the to ta l cost incurred. The. c ^ ( f  cost c o e ffic ie n ts  include 
the costs of a l l  the inputs required to cross a p a rtic u la r  l in k .
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The f i r s t  set of constraints state  that fo r each d e s tin a tio n , the flow out 
of any node i minus the flow into  i enroute to that d estin atio n  must equal the 
flow  which o rig in a tes  at i and is destined for q. Thus, these constra in ts  
simply ensure.conservation of flow in the network.

The second set of constra in ts defines to ta l carloads on a lin k  ( f ^ . )  in 
terms of the carloads destined fo r sp ec ific  destinations ( f ? . ) t and the la s t

* J
set simply insures th a t flows on the network are p o s itiv e .

3 .2  Network Representation
The ra ilro a d  network is represented by a set of nodes connected by lin k s . 

At a conceptual le v e l ,  the nodes are yards, term inal f a c i l i t i e s  and ju n c tio n s , 
and the lin k s  connecting them are main lin e  and branch lin e  tra c k s . However, 
the d e ta ile d  representation of the system is d if fe re n t  from the conceptual 
model in two ways.

F i r s t ,  the network has been aggregated.. Each term inal in the analysis  
network represents a co lle c tio n  of points in the actual network. The actual 
system under study has more than a thousand points at which t r a f f i c  can o r ig i 
nate or te rm in a te . In  concept, each of these points is a node in the network. 
For analysis purposes, th is  set of points has been aggregated in to  27 major 
term inal areas which represent the o rig in  and destin atio n  points fo r t r a f f ic  in 
the model. Network lin ks were also aggregated along with the nodes.

Second, the analysis network uses a set of lin ks and nodes to represent 
each o f the 27 te rm in a ls . This is because the network flow algorithm s used in 
the analysis requ ire  impedance to flow (cost) to occur only on lin k s . Since 
there are su bstan tia l costs associated with the movement of cars through yards 
in the term inal areas, these term inals cannot be simply represented as nodes.

The general method of representing term inal areas is shown in Figure 3 -1 . 
The term inal is represented by three nodes and three one-way lin k s , in addition  
to the lin k s  connecting th is  term inal to o thers. Link 1-2 represents the 
actual ya rd , and has a po s itive  cost associated with flow  through i t .  Node 3 
is used as the actual o r ig in /d e s tin a tio n  fo r t r a f f ic  o r ig in a tin g  or term inating



t o  o t h e r

Figure 3 -1 . Representation o f a term inal area in  the network.
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at th is  term inal area .. Thus, o rig in a tin g  tra ff ic .m u s t traverse lin k s  3-1 and
1-2 before departing . Th is .forces i t  through the yard lin k  1 -2 . L ikew ise, 
term inating  t r a f f ic  must enter at node 1, and traverse lin ks  1-2 and 2-3 before  
reaching it?  d e s tin a tio n . Through t r a f f ic  simply crosses, lin k  1 -2 . As a re 
s u lt ,  a ll  t r a f f ic  handled by th is  term inal area passes through the yard l in k ,  
and is included in the determ ination of congestion leve ls  in the yard .

In  summary, there are three types Of links connecting the various nodes in 
the network. There are linehaul lin ks which connect the term inal areas; there  
are yard lin ks  representing c la s s if ic a tio n  yards; and there are "dummy" lin ks  
w ith in  the term inal areas to connect the actual o r ig in /d e s tin a tio n  nodes to the  
re s t of the network. The construction of unit cost functions fo r the linehaul 
and yard lin ks  is described in the fo llow ing section .

3 .3  Costs on Linehaul Links
For each linehaul lin k  in the network a un it cost function c . . ( f . . ) ,  must, 

be computed. This un it cost must include the costs of f iv e  basic inputs:

1. t ra in  crews
2. , fuel
3. locomotive ownership and maintenance
4 . c a r -h ire , car ownership and maintenance
5. maintenance of way.

Train  crew costs are d ire c t ly  re la ted  to tra in -m ile s . To es tab lish  a un it 
crew cost,on a carload basis, we have used inform ation on average tra in  length  
and the ra t io  of empty to loaded c a r-m ile s . T ra in -m iles  on lin k  i j  are com
puted as fo llow s:

TRM
i j

( i  + e ) m : .i j
ATL (3 -1 )

where TRM.. = tra in -m ile s  on lin k  i j

M \j = length of lin k  i j  (m iles)

E = empty-to-loaded car-m ile  ra t io

ATL = average tra in  length (cars)

f . .  = carloads moved on lin k  i j .U
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Si nee system-wide average figures; fo r E and ATL are used, some v a r ia b i l i t y  
among ind iv idual lin ks  due to specia lized  operations is lo s t .  For pred ic tions  
of aggregate system performance from month to  month, we have found th a t th is  
loss of inform ation is not im portant. However, i f  the model were to be used 
fo r de ta iled  examination of marginal costs of movement on a s p e c ific  ro u te , 
appropriate lin k -s p e c if ic  data could be substitu ted  fo r the system-wide average 
fig u re s . ,

Thus, i f  we denote tra in  crew wage costs per tra in -m ile  as pw, the wage 
costs per carload may be expressed as c i i j ( f j j ) :

c ( f  ) =
H j  U

_ Pw(1 + E>Mi j
ALT (3 -2 )

Note that expression (3 -2 ) is independent of f . ^ .  This re f le c ts  an 
assumption th a t the unit wage costs per t r a in -m ile ,  p , are constant, or th a t 
to ta l wage costs are lin e a r in volume. Thus, the model does not include de
ta ile d  inform ation on the e ffe c ts  of changes in the degree of lin ehau l congjes- 
tio n  which could a ffe c t the wage cost per tra in -m ile  due to changes in running 
speed. E f fe c t iv e ly , the model assumes th a t the o vera ll level of congestion
present in the data used to c a lib ra te  p w il l  remain unchanged as the model isw
operated.

A ra ilro a d  wishing to use th is  model fo r a specia lized  study of a s p e c ific  
movement might decide to re lax  th is  assumption, and use more d e ta ile d  data to  
estim ate pw as a function of f ^ ,  but fo r our purposes th is  was unnecessary.
The crew cost p was estimated for each month by simply d iv id in g  the to ta l  
t ra in  crew costs by to ta l tra in -m ile s  operated.

Fuel costs may be re la ted  d ire c t ly  to c a r-m ile s , since fuel consumption is 
g enerally  proportional to the amount of work performed. Observations on fuel 
consumption per car-m ile  over a four-year period (1976-79) on the ra ilro a d  
under study indicated that nearly  a l l  the monthly observations were w ith in  10% 
of the mean. Thus, i f  we denote the fuel consumption ra te  per loaded car-m ile  
as r l f  and the price of fuel per gallon as pp, the fuel cost per carload on 
lin k  i j  is simply:

C2 U ( f 1 j’ = V i V
(3 -3 )
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Locomotive ownership and maintenance costs are computed using locomotive 
p ric e s , d e p re d a tio n  rates and a u t i l iz a t io n  ra te , expressed as locomotive- 
months per loaded c a r-m ile . This u t i l iz a t io n  ra te  is computed by d iv id in g  
locomotives owned or leased by to ta l loaded car-m iles produced in each month.

The e ffe c t iv e  price of a locomotive-month is computed using the rep lace
ment cost in each month, the current in te re s t ra te , and a depreciation  ra te .
The ca lcu la tio n  is as fo llow s:

PL = ( r t +d) Ut /12 (3 -4 )

where: p£ = ownership cost of a locomotive fo r month t  ($ )
r^ = annual in te re s t ra te  ava ilab le  in month t  
d = annual depreciation ra te  
Ut  = price of a new locomotive in month t  ( $ ) .

We have assumed a normal depreciation ra te  of .6% per ye ar. This deprecia
t i o n  ra te  assumes a normal ra te  o f , maintenance on the locom otive. Since the 

p rice  re f le c ts  a new locomotive, im p lic it  maintenance costs are included in the 
to ta l e f fe c t iv e  cost of a locomotive-month. The price of a locomotive used in 
the network model fo r linehaul lin ks  re fle c ts  only road locomotives, and not 
yard locomotives. The price used in the econometric estim ation in Chapter 2 is  
a composite price including both, types. In the network model, the cost of yard 
locomotives are included in the yard lin k s , but are separated from the locomo
tiv e s  used in road serv ice .

I f  we denote the e ffe c tiv e  renta l price of a locomotive-month as p^, drop
ping the superscript t ,  and the u t i l iz a t io n  ra te  as u, the locomotive costs per 
carload are as fo llow s:

C3 1 j ' f iJ> = W  (3- 5)

To determine c a r-h ire  and ownership costs, we must recognize the d is t in c 
tio n  between system and foreign cars, and must also include two types of car 
u t i l iz a t io n  fa c to rs . The f i r s t  of these is the empty-to-loaded car-m ile  ra t io  
(E) discussed prev io usly . The second re la tes  to the time required to move cars 
through the system, and can be expressed as the ra t io  of to ta l car-days-on-1ine  
to loaded ca r-m ile s . Let us denote th is  second u t i l iz a t io n  ra te  as T.

I f  a proportion a of the to ta l ca rs -o n -lin e  on an average day are fo re ig n , 
the d a ily  proportion of the per diem charge for fore ign  cars is b^, and the
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d a ily  ownership and maintenance cost fo r system cars is p , the e f fe c t iv e  costc
per car-day is on average:

* 0  M 1 - « ) P C. .

For foreign cars , there is  a mileage charge in addition to the d a ily  
charge, bQ. Denote the per-m ile  cost as b^. I f  a proportion e o f to ta l c a r-  
m iles are made by foreign cars , the average cost per loaded c a r-m ile  is :

(1 + E)B br

Combining the d a ily  costs and the mileage costs using the u t i l iz a t io n  
ra te , T, the to ta l un it c a r-h ire  and ownership cost per carload on lin k  i j  is :

(3 -6 )-  {[«*>„ + (1 -« )P C]  I * ( l *  E J fc jlM ,.,.

The la s t category of linehaul costs, maintenance of way, is  also included 
by constructing a un it cost per loaded c a r-m ile . This un it cost is determined 
by taking to ta l maintenance of way and structures expenditures, less deprecia
tio n  on. non-track s tru ctu res , and d iv id in g  by to ta l loaded ca r-m ile s . This has 
been done on a y e a r ly , ra th er than a monthly, basis both because the data are 
more accessible and because maintenance of way expenditures tend to be program
med on an annual basis . Thus, annual values are much more r e lia b le  than 
monthly values. I f  we define th is  un it cost to be pm, the average u n it cost of 
way and structures maintenance is :

, cc . . ( f . . )  = p H . . .  (3 -7 )5 i j  i j 7 Km i j  v 7

The to ta l un it cost fo r linehaul lin ks  is  then:

Ci j ( f i j ) = klx Ck i j ( f i j } (3 -8 )

where the c. . . ( f . . )  terms are given by equations (3 -2 ) ,  ( 3 -3 ) ,  ( 3 -5 ) ,  (3 -6 ) andK1J 1J
(3 -7 ) .

3 .4  Costs on Yard Links
Unit costs to be included for the yard lin ks  in the network r e f le c t  yard 

locomotive ownership and maintenance costs, fu e l ,  and yard labor costs. Note 
th a t the c a r -h ire , ownership and maintenance costs fo r the time th a t cars spend 
in yards have been included im p lic it ly  in the linehaul lin ks  through the u t i l i 
zation facto r T ( to ta l car-days o n -lin e  per loaded c a r -m ile ) .  Thus, these



costs are not included in the yard lin ks to avoid double-counting. The costs 
of input resources used in the yards are e s s e n tia lly  proportional to  the number 
o f yard engine-hours operated. As a re s u lt , the construction of c -j ( f ^ j ) func
tio n s  fo r the. yard lin ks  involves two steps. F ir s t ,  the cost per yard engine- 
hour is  determined. This is assumed to be the same fo r a l l  yards in the system 
in any given month. Second, the re la tio n sh ip  between carloads moving through 
the yard and the number of yard engine-hours required must be determined. This 
re la tio n s h ip  w il l  depend upon the physical and Operating c h a ra c te ris tic s  of 
each yard , and thus w il l  tend to be y a rd -s p e c ific .

The ownership and maintenance costs for yard locomotives are re la ted  to 
the number o f yard engine-hours in a manner s im ila r to th a t used to re la te  road 

.locom otive ownership costs to ca r-m ile s . The two basic pieces of inform ation  
are the monthly cost of. owning and m aintaining a yard locomotive and the u t i l i 
zation ra te  of these locomotives, expressed as hours per locomotive per month. 
The locomotive price is determined as described in Section 2 .3  but using the 
replacement purchase cost fo r yard locomotives only , not the composite cost 
used in the econometric es tim ation . A vailable data on the number of yard 
engines owned or leased and the to ta l number of yard engine-hours produced in 
each month have been used to ca lcu la te  the u t i l iz a t io n  leve l fo r these locomo
t iv e s .  I f  the price of yard locomotives is denoted p  ̂ and the u t i l iz a t io n  
level (hours/locomotive/month) is denoted y ,  the locomotive cost per yard 
engine-hour is  simply p^ / y .

Fuel costs are also computed quite simply, by computing a fuel consumption 
ra te  (g a llons /yard  engine-hour) and m ultip ly ing  by the price of fu e l .  The fuel 
consumption ra te , r £ ,  has been estimated by d iv id ing  gallons of fuel used in 
yards fo r each month by the number o f  yard engine-hours operated. Note th a t 
th is  consumption ra te  is tim e-based, rather than distance-based as in the case 
of road locomotives, because of the d iffe re n t nature of the two operations.
The fuel price used is the same as fo r the road locomotives, Pp.

Yard labor costs per engine-hour are computed by d iv id in g  to ta l yard wages 
paid in each month by the number of engine-hours operated. This includes both . 
engine crews and other yard employees. The res u lt is an e ffe c t iv e  yard wage 
ra te . This wage ra te  may be denoted py .
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The yard operating cost per engine-hour is  then:

Cy = Py/Y  + pFr 2 + V  (3 -9 )
The re la tio n s h ip  between yard engine-hours and t r a f f ic  volume has been 

'determined e m p iric a lly  using monthly data fo r in d iv id u al term inals from the 
period 1976-1979. Seven of the 27 term inals in the network are very large  
yards, generally  handling in excess of 25,000 cars per month, and two o f these 
are hump yards. The other 20 are sm aller f a c i l i t i e s ,  g enera lly  handling less  
than 15,000 cars per month.

Figure 3-2 shows a sample of observed data on yard engine-hours and cars 
handled for three of the large yards. Figure 3-3 shoves comparable data fo r  
three of the sm aller yards. These figu res i l lg s t r a te  two basic facts  about the 
data . F ir s t ,  there is substantial v a ria tio n  in the number of yard engine-hours 
operated at each yard which is not explained by v a ria tio n  in the number of cars 
handled, e s p e c ia lly  fo r some of the sm aller yards. Second, the large yards 
cover a very wide range of volumes, and appear to e x h ib it some degree of non
l in e a r i ty ,  in d ica tin g  congestion e ffe c ts .

In an attempt to find  an acceptable simple model to re la te  yard engine- 
hours to cars handled, a v a r ie ty  of polynomial regression models have been 
t r ie d .  For the large yards, quadratic models of the form:

engine-hours = a + b(cars)

provided the best re s u lts , and a te s t of the hypothesis th a t a and b are the 
same for a l l  yards resu lted  in re je c tio n . Thus, seven separate quadratic  
models have been estim ated, one for each yard . For the sm aller yards, te s ts  o f  
including quadratic terms fa i le d ,  and the selected model is l in e a r .  A sing le  
lin e a r model is used fo r a l l  these yards. Separate models fo r each ind iv idu al 
small yard could have been estim ated, but the q u a lity  of the data fo r several 
of them was suspect, and th e ir  o vera ll impact on the network is r e la t iv e ly  
sm all. Thus, a sing le equation was used fo r a l l  of them.

These simple models form the second component of the yard lin k -c o s t  
functions. When m u ltip lie d  by the cost per yard engine-hour from (3 -9 ) ,  the 
res u lt is a to ta l operating cost function fo r each yard, expressed in terms o f 
t r a f f ic  volume.
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Figure 3 -2 . Yard engine-hours versus cars handled fo r  three la rg e  yards.
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Figure 3 -3 . Yard engine-hours versus cars handled fo r  three small yards.
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In  fa c t ,  fo r reasons discussed in d e ta i1 in the next section , our primary 
in te re s t is in the marginal cost functions. These m arginal cost functions w il l  
be l in e a r ly  increasing functions of volume fo r the large yards, and constant 
fo r the sm all.yards.

As il lu s tra te d  in Figures 3-2 and 3 -3 , there is substantial v a r ia tio n  in 
yard engine-hours at each: yard not explained by v a ria tio n  in the-number of cars 
handled. Thus,; simple s ta t is t ic a l  models of the type estimated here are by no 
means a complete p ic tu re  o f yard a c t iv i t ie s .  However, they have proven useful 
in estim ating aggregate yard engine-hours for the system on a monthly basis,, 
and hence to ta l yard operating costs. These resu lts  are discussed more f u l ly  
in Section 3 .6 . Before proceeding to th a t , the method fo r solving the problem 
formulated in Section 3.1 w il l  be discussed.

3 .5  An Algorithm fo r Solving the Network Problem
The network problem formulated in Section 3.1 is a nonlinear programming 

problem. The n o n lin e a r ity  stems from the unit cost functions on some of the 
yard lin k s , which are functions of the t r a f f ic  volume handled. When m u ltip lie d  
by the flow volume, as in the ob jective function of probiem ( P I ) ,  the re s u ltin g  
ob jective  ( to ta l cost) is non linear. In  concept, problem (P I)  could be solved 
by a n y o f several nonlinear programming (NLP) methods, but the size of the 
problem elim inates most of these from serious co nsideration . Note, however, 
th a t the co nstra in ts  are lin e a r;  the n o n lin e a rity  is s o le ly  in the o b jec tive  
fu n ctio n . This suggests that a promising approach might be to use successive 
lin e a r approximations to the ob jective  function because the problem to be 
solved at each step is  then simply a lin ea r programming ( IP ) problem. An 
e f f ic ie n t  algorithm  fo r large network problems has been developed by LeBlanc e t  
a l . (1975) based on th is  idea.

A lin e a r approximation to the ob jective  function can be obtained using a 
f ir s t -o r d e r  Taylor series expansion. Let r be a current set of lin k  flows 
fe a s ib le  for problems (P I)  (one which s a tis fie s  the c o n s tra in ts ). The value of 
the o b jec tive  function fo r another set of lin k  flow s, y , can be approximated as 
fo llow s:

G(y) -  G (ft ) + [VG (f) J ' f y - f 1 )
r

(3 -1 0 )

where VG(f) . denotes the gradient of the ob jective  function evaluated at the
-.fV ... . . .  ■ -■ >  ' v' J

point f  . ... ., . •
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We are interested in G(y) as a function of y , so the expression fo r G(y) 
may be rew ritte n  by grouping the terms d if fe r e n t ly :

s ( y )  -  {G (f t ) -  C^G(f)  t ] '  • f t } + [ ^ G ( f )  t ] '  • y
r  f z

(3-11

The term in braces is a constant, independent of y , so th is  expression is  a 
lin e a r  function of y . The lin e a r  approximation o f the NLP problem can then be 
w ritte n  as fo llow s:

(P2) min[VG(f) , ] ' y
f

s . t .  [  y j ,  *  * jq
J J

V i ,q

y i j  ’  2 yi j  = 0 V i j

y i j  * yi j  — 0 V i j  »q

Since the term in braces is  independent of y , i t  is ignored fo r the pur
pose of w ritin g  and solving the LP. Once an optimal so lu tion  to (P2) is found, 
we wish to search between f *  and the so lution to (P2) fo r a point which m ini
mizes G. This is a one-dimensional search problem, which can be solved very 
e f f ic ie n t ly  by any of a number of methods (W ilde, 1964). This search y ie ld s a 
new fe a s ib le  so lu tio n , f t+ ^. We can be sure that the new so lu tion  is feas ib le  
since the feas ib le  region is  convex.

I t  can be shown th a t the fo llow ing  re s u lt holds:

lim  f fc = f *  
t+ »

where f *  is the optimal so lu tion  to problem ( P I ) .  Thus, we can be ce rta in  th a t 
the i te ra t iv e  procedure converges to the desired s o lu tio n . This technique of 
i t e r a t iv e ly  solving LP problems and one-dimensional searches is known as the 
Frank-Wolfe algorithm (Frank and W olfe, 1956).

The attractiveness of th is  method fo r solving problem (P I)  stems from the 
fa c t that the LP problem which must be solved at each step has a very special 
s tru c tu re . I t  is simply a multicommodity transhipment problem, which can be
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sol ved using a shortest-path  algorithm . Thus, while the problem is qu ite  
la rg e , very fa s t and e f f ic ie n t  methods are av a ila b le  to solve i t .

At each i te ra t io n ,  we evaluate the marginal lin k  cost functions (f in d  the 
gradient of the o b je c tiv e  function) and use these values as lin k  cost c o e f f i 
c ients fo r a shortest-path  problem for each o r ig in -d e s tin a tio n  p a ir .  This is 
the reason fo r  the in te re s t in the marginal lin k  cost functions expressed in  
the previous sectio n . Note that fo r the linehaul lin ks  and fo r the small 
yards, the to ta l cost functions are lin e a r in volume. Thus, the marginal costs 
are constant. I t  is  only fo r the major yards th a t the marginal costs are a 
function of volume, re f le c t in g  congestion.

The Appendix to th is  report describes in more d e ta il how to use the model 
developed fo r solving the network flow problems. The next section describes 
the resu lts  of te s tin g  th is  model using data from a sample of months in the 
1976-1979 period.

3 .6  Testing the Model
'Tests of the model have been conducted using a sample of 12 months from 

the 1976-1979 perio d . The sample of months allowed us to te s t the model and 
i l lu s t r a te  its  use. The sample months were selected to span as wide a range o f  
v a ria tio n  as po ssib le . As a summary of the re su lts  of these te s ts , we wish to  
focus on three important measures; loaded c a r-m ile s , yard engine-hours, and 
to ta l operating co st. For each of these measures, observed data from the 
actual operations are av a ilab le  for comparison to the model p red ic tio n s .

Loaded car-m iles measures linehaul a c t iv ity ,  and the degree to which the 
model re fle c ts  to ta l t r a f f ic  flows on the network. Yard engine-hours measures 
yard a c t iv ity ,  and te s ts  the degree to which the simple s ta t is t ic a l  models 
described in Section 3 .4  re f le c t  actual resource requirem ents, f i n a l l y ,  to ta l  
operating cost is  the measure we are most in terested  in p re d ic tin g .

Figure 3-4 i l lu s t r a te s  the tes t resu lts  fo r loaded car-m iles  (normalized 
to  protect p ro p rie ta ry  d a ta ). These resu lts  appear to be q u ite  s a tis fa c to ry .
In general, the model underpredicts, but in most cases by less than 10%. This 
underprediction was expected, since the model produces an "optimal" s o lu tio n , 
given a ll the input data fo r the e n tire  month. This should be b e tte r than the 
solution achievable by managers in the actual system, who must respond to con
d itio n s  on a day-to-day basis with only p a rtia l inform ation a v a ila b le .
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Figure 3-5 shows the predicted versus observed re su lts  fo r yard engine- 
hours. In g en era l, these resu lts  also appear to be s a tis fa c to ry . Despite the  
simple form of the estimated re latio nsh ip s between cars handled and yard 
engine-hours fo r each yard , in the aggregate the pred ictions are ty p ic a l ly  
w ith in  10% of the observed values. The tendency of the model to overpredict 
the number of yard engine-hours by a small amount is  probably due to the aggre
gation of yards th a t has been done in the network. The actual system has many 
more than 27 yards, but these have been combined in the representation of the  
network used in the model. As a re s u lt ,  the flow  through some of the yard 
nodes is much greater than the ind iv idual yards experience in the real system. 
I f  the re la tio n s h ip  between flow and yard engine-hours were l in e a r ,  th is  aggre
gation of yards would not m atter; however, since the re la tio n s h ip  fo r  at lea s t  
some of the yards i s . non!inear, the predicted number of yard engine-hours fo r  
the aggregated flow  1s greater than the sum of the engine-hours fo r the d is 
aggregated flows would be. The overall e ffe c t of th is  aggregation e r ro r , 
however, appears to  be minor.

F in a lly ,  Figure 3-6 shows predicted versus reported operating expenses 
(aga in , norm alized). These resu lts  are qu ite s a tis fa c to ry . The model under
p re d ic ts , g e n era lly  in the range of about 5-15%. the reason fo r  th is  is the 
same as for the tendency to underpredict loaded c a r-m ile s . The model provides 
an "optimal" s o lu tio n . This should always be b e tte r  than the observed re 
s u lts . However, the closeness of the model pred ictions to the observed re s u lts  
indicates that the model is a useful p red ic tive  to o l.

In summary, the model resu lts  appear qu ite acceptable. I t  has a tendency 
to underpredict s l ig h t ly  the level of a c t iv ity  (and hence costs) on the l in e -  
haul portion of the network, and to overpredict a c t iv ity  (and costs) in the 
yards. E rro rs , however, are ty p ic a lly  less than 10% in the aggregate measures, 
and the pred ic tions o f to ta l operating costs are g en era lly  w ith in  15% of the 
observed f ig u re s .

As a re s u lt ,  th is  network model provides a reasonable basis fo r the e s t i 
mation of a marginal operating cost function . Such a function serves to sum
marize the inform ation in the network model re la tin g  to the s e n s it iv ity  of 
operating costs to various input prices and t r a f f ic  le v e ls . The estim ation of 
th is  type of marginal cost function is described in Chapter 4.
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CHAPTER 4

ESTIMATION OF AN ORIGIN-DESTINATION 
SHORT-RUN MARGINAL OPERATING COST FUNCTION

In  th is  Chapter we extend the discussion of Chapter 3 to provide an equa
tio n  fo r pred ic ting  marginal operating costs, by o r ig in -d e s tin a tio n  (0-D ) p a ir ,  
as a function of t r a f f ic  volume, input prices and fix e d  facto rs  such as levels  
of c a p ita l u t i l iz a t io n .  The marginal operating cost function is  estimated and 
i ts  use fo r pred icting  0-D marginal operating costs is discussed.

4 .1  Procedure
The operations model in Chapter 3 can be summarized as the n o n -lin ea r  

program ( P I ) :

(P I)  min G (f, p; k) 
f

s . t .  Af = z 

Bf = 0 

f  > 0

where f  is the vector of flows w ith in  the network, p a vector of prices (such 
as yard crew wages, per diem ra te s , fue l p r ic e , switching locomotive p ric e s , . 
e t c . ) ,  k is a vector of fixed  facto rs  (c a p ita l u t i l iz a t io n  ra tes  such as loaded 
c a r-m ile s /c a r-d a y , empty-to-loaded car-m iles  r a t io ,  e t c . ) ,  z is  the vector o f  
flows from orig in s to d e s tin a tio n s , and the matrices A and B describe the 
network.

For a given network ( i . e .  fixed  A and B m atrices) the optimal value of 
(P I)  is a short-run variab le  operating co st. I f  p and z are v a rie d , we trace  
out the short-run variab le  operations cost function c ° (z , p; k ) :

c ° (z , p; k) = {min G (f, p; k) Af = z, Bf = 0 , f  > 0 }  
f

Because z is  a vector of 0-D flow s, the gradient of c° with respect to the 
vector z is  the vector of short-run marginal operating costs; i . e . ,  i f  z . .(a n

' J

- 5 4 -
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element of z) is the flow from o rig in  i to destination  j  then the marginal 
operating cost fo r the 0-D pa ir ( i , j )  is :

MCi j  = 3c°(z, p; k)
3 z . .1J

We know, however, th a t MC1J is the shadow price on the co n stra in t in (P I)  
associated with righ t-han d-s ide  ẑ . . Thus, i f  we run (P I)  fo r month t ,  using 
pt ," z t .and kt  as data , (P I)  provides an "observation" on (c ° ) t  and on the 
vector of 0-D marginal costs (M C ^ )* . I f  we do th is  for N months ( t  =
1 , . . . , N ) ,  we have a sequence Of observations { (c ° , MC^°, p, z, k )1* " } ^  on the 
short-run v a ria b le  cost function , the marginal cost function and the re levant 
v a ria b le s .

Note th a t the number of observations is N times the number of 0-D p a irs . 
Thus, i f  there  are 25 nodes that can be orig ins or d e s tin a tio n s , the p o te n tia l 
number of "observations" is 600N, since z would be of size 600 (2 5 2-2 5 ) .  Of 
course, th is  means th a t the z vector in c° is also very large ( in  the example, 
i t  is  o f s ize 6 0 0 ). Let r be the vector of 0-D distances and define aggregate 
output as the scalar y (loaded car-m iles) with

y = z ' r  . (4 -1 )

Now le t  us express the short-run variab le  operating cost function as a 
function of y instead of z; i . e . ,  as c (y , p; k ) .  To estim ate th is  function we 
assume (as in Chapter 2) that the function form is a tran s lo g :

Co I
q=l

, n n 

q0 q 2 q=l « n
a X X  q4 q 4 (4 -2 )

where, fo r v a ria b le  x , X = 4n(x /x  ) and C° = J2n(c°/c°). Let x. = y; i . e . ,q q q q 1
X  ̂ is the transformed aggregate loaded car-m iles of flow on the network. 
D iffe re n t ia t in g  (4 -2 ) we have:

3C° _ y 3c° 
axi  " c° ^ 1 0

I
4=1

a X 
14 4
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Since y = z ' r ,  then dy = ( d z ) 'r .  In  p a r t ic u la r ,  i f  we associate the in 
crement to flow  with the 0-D p a ir ( i , j )  and set the res t of the dz vector to 0 , 
then:

<*y = ( d z i j ) r i j

and hence:

3c°/ 3z.i j
r .

i j

MCi j
r . . 

1J
(4 -3 )

Thus, the su b stitu tio n  of y fo r the vector z maintains the 0-D aspect of the 
marginal co sts . The marginal cost function (or more p rec ise ly  f lo w -e la s t ic i ty -  
o f-co st function ) fo r the 0-D p a ir ( i , j )  is :

MCi j  n
------ --- a + £ a, X
r u  i°  A

(4 -4 )

We can estim ate (4 -4 ) using our sequence of observations. Since some of 
the x i are p ric e s , we can augment (4 -4 ) w ith fac to r share equations. I f  we 
assume that to  xn_  ̂ are p rice  terms ( i . e .  there are n-2 p ric e s , one output 
and one .fixed  fa c to r making up n va ria b le s ) then the fa c to r share equations to  
add (n-3 in to ta l)  are the fo llow in g :

mq = “q° + J l  “q tX4 q = 2 , . . . , n - 2  (4 -5 )

where m̂  is the share of optimal cost represented by fac to r q (q = 2 , . . . , n - 2 ) .  
AS before, we assume symmetry:

q» t  = 1 , , . . ,n (4 -6 )

F in a lly , since a cost function should be homogenous in p ric es , so should 
the marginal cost function . Thus, we r e s t r ic t  the estim ation to s a tis fy
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n-1
l

q=2

n-1-
I

1-2
q = 1 , . . .  ,n (4 -7 )

U nfortun ate ly , (4 -5 ) and (4 -7 ) cannot both be s a tis fie d  d ir e c t ly .  There
are n-3 equations in (4 -5 ) from the n-2 price terms. (Adding the la s t fac to r

n-1
share equation is redundant, since I  m = 1 .)  On the other hand, (4 -7 ) c a lls

q=2 q
fo r re s tr ic tio n s  over a l l  the p r ic e -re la te d  c o e ffic ie n ts , even those in the  
dropped fa c to r share equation. There are two a lte rn a tiv e  ways to resolve th is  
problem.

1. Estimate (4 -4 ) ,  (4 -5 ) and the cost function jo in t ly ,  since a l l  the 
price c o e ffic ie n ts  appear in the cost fun ctio n .

2 . Estimate (4 -4 ) and (4 -5 ) with a ll prices expressed r e la t iv e  to the 
la s t  p r ic e , i . e .  Xn_^. Thus, fo r example, the fa c to r share equations 
become:

n-2
m 3 ann + a„i Xi + l  a 0( x 0-x„ ,)  + a Xq qO ql 1 q,£' i n-1' qn n *t=2

since * " [ ( V x’ il>/<Xn-1/ V l ):' = V  V l

The second procedure above incorporates the homogeneity re s tr ic t io n s . Each
equation has one fewer va ria b le  and ,the re s tr ic tio n s  (4 -7 ) must be solved a fte r
the estim ation to c a lcu la te  the c o e ffic ie n ts  for X , .n-1

Thus, the system we w ill estim ate is as fo llow s:

^ 2 - i )  = a + a X1 + ~i a (Xt -X t  ) + a X” + e” 
r . . ' 10 11 1 U  l n-1 In n. 1

1 J  X’—t  • (4 -8 )
n-2

q = aq0 + °11X1 + j 2 q q = 2 , . . . , n-2
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subject to the symmetry conditions (4 -6 ) and any appropriate au to co rre la tio n  
structure  assumptions, such as ( 2 - 1 0 ) .

Note that the second approach (the r e la t iv e  p rice  approach) estim ates a 
system of (n -1 ) variab les by (n -2 ) equations. The f i r s t  approach in which one 
estimates the f u l l  translog function with (4 -4 ) and (4 -5 ) resu lts  in a much 
la rg er system since the cost function has a l l  the second-order terms, as w ell 
as f ir s t -o rd e r  terms. For example, i f  there are 3 p rices , one output and one 
fixed  fa c to r , a lte rn a tiv e  1 resu lts  in 5 equations and 29 v a r ia b le , w hile  
a lte rn a tiv e  2 re s u lts  in 4 equations and 15 v a ria b le s .

4 .2  Estimation Results
System (4 -8 ) ,  subject to (4 -6 ) ,  has been estimated for a three p r ic e , one 

fixed  fa c to r , one aggregate output ( i . e .  n = 5) model using data from the 
twelve month sample mentioned in Chapter 3: February 1976, December 1976, 
February 1977, July 1977, December 1977, February 1978, A pril 1978, February 
1979, March 1979, May 1979, August 1979 and November 1979. The months were 
selected to maximize the v a ria tio n  in observed prices and flow s. The inde
pendent variab les are the fo llow in g:

x i : aggregate loaded car-m iles

x 2: fuel p rice  in d o lla rs /g a llo n

X3 : price fo r locomotives in dollars/locom otive-m onth

xi*: price for yard labor in do llars /eng ine-hou r

X5 : loaded c a r-m ile s /to ta l car-days o n -lin e  (= 1 /T ) .

These variables co n stitu te  the "best" subset of the inputs to the operations  
model in the sense that a l l  the other input p ric e s , e t c . ,  are h igh ly  co rre la ted  
with one of the above v a ria b le s .

Variable X 5  represents a car u t i l iz a t io n  ra te  which is not e a s ily  adjusted 
and has been used as a fixed  fa c to r . Note th a t X 5  is d if fe re n t  from the speed 
va ria b le  used in Chapter 2 as an output measure. While the un its of the v a r i
ables are the same, X 5  includes im p lic it ly  the empty-to-loaded car-m iles  r a t io ,  
which is c le a r ly  a ca p ita l u t i l iz a t io n  measure. This ra t io  is also d i f f i c u l t  
to ad just, at least in the sh o rt-ru n . Thus X 5  appears to be a reasonable 
choice for a fixed  fac to r to represent the nature of operations.
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Tables 4 -1 , 4-2 and 4-3 provide the estim ation re s u lts  fo r the marginal 
operating cost fu n c tio n , the fuel share equation and the labor share equation. 
Since wages fo r  yard and road labor are very h igh ly c o rre la te d , we have used 
only the price of yard labo r, but the share re fle c ts  both yard and road lab o r. 
Table 4-4 provides the equipment share equation, which is computed v ia  the 
homogeneity re s tr ic t io n s . Standard errors are in parentheses below each 
estimated c o e ffic ie n t in each ta b le .

The constant te r ra in  each equation is the f ir s t -o r d e r  term in the under
ly ing  cost fu n ctio n . Thus, fo r example, a1 0  in Table 4-1 is the f ir s t -o rd e r  
output term in the underlying cost function .

Using the re su lts  from Table 4-1 we can express the marginal operating  
cost function  as:

. .  o
MC1J = r i j  J~  * i - 9 3 9 8  + ° - 1 5 2  *n (y /y ) + 0*0061 *n(pp/p F)

+ 0.0361 “ 0.0422 ^(P |_q/P|_q )

-  0.0217 «n(k/E) . (4 -9 )

Thus, marginal operating cost fo r any given 0-D pa ir ( i , j )  is simply the d is 
tance between i and j  ( r . . )  times a function of y , c ° , the prices and the fix ed

1 J
fa c to r . At the point of means:

-o
MC1J = r . .  5L  ( .9 3 9 8 ) . (4 -10)

y

The c o e ffic ie n ts  on output, input prices and the fix e d  fa c to r which appear 
in Table 4-1 (and equation (4 -9 ) )  are the c o e ffic ie n ts  on second-order terms 
invo lv ing  output in the o rig in a l cost function . A fte r d if fe re n t ia t in g  with 
respect to output to construct the marginal cost fu n ctio n , they become lin e a r  
term s. Note th a t the sum of the terms on input prices ( « i2  + ai 3 + am) is 
zero . This is as specified  by co nstra in t (4 -7 ) .  The fa c t th a t the c o e ffic ie n t  
on locomotive price (P|_q) is negative does not mean th a t marginal costs w il l  
f a l l  as locomotive prices r is e ,  because a change in locomotive price w il l  also 
a ffe c t c° which is also in the equation.
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Table 4-1  
Estimation Results 

Marginal Operating Cost (Share)

V ariab le C o e ffic ie n t Estimate Standard Error
Y « n 0.1520 0.0052

PFUEL a12 0.0061 0.0008
PLABOR “13 0.0361 0.0011
PLOCO -0.0422 . 0.0016

K “ 15 -0.0217 0.0026
CONSTANT a10 0.9398 0.0004

Table 4-2
Estimation Results 

Fuel (Share)

V ariab le C o e ffic ie n t Estimate Standard Error
Y “21 0.0061 0.0008

PFUEL “22 0.1113 0.0004
PLABOR “23 -0 .0417 0.0004

PLOCO “2*» -0 .0696 0.0003
K “25 0.0459 0.0004

CONSTANT “20 0.1116 0.0001
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Table 4-3
Estimation Results 

Labor (Share)

V ariab le C o e ffic ie n t Estimate Standard Error
Y <*31 0.0361 0.0011

PFUEL a 32 -0 .0417 0.0004
PLABOR “ 3 3 0.1109 0.0006
PLOCO a 34 -0 .0692 0.0001

K <*3 5 0.0289 0.0005
CONSTANT a 30 0.2590 0.0001

Table 4-4* 
Estimation Results 
Equipment (Share)

V ariab le C o e ffic ie n t Estimate Standard Error
Y “ 41 -0.0422 0.0011

PFUEL “ 42 -0.0696 0.0007
PLABOR “ 43 -0.0692 0.0010

PLOCO <*4 4 0.1388 0.0011
K a 45 -0.0748 0.0001

CONSTANT “ 4 0 0.6294 0.0001

*  A ll c o e ffic ie n t estimates and 
the homogeneity re s tr ic t io n s .

standard errors in th is  tab le  
For example, a^0 - 1 -  <*20 -

are computed v ia
“ 30*
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For example, suppose i n i t i a l l y  a ll variab les  are at the point of means, so 
th a t the marginal cost fo r 0-D p a ir  i j  is given by (4 -1 0 ) .  Now suppose th a t 
r is in g  in te re s t rates cause the price of equipment (represented by p^g) to in 
crease by 10%. What is the e ffe c t  on marginal costs?

To answer th is , we must re fe r  to equation (4 -2 ) to recompute c ° . Because 
a ll  variab les  are i n i t i a l l y  assumed to be at the point of means, and only p 
changes, a ll except X4 w il l  be zero. Thus, we have

fl.n(c°/c°) = *n(PL0/P L0) + ^ (P Lg/PL0)3

From Table 4 -4 , we find  th a t ĉ q = .6294, and a,^ = .1388. In th is  case pLQ =
1.1  pLg, so we have

An(c°/c°) = .6294 * n ( l . l )  + . 1 3 8 8 [ « n ( l . l ) ] 2 
= .06124.

This implies th a t:

oc , .06124. -o (e ) c 1.063 c° .

Returning to (4 -9 ) ,  a ll  the terms inside the brackets except the constant 
and the p^g term are zero, so we have

MC1J
i j

1.063c°
y

{.9398 -  .0422 JJn(l.l) }

c°
—  (.9 94 8 )

y

Thus, MĈ J /MC^J = .9948/.9398 = 1.058, so marginal cost has risen  about 5.8% 
as a res u lt of the 10% increase in p^g. S im ilar analyses can be done to exam
ine the e ffe c ts  of other changes in prices or output le v e l.

The constant terms in Tables 4 -2 , 4-3 and 4-4 represent the f irs t -o rd e r  
terms in the cost fu n ctio n , and thus sum to one as a re s u lt  of the f i r s t  con
s tra in t  in (4 -7 ) .  At the point of means in the data , a l l  terms in the fac to r
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share equations except these constants go to zero, and hence at that point the 
shares of to ta l operating cost a ttr ib u ta b le  to fu e l ,  labor and equipment are 
about 11%, 26% and 63%, resp ec tive ly . Because the point of means average con
d itio n s  over a period during which fuel prices es p e c ia lly  were r is in g  ra p id ly ,  
these shares are not very re f le c t iv e  of current conditions. To evaluate cur
rent conditions more c a re fu lly , the other terms in the fac to r share equations 
(w ith  c o e ffic ie n ts  indicated in Tables 4 -2 , 4-3 and 4 -4 ) would have to be used 
also .

As a f in a l comment regarding in te rp re ta tio n  of these re s u lts , some caution 
should be exercised in applying them to very short or very sp ecia lized  move
ments. Very short movements may require r e la t iv e ly  more switching and local 
t ra in  a c t iv ity  than normal, and thus the lin e a r re la tio n s h ip  to distance may be 
inaccurate. At the other extreme, the costs un it tra in  movements may not be 
re fle c te d  well because they have not been separated from other t ra in  operations  
in the an a lys is , even though th e ir  operating costs may be r e la t iv e ly  d if fe r e n t .

4 .3  The C ontribution  o f Economic Theory to Operational Analysis
I t  is  worth noting that without the above s tru c tu re , derived from economic 

theory, the estim ation of the marginal cost function would have been much 
poorer. To see th is ,  suppose that we had simply estimated (4 -4 ) w ithout the 
fac to r share equation (4 -5 ) ,  the symmetry re s tr ic t io n  (4 -6 ) or the homogeneity 
re s tr ic t io n  (4 -7 ) .  The re s u lt of such an estim ation is shown below; with  
standard errors  in parentheses:

= 0.4029 + 0.0688 £n(y/y) -  0.0158 *n(Pp/Pp) 
(0 .0005) (0.0090) (0 .0039)

+ 0.0315 An(p. A/p. «) + 0.0428 *n(p 
(0.0036) Lrt (0 .0091) LO^LO )

-  0.0155 *n(k/R ) . 
(0.0033)

(4 -1 1 )
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Comparlng (4-11) to Table 4-1 1s q u ite  re v e a lin g . The estimated c o e f f i 
c ie n t on y and the estimated In te rc ep t 1n (4 -1 1 ) are both less than h a lf  of the 
corresponding estimates in Table 4 -1 . Both the price of fuel and the price o f  
locomotives have experienced sign changes. We also observe th a t (4 -1 1 ) does 
not re f le c t  homogeneity in p ric es ; the price c o e ffic ie n ts  should add to zero. 
Since we know th a t the re s u lts  in Table 4-1 are th e o re t ic a lly  ju s t i f ia b le ,  we 
can see th a t dropping the th e o re tic a l re s tr ic tio n s  (which y ie ld s  (4 -1 1 ))  can 
lead to seriously  flawed and in fe r io r  re s u lts .

4 .4  Summary and Im p licatio n s
We have described a procedure fo r p red ic ting  marginal operating costs fo r  

s p e c ific  o rig in -d e s tin a tio n  prices in a r a i l  f irm . Such estim ates re f le c t  an 
optim ization  model, and thus they provide lower bounds on actual marginal 
costs. Obviously, the more accurate the network representation  and cost data  
the b e tte r the estimates w il l  be. In  general, however, the procedure outlined  
above provides a systematic and defensib le  way to compute 0-D s p e c ific  marginal 
operating costs and would be u s e fu lb o th  in p ric in g  decisions and in operations 
analysis stud ies. As an example of the  form er, i t  is c le a r th a t prices should 
be above the marginal operating cost; th is  procedure provides a f lo o r  and its  
ju s t i f ic a t io n .  An an example of i ts  ro le  in operations analysis stud ies, one 
could use such a procedure to examine the impact, of network changes on the 
s e n s it iv ity  of marginal operating costs to input prices (such as fu e l)  by e s t i 
mating MC1J functions fo r each network s p e c ific a tio n  and then comparing the 
functions .



CHAPTER 5

CONCLUSIONS AND IMPLICATIONS

5.1 Conclusions and Im plications from the Cost Model o f the Firm
Probably the most s tr ik in g  conclusion of the resu lts  presented in Chapter 

2 is the c le ar evidence of re tu rn s -to -d e n s ity  for the ra ilro a d  under study.
When coupled with the resu lts  of Phase I (re tu rn s -to -d e n s ity  fo r the small 
r a i lr o a d ) ,  the im p lication  is that re tu rn s -to -d e n s ity  is not an iso la ted  
phenomenon.

This fin d in g  can be contrasted with those cross-section studies which have 
ignored density  issues and have e ith e r found constant re tu rn s -to -s c a le  or 
s lig h t ly  increasing re tu rn s -to -s c a le . In general such studies have not con-J
tro lle d  fo r d iffe ren ce s  between firm s w ith in  samples. As discussed in Chapter 
2, th is  can lead to  biases in estim ates. Without such c o n tro l, economies-of- 
size ( i . e .  changes in configuration and size of the firm ) and economies-of- 
density (co n fig u ra tio n  and size held fix e d ) are confused.

A second reason fo r the d ifferen ce is inclusion of a properly constructed 
q u a lity -o f-s e rv ic e  measure. In general the cross-section studies have e ith e r  
not included q u a lity  measures or they have had to use surrogates. The te s t on 
inclusion of the speed term c le a r ly  indicates th a t dropping the va ria b le  leads 
to a m issp ec ifica tio n  e r ro r . I t  also leads to a lower estim ate of economies- 
o f-d e n s ity . Thus, the lack of a properly constructed q u a lity -o f-s e rv ic e  v a r i 
able in e a r l ie r  studies may also be p a r t ia l ly  responsible fo r the d iffe ren ce  
between our re s u lts  and the cross-section re s u lts .

We also found th a t the most variab le  factors of production ( fu e l ,  labor 
and equipment) do not appear to su bstitu te  re a d ily  fo r one another, and a ll  the 
fa c to r demand functions are in e la s t ic , with demand fo r labor most in e la s t ic .  
Labor is the major share of short-run va ria b le  costs (53%).

I t  is also in te re s tin g  to examine the share of fuel in costs (19%) and 
compare i t  to the re s u lt  from the smaller ra ilro a d  studied in Phase I (6%). 
While part of th is  d iffe ren ce  may be due to the d iffe ren ce  in the sizes o f the 
f irm s , part may also re f le c t  the fac t th a t the estim ate for the la rg er ra ilro a d  
re fle c ts  conditions in the m id -to -la te  seventies, while the estim ate fo r the
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small firm  re fle c ts  the ea rly -to -m id  seven ties .. Both firms were in e la s t ic  with 
respect to fuel prices and, given the enormous fuel price change experienced, 
one might expect fu e l 's  share of cost to increase.

5 .2  Conclusions and Im p lications from the Operations Model
One p rin c ip a l conclusion from the network model described in Chapter 3 is 

th a t i t  is quite feas ib le  to produce reasonable operating cost estimates from a 
r e la t iv e ly  simple network model. This is true even fo r network operations as 
complex as those on the ra ilro a d  under study, which is a major Class I system. 
The pred ictions of two major measures of a c t iv ity  -  loaded car-m iles  and yard 
engine-hours -  were ty p ic a lly  w ith in  10% of observed numbers fo r a sample of 
months over a four-year study p eriod . The re s u ltin g  operating cost estimates  
were a l l  w ith in  15% of the reported operating expenses fo r those months.

In general, the model underestimates operating costs by a small amount. , 
This is to be expected, because i t  is an optim ization  model, and pred icts  the 
"optimal" (minimum cost) pattern  of car flows given a ll  the inform ation on 
movements fo r the month. In  r e a l i t y ,  decisions made on a day-to-day basis from 
incomplete inform ation are u n lik e ly  to be optimal in the same sense, even 
though they may be the best decisions possible under the given circumstances. 
Thus, in some ways, the model provides a standard against which observed re 
su lts  can be compared. This presents a p o ten tia l use of the model fo r manage
ment evaluation and control of operations.

The purposes of th is  network model should be made c le a r . In  contrast to 
some other ra ilro a d  network models, i t  is not intended to address d e ta iled  
operational questions involving b locking, t ra in  d ispatch ing, power u t i l iz a t io n ,  
e tc . I t s  purpose is to provide estim ates of o vera ll operating costs and 
o r ig in /d e s tin a tio n -s p e c if ic  marginal costs which are se n s itive  to changes in :
1) the level of t r a f f ic  on the system, 2) the prices of cars , locomotives, 
lab o r, fu e l,  maintenance, e t c . ,  and 3) aggregate c h a ra c te ris tic s  of operations 
on the network such as average t ra in  leng th , empty-to-loaded c a r-m ile s , loaded 
car-m iles per car-day, locomotive u t i l iz a t io n  and use of system vs. foreign  
cars . This ob jective  is qu ite  d if fe re n t  from that of many previous ra ilro a d  
network models which have focused on ro u tin g , scheduling and blocking p o lic ie s , 
or on deta iled  operations of s p e c ific  elements of the network.
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The model 1s Inexpensive to use, both 1n terms of analyst time and com
puter tim e. S etting up for a run from "scratch" requires a few hours of 
analyst time to compute input prices and the various u t i l iz a t io n  fa c to rs . 
Subsequent runs to explore changes in various inputs can be made very q u ic k ly .
A preprocessor program could make th is  setup even easier and fa s te r  i f  the 
model were to be used re g u la r ly , but such a program has not been developed in 
th is  p ro je c t. The computer costs have been less than $10 per run on C o rn e ll's  
IBM 370/168 system.

A primary p o ten tia l use of th is  model is in vestig atio n  of the marginal 
costs of moving t r a f f ic  on sp ec ific  0-D pairs fo r p ric ing  purposes. Because 
the model is an optim ization  model, i t  produces a lower bound, or f lo o r ,  under 
the marginal costs of providing various serv ices. The rates charged should be 
at least th is  g re a t. The c a p a b ility  to evaluate such marginal costs is of 
great use to  ra ilro a d s , in both ju s t ify in g  rates for regu la to ry  proceedings and 
in negotia ting  contracts with shippers.

The s ta t is t ic a l  estimates of marginal cost described in Chapter 4 provide 
a convenient method fo r summarizing a large amount of inform ation from the 
network model. The functional form expresses the marginal cost as a function  
of d istance, input p rices , to ta l volume being moved on the system and a network 
parameter (used as a fixed  fa c to r ) .  This model is an ex ce lle n t example of the 
power of the "hybrid" approach to cost analysis which has been the cornerstone 
of th is  p ro je c t. The means for generating ind iv idual observations on marginal 
costs fo r s p e c ific  movements is an engineering model; the means fo r summarizing 
th is  data in a meaningful way makes substantial use of economic theory. I t  
should be emphasized that without the economic theory to provide a structure  
w ith in  which to do the s ta t is t ic a l  analysis in Chapter 4, the re s u lts  were much 
less s a tis fa c to ry . Together, the economic theory and the engineering models 
provide a powerful tool fo r the analysis of ra ilro a d  costs.

The re s u ltin g  s ta t is t ic a l  model in Chapter 4 is a convenient form in which\
to express the general e ffe c ts  of changes in t r a f f ic  volume or various input 
prices on marginal costs. This can be extremely u sefu l, fo r example, in exam
ining the p o te n tia l impacts of fuel price increases on marginal costs, and 
hence the p o te n tia l of such price changes to a ffe c t ra te s . I t  also provides a 
means fo r examining the po ten tia l impact of improvements in car u t i l iz a t io n ,  as 
measured by changes in the number of loaded car-m iles per car-day o n -lin e , to
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reduce marginal costs. Inform ation on such issues is very important to both 
ra ilro a d  management and to Federal policy-makers and analysts .

While the operating analysis as i t  stands is u s e fu l, there are also some 
enhancements which might improve i t  fu r th e r .  F ir s t ,  somewhat more d e ta ile d  
analysis of yard operations could lead to improved s p e c ific a tio n  o f the re la 
tion sh ip  between yard engine-hours and the number of cars handled in yards. 
This , in tu rn , would improve the a b i l i t y  of the network model to  r e f le c t  
changes in yard operation (which would a ffe c t costs) more ac cu ra te ly . Second, 
i t  could be desirab le to incorporate d if fe re n t  types of t ra in  operation (e .g . 
lo c a l, run-through, un it t ra in s , e tc .)  in the network s p e c if ic a tio n . This 
would require  d e fin it io n  of various classes of lin ks 1n the network. Such 
m odifications would improve the s e n s it iv ity  of the network model to  more de
ta i le d  operational changes, but would make the solution of the optim ization  
problem more expensive. Further in ve s tig a tio n  is required to determine whether 
the benefits  would be worth the costs. F in a lly ,  b e tte r s p e c ific a tio n  o f the 
output v a ria b le  in the s ta t is t ic a l  cost function is d e s ira b le . C u rre n tly , the  
va ria b le  used is to ta l flow on the system. This re f le c ts  the fa c t th a t flows 
other than that on the 0-D p a ir in question a ffe c t the marginal costs fo r any 
given 0-D p a ir .  However, i t  is also true th a t not al 1 the flows on the network 
a ffe c t every other flo w . I t  would be des irab le  to re f le c t  only those flows 
which d ire c t ly  in te ra c t with the flow  on a given 0-D p a ir . This presents some 
d i f f i c u l t  measurement problems, but is a useful area fo r fu rth e r  in ve stig a tio n

5 .3  Use o f the Research Products
Figure 5-1 summarizes the p o ten tia l uses of th is  research. On the l e f t -  

hand side of the diagram are the three major research products -  the network 
model, the short-run marginal operating cost fu n ctio n , and the f irm -le v e l cost 
functions (short-run  and lo n g -ru n ). In  the middle of the diagram are the p r in 
c ipa l outputs of these models. On the right-hand side are three major kinds of 
a c t iv it ie s  undertaken by ra ilro a d  firm s and/or government p o lic y  makers or reg
u la to rs . The arrows ind icate  how each of the a c t iv it ie s  depend on the resu lts  
produced by the three models.
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Figure 5 -1 . Use o f the research products.
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For example, short-range planning a c t iv it ie s  of the ra ilro a d  would use the 
to ta l operating cost pred ictions from the network model, but probably not the 
inform ation on facto r s u b s titu tio n , fo r example, from the f irm -le v e l cost 
fu n ctio n . On.the other hand, p ric in g  decisions re ly  on inform ation from the 
f irm -le v e l model as well as marginal operating cost in fo rm ation . Medium-range 
to long-range planning that might be done e ith e r  by ra ilro a d s  or government 
would not re ly  much on d e ta ils  of network operation , but would make use of the 
more general inform ation in the f irm -le v e l analys is .

In c lo s in g , we wish to emphasize that the form of cost analysis described 
in th is  report d if fe rs  markedly from e a r l ie r  s tud ies. We have demonstrated 
th a t cross-sectional econometric studies using aggregate data are prone to 
m is in te rp re ta tio n  because of model m is s p e c lfic a tio n . On the other hand, we 
have also demonstrated that economic theory is very important in making sense 
of marginal cost estimates produced by engineering models. Together, the 
econometric and engineering techniques complement each other very e f fe c t iv e ly .  
Joint use of these methods can lead to more re lia b le  estim ates of cost than can 
be obtained from e ith e r by i t s e l f .  This provides the.basis  fo r improved public  
p o licy  decisions and fo r improved a b i l i t y  of ra ilro a d  management to understand 
the costs of providing services.



Bibliography

Borts, G .H ., VThe Estimation of Rail Cost Functions," Econometrica, 28,
January, 1960, pp. 108-131.

Brown, R ., D. Caves and L. Christensen, "Modelling the S tructure o f Production 
with a Jo in t Cost Function," U n ivers ity  of Wisconsin, Social Systems Research 
In s t i tu t e ,  Paper 7521, 1975.

Caves, 0 . and L. Christensen, "Modeling the Structure of Production in the 
U.S. Railroad In d u s try ,"  U n ivers ity  of Wisconsin (mimeo), 1976.

Caves, D ., L. Christensen and J. Swanson, "P ro d u ctiv ity  in U.S. R ailroads, 
1951-1974," The Bell Journal o f Economics, Spring 1980, Vol. 11, No. 1, pp. 
166-181. -----------------------------------------------------

Caves, D.W., L.R . Christensen and M. Tretheway, "A Reexamination of Scale 
Economies fo r U.S. Trunk A ir lin e s ,"  Working Paper, Department of Economics, 
U n ive rs ity  of Wisconsin, 1981.

Christensen, L . ,  D. Jorgenson and L. Lau, "Transcendental Logarithmic Produc
tio n  Functions," Review of Economics and S ta t is t ic s , 55, 1973, pp. 28-45.

Christensen, L. and W.H. Greene, "Economies of Scale in U.S. E le c tr ic  Power 
G eneration," Journal o f P o lit ic a l Economy, 84, 1976, pp. 655-676.

Danzig, J . ,  J. Rugg, J. W illiams and W. Hay, Procedures fo r  Analyzing the  
Economic Costs o f Railroad Roadway fo r  Pricing Purposes, report prepared fo r  
the U.S. Department of Transportation , 1976.

Daughety, A .F. and M.A. Turnquist, Development o f Hybrid Cost Functions from 
Engineering and S ta t is t ic a l  Techniques: The Case of R a i l , Report No. DOT/RSPA/ 
DPB-50/79/31, U.S. Department of Transportation , Washington, D .C ., 1979.

Eads, G ., M. Nerlove and W. Raduchel, "A Long-Run Cost Function fo r the Local. 
Service A ir l in e  In d u s try ,"  Review o f Economics and S ta t is t ic s ,  51, August,
1969, pp. 258-270. ~

Economic ABZ's o f the Railroad In d u s try , Association of American R ailroads, 
Washington, D .C ., 1980.

Frank, M. and P. W olfe, "An Algorithm fo r Quadratic Programming," Naval 
Research Log is tics  Q u a rte rly , 1956, pp. 95-110.

F ried laen d er, A .F ., The Dilemma of Freight Transport Regulation, Brookings 
In s t i tu t io n ,  Washington, D .C ., 1969.

F ried laender, A .F. and R. Spady, "E quity , E ffic ie n c y  and Resource A llo ca tio n  in 
the Rail and Regulated Trucking In d u s tr ie s ,"  CTS Report No. 79 -4 , Center fo r  
Transportation Studies, Massachusetts In s t itu te  of Technology, 1979.



-72-

G r i l i c h e s ,  Z . ,  "C ost  A l l o c a t i o n  in R a i l r o a d  R e g u l a t i o n , "  Bel l  Journal  o f  
Economics and Management S c i e n c e , 2* 1972,  pp.  2 6 - 4 1 .

H a r r i s ,  R .G . ,  "Economies o f  T r a f f i c  D e n s i t y  in the  Rail  F r e ig h t  I n d u s t r y , "  Bel l  
Journal  o f  Econom ics , j l ,  1977,  pp. 556 -5 6 4 .

Hasenkamp, G . ,  S p e c i f i c a t i o n  and E s t im a t io n  o f  M u l t i p l e  Output P r o d u c t i o n  
F u n c t i o n s , S p r i n g e r - V e r l a g ,  New York,  1976.

K e e l e r ,  T . ,  R a i l r o a d  Cost  F u n c t i o n :  An E m pir ica l  Study , unpubl ished B.A.  
t h e s i s ,  Reed C o l l e g e ,  1967.

K e e l e r ,  T . ,  " R a i l r o a d  C o s t s ,  Returns t o  S c a le  and Excess C a p a c i t y , "  Review o f  
Economics and S t a t i s t i c s , May 1974.

K l e i n ,  L . R . ,  "The Use o f  Cross S e c t i o n  Data in E conom etr ics  with A p p l i c a t i o n  t o  
a Study o f  Pro du ct io n  o f  R a i l ro ad  S e r v i c e s  in the United S t a t e s , "  N at iona l  
Bureau o f  Economic Research (mimeo) ,  1947.

Lau, L . J . ,  " T e s t i n g  and Imposing M o n o t o n i c i t y ,  C o n v e x i ty  and Q u a s i - C p n v e x i t y  
C o n s t r a i n t s , "  in M. Fuss and D. McFadden ( e d s . ) ,  P ro d u c t i o n  Econom ics :  A Dual
Approach t o  Theory  and A p p l i c a t i o n s , Volume I ,  North-Hoi  land,  New York,  1978.

LeB lanc ,  L . J . ,  E.K. Morlok and W.P. P i e r s k a l l a ,  "Approach t o  S o l v in g  the Road 
Network Equ i l ibr iu m  T r a f f i c  Prob lem ,"  T r a n s p o r t a t i o n  R e se a r c h ,  9 ,  1975,  pp. 
309 -3 1 8 .  ~

Mundlak, Y . ,  "E m pric ia l  Pro du ct io n  Functi on  Free o f  Management B i a s , "  Journal  
o f  Farm E conom ics , February 1961,  pp. 4 4 - 5 6 .

Sammon, J . P . ,  "Returns to  T r a f f i c  Flow C o n c e n t r a t i o n  in the R a i l r o a d  I n d u s t r y , "  
P r o c e e d in g s  o f  t h e  T r a n s p o r t a t i o n  Research Forum, XIX, 1978,  pp .  104 -1 1 1 .

Swanson, J . A . ,  R a i l r o a d  Investment Demand, 1948 -1965 :  A N e o c l a s s i c a l  M ode l , 
unpubl ished Ph.D. d i s s e r t a t i o n ,  U n i v e r s i t y  o f  W is co n s in ,  1968.

T h e i l ,  H. ,  P r i n c i p l e s  o f  E c o n o m e t r i c s , John Wiley  & Sons,  New York,  1971.

V ar ian ,  H. ,  Microeconom ic  A n a l y s i s , W.W. N or ton ,  New York,  1978.

W e l ty ,  G . ,  "Budget  Planning 1 979 , "  Rai lway  A g e , November 17,  1978,  pp. 2 6 - 3 2 .

W i ld e ,  D . J . ,  Optimum Seeking Methods,  P r e n t i c e - H a l l ,  Englewood C l i f f s ,  N . J . ,  
1964.



APPENDIX

USING THE NETWORK OPERATING COST MODEL

RAILNET 1s a FORTRAN program des ig ned  t o  p r e d i c t  o p e r a t i n g  c o s t s  on r a i l 

road  networks by s o l v i n g  the network f l o w  problem d e s c r i b e d  in Chapter 3.  The 

c u r r e n t  v e r s i o n  has been des igned  f o r  the IBM VM/370 o p e r a t i n g  system, using 

th e  C o n v e r sa t i o n a l  Monitor  System (CMS). The program i n c l u d e s  f o u r  major  

m o du le s : ,  (1 )  a c o n t r o l  module which handles much o f  the i n t e r a c t i o n  with the  

user  and invokes  o t h e r  modules in response  to  the u s e r ' s  i n s t r u c t i o n s ,  (2 )  a 

data  input module,  (3 )  an a n a l y s i s  module which per form s the  a c tu a l  computa

t i o n s ,  and (4 )  an output module.  The nature and c a p a b i l i t i e s  o f  each o f  th e se  

modules are d e s c r i b e d  in the i n d i v i d u a l  s e c t i o n s  which f o l l o w .  D e t a i l e d  i n 

f o r m a t io n  on the use o f  the v a r io u s  o p t i o n s  with in  each module i s  p r o v ide d  in 

, S e c t i o n  A . 5.

A . l  Program Con trol

To i n i t i a t e  a s e s s i o n  with RAILNET, the user l o g s  on at a t e r m i n a l ,  

a t t a c h e s  a data  s e t  ( i f  one is  to  be used)  and invokes the program. S/he i s  

then communicating with the program c o n t r o l  module.  The program w i l l  ask the 

user  whether or  not an e x i s t i n g  data se t  is to  be r e a d ,  what kind o f  terminal  

i s  be ing  used ,  and then g iv e  the  user a menu o f  a c t i v i t i e s  from which s / h e  may 

s e l e c t  what t o  do n e x t .  This menu i n c l u d e s :  examining (and p o s s i b l y  changin g )  

the  d a t a ,  w r i t i n g  a f i l e  to  save the curren t  data  i n c l u d i n g  changes made dur

ing t h i s  s e s s i o n ,  c o n d u c t in g  an assignment o f  t r a f f i c  to  the netw ork ,  r e s t a r t 

ing the  program, or  ending the s e s s i o n .  A d d i t i o n a l  d e t a i l s  on t h e s e  v a r io u s  

o p t i o n s  are d e s c r i b e d  in S e c t i o n  A . 7.

When the user re sp o n d s ,  the c o n t r o l  module may ask a d d i t i o n a l  q u e s t i o n s  

t o  c l a r i f y  e x a c t l y  what the user wishes to  d o .  When the  i n s t r u c t i o n s  are 

c o m p l e t e l y  s p e c i f i e d ,  the c o n t r o l  module invokes one o f  the o t h e r  modules to  

beg in  the  re q u e s t e d  a c t i v i t y .  Each a c t i v i t y  i n c l u d e s  a s e t  o f  p o t e n t i a l  

t a s k s . In some c a s e s ,  the sequence o f  tasks in an a c t i v i t y  i s  r e l a t i v e l y  

f i x e d .  In o th e r  c a s e s ,  t h e r e  is  c o n s i d e r a b l e  room f o r  user i n t e r v e n t i o n .  At 

the c o m p le t i o n  o f  each task ,  the c o n t r o l  module may r e q u e s t  f u r t h e r  i n s t r u c 

t i o n s  from the user i f  the next task in the sequence is  not p re d e te rm in e d .

A - l
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At the c o m p le t io n  o f  an a c t i v i t y ,  the c o n t r o l  module r e p e a t s  the menu, 

and the user may s e l e c t  another  a c t i v i t y .  This  p r o c e s s  r e p e a t s  u n t i l  the  user 

t e r m in a te s  the  s e s s i o n .

A . 2 Data Input

Data input may be from a permanent f i l e  c o n s t r u c t e d  p r i o r  t o  the  s e s s i o n  

o r  d i r e c t l y  from the  t e r m i n a l .  In e i t h e r  c a s e ,  the  data  i n c lu d e  t h r e e  s e t s  o f  

i n f o r m a t i o n ,  p e r t a i n i n g  t o  system p aram e te rs ,  l i n k s  and t r a f f i c  vo lu m es .  The 

parameter data  s p e c i f y  v a lu es  which p e r t a i n  t o  a l l  l i n k s ,  such as wage r a t e s ,  

f u e l  p r i c e s ,  equipment p r i c e s ,  e t c .  The l in k  data  d e s c r i b e  each l i n k  in the  

network i n c lu d in g  o r i g i n  node ,  d e s t i n a t i o n  n o de ,  l e n g t h ,  c a p a c i t y ,  and a s e t  

o f  parameters f o r  use in computing the l i n k  c o s t  as a f u n c t i o n  o f  volume.  The 

volume data  p r o v i d e  an o r i g i n - d e s t i n a t i o n  (0 -D)  f l o w  t a b l e .  Data input f o r 

mats are d e s c r i b e d  in S e c t i o n  A . 5 . 2 .

An important element o f  the program is  the c a p a b i l i t y  to  m od i fy  the  data  

f i l e  during  a terminal  s e s s i o n .  This makes the a n a l y s i s  t r u l y  i n t e r a c t i v e ,  

and i s  o f  g reat  use f o r  e x p l o r i n g  the e f f e c t s  o f  changes in the network q u i c k 

l y  and e a s i l y .  Any element o f  the data  f i l e  can be m o d i f i e d  or  d e l e t e d ,  and 

new nodes or  l i n k s  can be d e f i n e d .

I f  the user makes se v e ra l  changes in the data  f i l e  ( o r  c r e a t e s  a new data  

f i l e )  at the t e r m i n a l ,  t h i s  new data  may be s t o r e d  as a permanent f i l e .  This  

i s  done using the  "WRITE" o p t i o n  in the a c t i v i t y  menu, as d e s c r i b e d  in S e c t i o n  

A . 7 .  The program than w r i t e s  the data  t o  an output f i l e  in a format s u i t a b l e  

f o r  re r e a d in g  at a l a t e r  t im e .

A . 3 Computation

The RAILNET program has the a b i l i t y  to  ass ign  t r a f f i c  t o  l i n k s  in the  

r a i l  network using  the  a lgo r i th m  summarized in Chapter 3 (p p .  4 7 - 4 9 ) .  The 

user  must supply  a FORTRAN su b r o u t in e  t o  compute the  un i t  c o s t  o f  c a r l o a d  

movements o v e r  each network l i n k .  This  a l l o w s  the user t o  s p e c i f y  the form o f  

marginal  c o s t  f u n c t i o n  used ,  and to  use d i f f e r e n t  f u n c t i o n s  f o r  d i f f e r e n t  

c l a s s e s  o f  l i n k s .  The s p e c i f i c a t i o n s  f o r  t h i s  s u b r o u t i n e  are d e s c r i b e d  in 

S e c t i o n  A . 5 . 1 .
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A . 4 Output

The output module o f  the program a l lows  the user to  o b t a i n  d e t a i l e d  l i n k -  

b y - l i n k  output  in t a b u l a r  form at the end o f  an ass ignment.  I t  a l s o  produces 

summary s t a t i s t i c s  on t o t a l  volume moved, t o t a l  loaded c a r - m i l e s ,  and t o t a l  

c o s t .

A .5 D e t a i l e d  I n s t r u c t i o n s  f o r  Use o f  the  Program

This s e c t i o n  p r o v i d e s  d e t a i l e d  i n s t r u c t i o n s  f o r  d e v e l o p i n g  the  s u b r o u t i n e  

t o  c a l c u l a t e  l in k  impedances ,  p re p ar in g  data  in p u t ,  and using  the  major  op 

t i o n s  w i t h in  the  program. These t o p i c s  are d i s c u s s e d  i n d i v i d u a l l y  in the. 

f o l l o w i n g  s u b s e c t i o n s .

A . 5 .1  The Link Cost  Routine

The user  must p r o v id e  a su b r o u t in e  which w i l l  c a l c u l a t e  the  u n i t  c o s t  

o f  a c a r l o a d  movement over  each l in k  in the network* This  u s e r - p r o v i d e d  rou 

t i n e  enhances the c a p a b i l i t y  o f  RAILNET because s e v e r a l  d i f f e r e n t  l in k  ty pe s  

may be d e s ig n a t e d  and the l in k  c o s t  c a l c u l a t e d  f o r  each type  using  a d i f f e r e n t  

f o r m u la .  The su b r o u t in e  may use va lu es  o f  up to  5 parameters f o r  each l i n k ,  

which are input as arguments to  the s u b r o u t i n e .  The s u b r o u t i n e  must be w r i t 

ten in FORTRAN and named LKCOST. The format which should be f o l l o w e d  i s :

SUBROUTINE LKCOST (LT.CAP,DIST,ARG,VOL,COST)

DIMENSION ARG(5)

RETURN

END

where :  LT = l in k  ty pe  ( i n t e g e r - v a l u e d )

CAP = l i n k  c a p a c i t y  ( c a r s / t i m e  period. )  ( r e a l - v a l u e d )

DIST = length  o f  the  l ink  ( m i l e s )  ( r e a l - v a l u e d )

ARG = v e c t o r  o f  l in k  parameters ( r e a l - v a l u e d )

VOL = l in k  volume ( r e a l - v a l u e d )

COST = r e s u l t i n g  c o s t  ( r e a l - v a l u e d )

LT, CAP, DIST, ARG and VOL are inputs  t o  LKCOST. COST i s  the o u t p u t .  Link 

ty p e  (LT) may be used as an i n d i c a t o r  t o  determine  how to  use the parameter 

v e c t o r  t o  compute the c o s t .
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As a s imple  example o f  a p o s s i b l e  LKCOST s u b r o u t i n e ,  suppose we d e s i r e  t o  

c a l c u l a t e  c o s t s  us ing  the f o l l o w i n g  f u n c t i o n :

c = {a + bv + d v 2 }m

where:  c  = c o s t  ( $ / c a r l o a d )

v = volume ( c a r l o a d s / u n i t  t ime)  

m = length  o f  the l in k  ( m i l e s )  

a , b , d  = param eters .

This c o s t  f u n c t i o n  has f ou r  l i n k - s p e c i f i c  param eters :  the len gth  and v a l 

ues o f  a, b and d .  The l in k  l en gth  i s  passed to  s u b r o u t in e  LKCOST e x p l i c i t l y ,  

but a,  b and d would have to  be passed as arguments in the ARG a r r a y .

Under the assumption that  A R G ( l ) ,  ARG(2) and ARG(3) g i v e  v a lu e s  f o r  a ,  b 

and d ,  r e s p e c t i v e l y ,  f o r  a g iven  l i n k ,  the  f o l l o w i n g  s u b r o u t in e  would per form 

the  re qu ire d  c o m p u ta t i o n s :

SUBROUTINE LKCOST (LT,CAP,DIST,ARG,VOL,COST)

DIMENSION ARG(5)

COST = (ARG(l) + ARG(2)*V0L + ARG(3 )*V0L*V0L)*DIST

RETURN

END

Note that  the l in k  type  param eter,  LT, is  not used in t h i s  r o u t i n e .  I f  

some l in k s  in the  network were to  have c o s t s  c a l c u l a t e d  a c c o r d i n g  t o  t h i s  

f o r m u la ,  and o t h e r s  use a d i f f e r e n t  c o s t  f u n c t i o n ,  the LT parameter c o u ld  be 

used to  d i s t i n g u i s h  among them and branch t o  the  a p p r o p r i a t e  s e c t i o n  o f  the 

LKCOST r o u t i n e .

This s o r t  o f  branching  i s  shown more c l e a r l y  in a second example,  which 

implements the c o s t  c a l c u l a t i o n s  d e s c r i b e d  in Chapter 3 o f  t h i s  r e p o r t .  The 

l i s t i n g  o f  LKCOST i s  shown in F igure  A - l .  The f i r s t  e x e c u t a b l e  statement o f  

the su bro u t in e  t e s t s  f o r  actual  u s a b i l i t y  o f  the l in k  whose c o s t  i s  to  be c a l 

c u l a t e d .  A l in k  can be "removed" from the  network by s e t t i n g  i t s  c a p a c i t y  t o  

z e r o .  In that  c a s e ,  LKCOST w i l l  re turn  a very  l a r g e  uni t  c o s t  f o r  th at  l in k  

( $ 1 0 8) so that  no t r a f f i c  w i l l  be ass ig ned  t o  i t .

v



SUBROUTINE LKC08T (LT. CAP. B IST. ARC. VOL. COST) 
DIMENSION ARO(S)

C '• r ::
C COMMON BLOCK /FARM/ CONTAINS ALL THE SYSTEM PARAMETERS 
C

COMMON /PARM/ RCWAGE. YCWAOE. FUELP. RLFRAT. YLFRAT.
X RLOWN. RLUTIL. YLOWN. YLUTIL. COWN, PDD.
X PDM. ATL. ELCMR. FCOL, FCM. CDLCM. WSCLCM

C
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c
C RCWAGE *  ROAD CREW WAGE RATE
C YCWAOE -  YARD CREW WAGE RATE
C FUELP -  FUEL PRICE
C RLFRAT -  ROAD LOCOMOTIVE FUEL CONSUMPTION RATE
C YLFRAT -  YARD LOCOMOTIVE FUEL CONSUMPTION RATE
C RLOWN « ROAD LOCOMOTIVE OWNERSHIP COST 
C RLUTIL » ROAD LOCOMOTIVE U TIL IZA TIO N  RATE 
C YLOWN “  YARD LOCOMOTIVE OWNERSHIP C08T 
C YLUTIL *  YARD LOCOMOTIVE U TIL IZA TIO N  RATE 
C COWN -S Y S TE M  CAR OWNERSHIP GOST 
C PDD -  DAILY PER DIEM CHARGE ON FOREIGN CARS 
C RDM -  MILEAGE PER DIEM CHARGE ON FOREIGN CARS 
C ATL ■ AVERAGE TRAIN LENGTH 
C ELCMR -  EMPTY-TO-LOADED CAR-MILE RATIO 
C FCOL -  PROPORTION OF CARS ON LINE WHICH ARE FOREIGN 
C FCM -  PROPORTION OF TOTAL CAR-MILES MADE BY FOREIGN CARS 
C CDLCM -  CAR-DAYS PER LOADED CAR-MILE
C WSCLCM -  WAY AND STRUCTURES MAINTENANCE COST PER LOADED 
C CAR-MILE
C
C » * * * « * * « * * * * * » « * * * « » * t i - « » * * * » » * * « * * * * * » * « « « * » » * * * « « * « * * » * » * * * *
C FIRST CHECK FOR EXISTENCE OF LINK  
C

IF  (CAP . GT. 1) GO TO 10 
C IF  NO LINK. SET VERY HIGH COST AND RETURN 

COST -  1 .0E 8  
RETURN 

C
C TEST FOR LIN K  TYPE 1 (LINEHAUL LINKS)
C

10 IF  (LT . NE. 1) GO TO 20  
C COMPUTE ROAD CREW COST PER CAR-MILE 

C l » RCWAGE *  (1 . + ELCMR)/ATL 
C COMPUTE FUEL COST PER CAR-MILE

C2 — FUELP *  RLFRAT
C COMPUTE LOCOMOTIVE OWNERSHIP COST PER CAR-MILE 

C3 -  RLOWN « RLUTIL
C COMPUTE CAR OWNERSHIP COSTS PER CAR-MILE

C4 » (FCOL *  PDD ♦ (1 . -  FCOL) *  COWN) *  CDLCM 
X + (1 . + ELCMR ) » FCM » PDM

C GET TOTAL COST BY ADDING C l -  C4. PLUS W&S MAINTENANCE.
C AND MULTIPLYING BY THE LENGTH

COST » (C l + C2 + C3 + C4 + WSCLCM) *  D IST  
RETURN 

C
F igu re  A - l .  L i s t i n g  o f  LKCOST s u b r o u t in e  t o  implement 

the  fo rm ulae  g iv e n  in Chapter 3.
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TEST FOR LINK TYPE 2 (YARD LINKS)

20 IF  (LT . NE. 2 )  00 TO 30  
COMPUTE COST PER YARD ENOINE HOUR

CY -  YLOWN/YLUTIL ♦  FUELP*YLFRAT + YCWAOE 
COMPUTE MARGINAL YARD ENOINE HOURS PER CAR 

MEH *  2. *  ARO(l)  *  V O L /( CAP*CAP)
THEN OET MAR0 INAL COST 

COST -  CY *  MEH 
RETURN

TEST FOR LINK TYPE 3 (LOCAL CONNECTORS)

30 IF  (LT . NE. 3 ) 00  TO 40
COST IS  LOCAL AREA SPECIFIC ( t /M IL E  *  DISTANCE)

COST -  ARO(l )  •  D IST  
RETURN

IF  LINK TYPE NOT 1, 2 OR 3, THERE IS  AN ERROR IN  DATA

40 WRITE(6 .  1000) LT 
1000 FORMAT( '  * * *  ERROR IN  LINK TYPE * * *  LT » ", IS )  

RETURN 
END

Figure  A - l .  Cont inued .
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I f  the l in k  e x i s t s ,  the t e s t  at statement 10 checks  f o r  a l in k  o f  type  1 

( U n e h a u l ) .  I f  LT 1s 1,  the  next  f i v e  statements  are e x e c u t e d ,  r e p r e s e n t i n g  

e q u a t i o n s  ( 3 - 2 ) ,  ( 3 - 3 ) ,  ( 3 - 5 ) ,  ( 3 - 6 )  and ( 3 - 8 )  from Chapter 3 .  Equation  ( 3 - 7 ) .  

i s  embedded i m p l i c i t l y  in the  c a l c u l a t i o n  o f  COST, and the m i l e a g e ,  01 ST, i s  

in c lu d e d  at the end ,  r a th e r  than in each sep ara te  c o m p u ta t i o n .

I f  LT is  not 1 ,  the  t e s t  at statement  10 causes  a jump t o  statemen t 20,  

which checks  f o r  a l in k  o f  type  2 ( y a r d s ) .  I f  LT is  2 ,  the  c o s t / y a r d - e n g i n e  

hour (CY) i s  computed,  r e p r e s e n t i n g  equat ion  ( 3 - 9 )  from Chapter 3.  The mar

g in a l  e n g in e - h o u r s  per car  (MEH) i s  then computed.  Note t h a t  the  user  may se t  

a s p e c i f i c  ARG(l) v a lu e  f o r  each y a r d ,  t o  r e p r e s e n t  d i f f e r e n t  o p e r a t i n g  c h a r 

a c t e r i s t i c s  among the  y a r d s .  COST i s  then computed as the  p r o d u c t .

I f  LT i s  not  2 ,  the  t e s t  at statement  20 causes  a jump t o  statement 30,  

which c h ecks  f o r  a l in k  o f  type  3 (dummy c o n n e c t o r ,  as d e s c r i b e d  in s e c t i o n  

3 . 2 ) .  The c o s t  on such a l in k  may be used t o  r e p r e s e n t  l o c a l  sw i t c h i n g  and 

movement c o s t s  to  and from sh ipp er  d o c k s .  A ga in ,  ARG(l)  i s  used t o  s p e c i f y  a 

l i n k - s p e c i f i c  param eter.

I f  LT is  some number o th er  than 1,  2 or  3 ,  an e r r o r  message i s  w r i t t e n ,  

and no computati on  i s  done .

A . 5 . 2  Prepar ing  Data Input

A data  f i l e  f o r  RAILNET in c lu d e s  three se p a r a t e  s e t s  o f  i n f o r m a t i o n ,  

d e s c r i b i n g  system param ete rs ,  l in k s  and t r a f f i c  volumes.  A data  f i l e  may be 

prepared and s t o r e d  on a d isk  so that  the data  can be used at a l a t e r  t im e .  

Data may a l s o  be e n te re d  with in  the  program or changed to  c o n s i d e r  the r e s u l t s  

o f  an a l t e r e d  network .

To prepare  a data  f i l e ,  the s t r u c t u r e  shown in F igure A-2 must be f o l 

l ow ed .  The f i r s t  r e c o r d  in the data  f i l e  must c o n t a in  the word "PARAMS" in 

columns 1 - 6 .  The next  s i x  r e c o r d s  ( l i n e s )  c o n t a i n  the system param eters ,  as 

f o l l o w s :
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Figure  A -2 .  Example input data  s e t .

PARAMS

5 .0 0  42 .00

0 .8 5  0 . 2  11 .5

250. 5 .0E-;1 170. 18 .3

15

oo
• 7 .00 0 .04

67 .2 0 . 7 8 0 .60 0 . 52 0 .04

O.i2 1

LINKS

1 0

1 , 2 , 1 , 5 7 . 0 , 3000, 3000,  0 . , o . , o . , o • o •

1 , 3 , 1 , 8 5 . 0 , 3000, 0 , o • O • , o . , 0 . , 0 .

C
M 3, 1 , 7 2 . 0 , 3000, 0 , •

o
•

o

,  0 . , 0 . , o .

3 , 4 , 2 , 0 . 0 , 1800, 0 , 6 2 2 . 5 , o . , 0 . , o «# o

4 , 1 , 1 , 8 5 . 0 , 3000, 0 ,

o
*

o

,  0 . , 0 . , p .

4 , 2 , ■1 , 7 2 . 0 , 3000, 0 , 0 . ,  0 . , o . , 0 . , 0 .

4 , 5 , 3 , 2 0 . 0 , 2 0 0 0 , 0 , 0 . 8 3 , o . , o . , . •

o
9*

o

4 , 6 , 1 , 9 3 . 0 , 3000, 0 , o • y* o • , 0 . , 0 . , 0 .

5 , 3, 3 , 2 0 . 0 , 2 0 0 0 , 0 , 1 . 0 3 , o . , 0 . ,

o
#k•

o

6 , 3 , U 9 3 . 0 , 3000, 0 , o • w o • , o . , 0 . , 0 .

END LINKS 

0-D DATA 

5

1,  2 ,  34,  12

1,  5 ,  52,  73

2 ,  5 ,  90,  81 

2 ,  6 , 112, 17 

5 ,  6 , 42,  15 

END DATA
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Record # Data Items

2 Road crew wage r a t e  ( $ / t r a i n - m i l e )

Yard crew wage r a t e  ( $ /y a r d  e n g in e - h o u r )

3 Fuel p r i c e  ( $ / g a l )

Road l o c o m o t iv e  fu e l  consumption r a t e  ( g a l s / l o a d e d  c a r - m i l e )  

Yard l o c o m o t iv e  f u e l  consumption r a t e  ( g a l s / y a r d  e n g in e - h o u r )

4 Road l o c o m o t iv e  ownership c o s t  ( $ / t i m e  u n i t )

Road l o c o m o t i v e  u t i l i z a t i o n  r a t e  ( l o c o - t i m e  u n i t s / l o a d e d  
c a r - m i l e )

Yard l o c o m o t iv e  ownership c o s t  ( $ / t i m e  u n i t )

Yard l o c o m o t iv e  u t i l i z a t i o n  r a t e  ( h o u r s / l o c o m o t i v e / t i m e  u n i t )

5 Car ownership c o s t  ( $ / c a r / t i m e  u n i t )

D a i ly  per diem c h a r g e ,  avg ( $ / c a r )

Per diem m i leage  charge ( $ / c a r - m i l e )

6 Average t r a i n  len gth  ( c a r s )

E m pty - to - l o ade d  c a r - m i l e  r a t i o

P r o p o r t i o n  o f  t o t a l  c a r s - o n - l i n e  which are f o r e i g n ,  average 

P r o p o r t i o n  o f  t o t a l  c a r - m i l e s  made by f o r e i g n  c a r s ,  average  

Total  c a r - d a y s  on l i n e / l o a d e d  c a r - m i l e

7 Way and s t r u c t u r e s  maintenance c o s t  f a c t o r  ( $ / l o a d e d  c a r -  

m i l e )

Within each r e c o r d  the  items are not l im i t e d  to  s p e c i f i c  columns,  but must 

be input in the  o r d e r  i n d i c a t e d .  A l l  data are read as f l o a t i n g  po in t  numbers, 

with dec imal  p o i n t s .

Immediate ly  a f t e r  the l a s t  parameter input r e c o r d ,  a r e c o r d  with "LINKS'1 

in columns 1-5 must be I n c l u d e d .  The next  r e c o r d  s p e c i f i e s  the number o f  l i n k s  

in the  network ( f r e e - f o r m a t ) . For purposes o f  data  i n p u t ,  a two-way l in k  be

tween a p a i r  o f  nodes i s  c o n s i d e r e d  as one l i n k .



For each l i n k ,  the  f o l l o w i n g  p i e c e s  o f  In fo rm at io n  must be Input 1n o r d e r  

( f r e e - f o r m a t ,  se p ara te d  by commas) : node number 1 ,  node number 2 ,  l in k  t y p e ,  

l i n k  length  ( m i l e s ) ,  c a p a c i t y  1n the  1 t o  2 d i r e c t i o n  ( c a r s / u n 1 t  t i m e ) ,  capa

c i t y  in the  2 t o  1 d i r e c t i o n  ( c a r s / u n 1 t  t i m e ) ,  and the  f i v e  l in k  parameters 

which are u s e r - s p e c i f i e d .  Note th at  because  f r e e - f o r m a t  Input i s  used ,  a l l  

f i v e  parameters must be s p e c i f i e d  f o r  each l i n k ,  even i f  t h e y  are not  used .  

S p e c i f y i n g  a zero  c a p a c i t y  in one d i r e c t i o n  can be used t o  make a l in k  one -way ;  

t h i s  1s done f o r  many o f  the  l i n k s  in F igure  A -2 .

Immediately a f t e r  the  l a s t  l in k  r e c o r d ,  a r e c o r d  with "END LINKS" in 

columns 1-9 must be i n c l u d e d ,  f o l l o w e d  by a r e c o r d  with "0-D DATA" in columns 

1 - 8 .  The next r e c o r d  s p e c i f i e s  the  number o f  i n t e r c h a n g e  r e c o r d s  i n c l u d e d ,  and 

1s f r e e - f o r m a t .

The format o f  the  i n te r ch a n g e  r e c o r d s  i s  yard r ,  yard s ,  c a r l o a d s / u n i t  

t ime from r t o  s ,  and from s t o  r  ( f r e e - f o r m a t ,  se p ara te d  by commas) . Thus,  

one record  s p e c i f i e s  t r a f f i c  volumes in both d i r e c t i o n s  f o r  a s i n g l e  p a i r  o f  

p o i n t s .  This  i s  im portant 1n de te rm in in g  the number o f  i n te r ch a n g e  r e c o r d s  t o  

be in p u t .  Note th a t  t h e r e  i s  no need t o  input d ata  f o r  in t e r c h a n g e s  where 

t h e r e  are  zero  c a r l o a d s  in both  d i r e c t i o n s .  However, i f  one d i r e c t i o n  i s  non

z e r o  and the o t h e r  1s z e r o ,  the  z e r o  must be e n t e r e d  t o  c om ple te  the r e c o r d .

The format f o r  e n t e r i n g  network data  from the  term ina l  w i th in  the  program 

i s  i d e n t i c a l  t o  th at  j u s t  d e s c r i b e d  f o r  e s t a b l i s h i n g  a f i l e ,  th e  LOOK o p t i o n  

i s  used and the  program w i l l  prompt the  user  f o r  each l i n e  o f  data  input ( i n 

c l u d i n g  format i n s t r u c t i o n s ) .  The LOOK o p t i o n  a l s o  e n a b le s  the user t o  change 

network c h a r a c t e r i s t i c s  f o r  a n a l y s i s  w ithout  changing  the  network data  main

t a in e d  in the f i l e .  The program prompts the  user  f o r  the  p a r t i c u l a r  changes 

d e s i r e d .

A . 6 Keywords in RAILNET

RAILNET i s  an i n t e r a c t i v e  sy ste m. As su ch ,  i t  pauses at c e r t a i n  p o i n t s  1n 

the  program when input 1s r e q u i r e d  from the u s e r .  Prompting messages are d i s 

played  which t e l l  what a p p r o p r i a t e  user  r e s p o n s e s  a r e .  The use o f  keywords 

a l l o w s  a sh o r t  r e sp o n se  t o  s i g n i f y  the  d e s i r e s  o f  the  u s e r .  Prompting o c c u r s  

at  d e la y s  f o r  o b s e r v a t i o n  o f  r e s u l t s ,  f o r  in put  o f  d a t a ,  and f o r  s e l e c t i o n  o f  

program o p t i o n s .
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Four keywords are common throughout the program and have meanings which 

are r e l a t i v e l y  o b v i o u s .  <YES> s i g n i f i e s  an a f f i r m a t i v e  re sp o n se  t o  the  q u e s 

t i o n  be ing  d i s p l a y e d  and c o r r e s p o n d i n g l y ,  <N0> s i g n i f i e s  a n e g a t i v e  r e s p o n s e .  

The keyword <C0NT> i s  used t o  i n s t r u c t  the program t o  c o n t i n u e  p r o c e s s i n g  a f t e r  

a pause in which some r e s u l t  is  d i s p l a y e d .  The use o f  <EXIT> w i l l  cause  p r o 

c e s s i n g  in one phase t o  end and the  program w i l l  move to  the next  s e q u e n c e ,  

r e tu r n  t o  the main program, or  term inate  as a p p r o p r i a t e .

A d d i t i o n a l  keywords are used t o  s e l e c t  p a r t i c u l a r  program o p t i o n s .  The 

d i s p l a y  w i l l  show a p p r o p r i a t e  s e l e c t i o n s  and p r o v i d e  a b r i e f  d e s c r i p t i o n  o f  

each c h o i c e .

A . 7 The Menu o f  A c t i v i t i e s  in RAILNET

A f t e r  beg inn ing  e x e c u t i o n  o f  the program and i n p u t t i n g  d a t a ,  RAILNET p r e 

s e n t s  the user with a menu o f  a c t i v i t y  o p t i o n s  t o  de te rm ine  what a c t i o n s  w i l l  

o c c u r  n e x t .  , These o p t i o n s  are as f o l l o w s .

WRITE causes  the  c u r r e n t  data  se t  and r e s u l t s  to  be w r i t t e n  on a d i s k  f i l e  

f o r  fu t u r e  use and compar ison o f  r e s u l t s .  This  w r i t e  o p e r a t i o n  o c c u r s  t o  

FORTRAN l o g i c a l  un i t  2 ,  so the f i l e  w i l l  n orm al ly  be c a l l e d  FT02F001. I t  i s  

t h e  r e s p o n s i b i l i t y  o f  the user t o  rename arid c a t a l o g  t h i s  f i l e  as a p p r o p r i a t e  

i f  i t  i s  to  be r e t a i n e d  a f t e r  the terminal  s e s s i o n  en ds .

LOOK g i v e s  the  user a c c e s s  to  the data  f i l e s .  S /he  can then examine the 

f i l e s ,  add new d a t a ,  d e l e t e  d a t a ,  or  make changes t o  the  e x i s t i n g  f i l e .

RESTART causes the  program t o  s t a r t  at the b e g i n n i n g ,  i n c lu d in g  r e r e a d i n g  

o f  the data  s e t .  Note th at  the  program o p t i o n  RESTART should  be used between 

t r a f f i c  assignments performed in sequence .  The ASSIGN o p t i o n ,  t o  be e x p la in e d  

n e x t ,  uses the l a s t  r e s u l t  as a s t a r t i n g  p o i n t .  In o r d e r  t o  p r e c l u d e  er ro n e o u s  

r e s u l t s ,  i t  is  a d v i s a b l e  t o  use RESTART when you have examined one assignment 

a c t i o n  and wish t o  beg in  an oth er .

ASSIGN is  the p r i n c i p a l  o p t i o n  o f  RAILNET. S e l e c t i o n  o f  t h i s  keyword 

s t a r t s  the  assignment p r o c e s s .  Immediately a f t e r  s e l e c t i n g  ASSIGN, the program 

w i l l  prompt f o r  the number o f  i t e r a t i o n s  to  be pe r fo rm e d .  Zero i t e r a t i o n s  

r e s u l t s  in an a l l - o r - n o t h i n g  assignment.  Since  e q u i l i b r i u m  r e s u l t s  o f  s u f f i 

c i e n t  a c cu racy  f o r  most problems can be obta ined  with 10 or  fewer  i t e r a t i o n s ,  

i f  the user  s p e c i f i e s  more than 10 i t e r a t i o n s ,  the program r e q u e s t s  c o n f i r m a 

t i o n  b e f o r e  p r o c e e d i n g .  This  i s  done to  avoid e x c e s s i v e  computation  as a 

r e s u l t  o f  a s imple  t y p i n g  e r r o r .
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A . 8 Output from RAILNET

The primary output from RAILNET is  two t a b l e s .  The f i r s t  i s  a 1 i n k - b y 

l in k  r e p o r t  o f  volume ( c a r l o a d s )  and marginal  c o s t  f o r  c r o s s i n g  that  l i n k ,  

t o g e t h e r  with, summary s t a t i s t i c s  on c a r l o a d s  moved, loaded  c a r - m i l e s  and t o t a l  

o p e r a t i n g  c o s t .  An example o f  such output is  shown in Table A - l .  The va lu es  

in t h i s  t a b l e  are the r e s u l t s  o f  using the example input data  in F igure  A-2 

t o g e t h e r  with the LKCOST s u b r o u t in e  shown in F igure  A - l .

The second output t a b l e  i s  o r i g i n - t o - d e s t i n a t i o n  marginal  c o s t s ,  f o r  each 

p a i r  o f  p o in t s  between which shipments o c c u r .  An example o f  t h i s  output i s

shown in Table A -2 ,  again c o r r e s p o n d in g  t o  the sample problem setu p  using  the  

d a t a  in Figure A-2 and the  LKCOST su bro u t in e  in F igure  A - l .

A . 9 Obtain ing  the  So f tw are

Copies o f  the  RAILNET s o f t w a r e  are a v a i l a b l e  e i t h e r  from the U.S.  D epart 

ment o f  T r a n sp o r ta t io n  or  from the authors o f  t h i s  r e p o r t .  The addresses  are 

shown be low:

Mr. Joe l  Pal l e y ,  RRP-32 
Federal  R a i l r o a d  A d m i n i s t r a t i o n  
U.S.  Department o f  T r a n s p o r t a t i o n  
400 Seventh S t r e e t ,  S.W.
Washington,  D.C. 20590

P r o f e s s o r  Mark A. Turnquist  
H o l l i s t e r  Hall 
C orn e l l  U n i v e r s i t y  
I t h a c a ,  NY 14853

Quest ions  r e g a r d in g  the  c a p a b i l i t i e s  o f  the m ode l ,  computer system 

r e q u i r e m e n t s ,  e t c . ,  should be addressed t o  P r o f e s s o r  T u r n q u i s t .
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ORIGIN DEST. MARGINAL

NODE NODE VOLUME COST ($ )

1 2 34 54 .5 6

1 3 52 81 .3 6

2 1 12 54 .5 6

2 3 202 68 .91

3 4 482 11.31

4 1 73 81 .3 6

4 2 98 68 .91

4 5 157 16 .6 0

4 6 154 89 .01

5 3 196 20 .60

6 3 32 89 .0 1

TOTAL CARLOADS MOVED = 528

TOTAL LOADED CAR-MILES = 59205

TOTAL OPERATING COST = $59278.

Table  A - l .  Example o f  l i n k - b y - l i n k  o utput  from RAILNET
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ORIGIN DEST. MARGINAL

NODE NODE CARLOADS COST ($ )

1 2 34 54 .5 6

1 5 52 109 .27

2 1 12 54 .56

2 5 90 96 .8 2

2 6 112 169 .2 3

5 1 73 113 .27

5 2 81 100 .82

5 6 42 120 .92

6 2 17 169 .23

6 5 15 116 .92

Table A -2 .  Example o f  o r i g i n - d e s t i n a t i o n  marginal  o p e r a t i n g  

c o s t s  from RAILNET.
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