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Iy nurpose in writing this paner is to outline a prbgram of research,
'i‘hé mo0al of the oroject is t,he estination of a production function for the
railroad industry. I have divided the task into two main narts: |

The first nart concorns an analysis of the technologmy of railroad
operations. | or reasons wiuch will bo discnssed below, I have found it
useful to apply linear nodels of nroduction in this work,

The second nart deals with the snecification of a set of nroduction
relations, and thcix_- cstimation. The nature of $he information available
on rail oncrations will rake neccssary the use of stat.istical nethods to
estizate the narameters o those relations.® |

Students of the industry have rocogmized that transport scrvice is
nroduced by the si-mltaneous operation of Jistinet processes. A list of
such nrocesses appeared in a roccent rail-cost study.

"The basic Transportation servites bricfly consist of the
followings
a. "RBuninm Sorvice {all line-haul or road operations; but
excludin~ train srritc‘lincr\

@

# in alternative method of conutructing estimates of production relations
was presented at the Uecember neetin® of The conometric Gociety, in a
naper hy sane . rosse. lss Trosse makes use of engineering and tech-
nical data to construect the coeifTicients of the processes in her model.

It mi<ht e arsued that thie relations she estimated are not "technolo~ieal®
relations, because nmays ol the antronrencurial decisions she took as
enrincerin~ data were really the result of a maximization nrocess in which
nriccs entored. “hat idiss Mrosce has obscrved is a2 noint on the officiont
point sct. A different &prices would have induced the opcration of
different activities “existence of other faceta on the officient
point sct.
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"Sritehin: “ervice (all switehin~ onerations whether yard or
train switching )

"Station “latform service (all platform work, car-load and
less-car-load )

"Station clerical service (all freiswt and station operations,
excluiing only nlatform work and such train work as dispatching,
etc. ) |

“Special Services (cleaning cars, furnishing grain-doors, bedding
livestock, etc.)

"less car-load nicl un and delivory service,

"Toss and Lamage #

(nee we conceive of nroaduction as the corbination of istinet nrocesses,

it would scern fruitful to nusc a linear model in oxder to investirate the

rclaticnos hetwreen the innut and output variables,

The set of processes which I shall use for analysis will be diffcrent

fron those enumerated ahove., T shall discuss the followin~ nrocesses:

n)
.b)
c)
d)
e)

Ac lLoadinr

————

Toading

Yard Switching

Iine haul operation

“'ay Train Operation and Train Switching
Repair.

The Loading Process decls with the relations between the bulk and tonnage

- of carpge, the ecanmaciby of carmo cars, and the carro cor requireients. The

problem facin- the firm which operates the loading nrocess is to nminimize the

cost ol trangsport. II the cost ol oneralin~ all #:pes of cars is the same,

# Jxplanation of Nail Cost Dinding Princinle amd rocodimreSe...sy Interstate

Corzacree Corpal

1__‘-&!"

ssion, Turcau of fccownts and Cost Finding, Statement 2-4%,

e T

s Lle muhg g fRAER G



the problem reduces to that of minimiziny tho nuber of cars required to
trangport the carso.

Suppose the carto were a éingle commodity of uniform density. (By densaity
will be meant the number of tons per cubic foot of cargo. DBy bulk will be the
nurber of cubic feet per ton of carga) Stqaj:oae farther that carpo cars were
of unirorm weisht and space: capacity, such that when fully loaded with this
cormodity, both capacitics were sirmltancously oxhausted. The problen facing
the loading firm would adnit a sirple solution. Snecification of the tomnage
of this commodity to be hauled would irmiediately determine the number of cargo
cars required. !Ia.fevcr, this exarple only scrves to roveal the actual complox—
ity existing in loading operations. The cubic ‘oot displacenent nor ton of
car~o varics from commoldity bo commodity. Turthermore, sreipht and space
canpacity diffors between types of cargo cars, and each carmo car oust carry a
variety of cormodities. The oroblem facin~ the shipper is to arranfe t.he
variety of cormodities entering each car in order to minimize the cost of
usine carco cara, Of course, each shipner has a restricted range of products
to load, so that the variations in cubic feet pér ton which may be effected
is lirdted, comparcd to the possible.variation betreen all corzwodities, How-
ever, this does not change the nroblen facing the shipper. It does mean that
some shippers may waste both weicht and space capacity because of the weight
and bulk of the units of cargo.

T™he model of the loading process shows how the shipper would act %o
minimizo cost. In this mwdel , therc arc two types of carzo and two types
ol car-o caéso This _mdel could he axtended to include more cormodities
and morc types of carvo cars.

The Comezodities arcs

| Yll tons of cormodity C

1l

ot 3 A c
Y21 cubic feet 1
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The relations between the comwodities and the activity levels are the following.

X, arc the

3

activity levels.

(1) Y " K * X

i) T =4 g 51
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cost of operating A mizht be dilferent from the cost of opcratin~ B3, there is
always the poosibiilit:- that it would be profitadle to use only one type of

car, wasting certain capacities, becaunc oi the hirher costs of using the other

oL
type, lor exatple, suppose that in the Loading Trocess, — = i 3 c?b' -1 H
pa 3 a @

If the cost of usiﬁg A were three tines that of using B, it would clcarly pay
to use only B, althourh some vonnarse canaclity may be wasted,

It is nossible that there is no actual substitution of products between
cargo cars, ‘me mimit be tempted to call a commodity C; loaded in Car 4 a
diff{'crent comodity from cl poing in Ca-x~ Be The model would then be much
simplified, showinsr a number of cormodities beinr loaded into only one tupe
of car, There would be a separate list of oods for each typec of car. Ilowever,
it.l seorns reasonable that the decision to restrict certain commodities to certain
tvpes of cars is made oaly after all nossibilitices of shifting between cars
is considered. /. nmodel likc the one oresented above therelorc scems to be the
rost reievant.

Under rresent institutional arrangements, only a small fraction of {reisht
is loaded iy the rallroads themselves. The majority of frel~it traffic is care
load Ireci~ht, consisting of fully loaded, sealed cars, which are loaded Yy the

consirmmor, It is nevertheless nccessary Lo deal explicitly with the loading

: c c
Sunposc (U}') > (U}')
‘ 2 a 2 b

c c ’
Case (i) (-l » ;1_1-.3(5.}.) » In this case, there are
a 31

02 2 positive values of A and B
wich will carry In and Y, 1?
and satisfy the condition that neither capacity be wasted. 3

Case (ii) 5& > E?;. \ In this case, therec are no
331 G, positive values oi A and 3

a whieh will satisly the
restrictions of no waste of

c either capacity.

Ty \G J
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process. The reason for this lics in the nature of the pricin- of railroad
services. If the roads ware to charce the shipner for transporting a loaded
car, recardless of its contents, the road would have no interest in the mini-
mzing task described here., ‘'tut rail charses are in ton-miles, not car-rdles.
™irther the ton-mile rate differs bhetween commodities. If thq/t::l;l::l:re to
bear any relation to cost, the road must know what arc the carro car require-

ments of different commoditles,

Ba Switching

Toaded Cars is a final outmut of tho Icading I'rocesa. It is, however,
an intermediate nroduct, {rom the noint of view o_f the cordbined oberat.ion of
all »rocesses. loaded cars arc an input into the next nrocess, that of yard
smritchin~, Yard switchin~ is nerfomed by the railroad in almost all cases,

t conslsts of nickin~g up loaded cars from consirnor's tracks in the vicinity
of main yards., The cars are sritchicd into the yards, snotted, and assembled
into trains. Usually there arc four yard switching onerations performed on
each loaded car between the tirme it leaves the consimor and arrives at the
consimees '

one switch to take car froa shipper's track to yard

one switch fo asserble car in train‘

one switch to take car out of train at destination

ono sritch to deliver car to consignee track or to assemble car

in way-train,

If the car must be hauled over the tracls of a second road before it reaches
its destinatioa, a Tifth operation, namely inter-train switchinz, is nerformed
on the car. Another type of switching which wll Le considered later is train
sritching, This consists of mritehing cars by the entine of the train; this

type of switchins takes place when the eri-in or destination of cars is not



located near yard facilities,
The following cormo:lities enter the switching process:

Lo loaded cars
Lyy loaded and switched cars (processed cars)
212 lahor
322 fuel 7

222 nurber of switches

132 tractive effort in pounds from locomotive A

le 2 seritehingy locorwotive A

%o

Il:2 tractive eoffort nrovided by locorwtive B,

sritehins Ioccomotive B

The switcliin~ process vould have tite followins activities:

1 2 L [3
Provision of | Provision of| Switching with | Sritching with nisgasal of Tractive
Locomotive A | Tocomotive 13} locomotive A Iocomotive B effort :

A

1.12 -l -l
1.22 +]1 +*1
1 + ot _—-y -l
32 a 1
%2 4 P,
2oy ')3_ -3'2
A
zg2 -1

o< - -
Ih2 + °2< 1
L "; &

The relations hetmeen the commodities and the activity levels are the following:
1) Iy v G-
(i1)  1,, = Xy * X,



(i14) 0=1

K R
(v) le'ﬁx)"‘gzxu
(Vi) 222 - -xl x3 - ¥2 Xh
(vii) fo "X
(viii) 252 =X
(ix) T, = 51 Xy + 32 X,

The nurber of loaded cars to be switched and the nuwber of switches per car
ia miven to the firm which operites the switching process. The problen is to
find the minizun nurber of locomotives A and B which will do the required
smitching. Then the relative costs of operatinm A and B are known, the number
of A and 3 which will minimize cost are determined., Note that it was necessary
to specify as final outputs of this nrocess both X,,, the number of switches |
performed on each 1loaded car, and Loys the number of switched cars. It is
possible that there _irould e more activities showing switching with either
locorotive type. These activities would show how the fequired tractive effort,
labor and fuel, vari;ed #ith the numher of switches per loaded car. 1% is
conceivable that tractive effort demends only on the nurber of cars t.o/:it.chedq

T have provided an activity which makes available tractive effort, and |
another activity to dispose of umusel tractive effort. This talles into account
the provision of tractive effort in units larger than needed to nerform one
stritch on one car. The relation between muber of switches performed on each
car, the nurber of cars to he switched, and the muber of locomotives required
seers to be non-linear, in the range wfzere thé capacity of a switch ongine is
not “ully utilized.

Tt mi~ht he as well to deal directly with the non-linear relation existing
between the two outputs and the other inmuts, e.r.,

Typ = T (B1ps Zyps Byps Zepe Typ)e
e would still be able to0 analyze the preoblem of combining distinct processes,



thourh the rolations within the process nirht e non-linear.

C. Iine llaul Operation

The third process wiich I shall discuss is Line Haul Cperation., The Line
ifaul Process consists of taldneo s'ntched, loaded cars as an innut, and producing
tmo outputs, switched, loaded, transnorted cars, and car-miles. The wmritched,
loaded transmorted cars then forn an input into the other nrocesses enramed in
switching the car to its destination.

{ther studies of rail production have used as an overall measure of oubpubt

the nurber of ton-miles or car-uiles produced. This mcasure iz convenient
because it is an average of the haul of different tons of diZferent cormodities
over difterent distances. It is inconvenient as an overall measure of output
because it masks thosc inpiit clements which vary with the nmuiber of cars loaded
énd swvitched, and those which vary with the len;::th of haul. The rcason Jor this
lics in tho fact that 100 car-riles nay nean 100 cars transnorted one ridle, or
onc car transnorted 100 riles, This difficulty has heon avoided in the Line
'laul Frocess, because T have normalized on the mwrier of switched, loaded cars

' expressed
received, i.e., the output car-ztﬂ.lcs, is/for one care. T_otlouble the number of
car-riles wroduced with one car it ia necessary to oncrate soue otlier activity.

There is avain in this process the same elemont of non-linearity which
apoeared in switchinw, This arises from the nrovision of tractive effort in
indivisible units; it has been handled in the same mammer as in the Switching
Process,

Another output of the line 'aul fctivity which must be considered is the
addition to, oé subtr;ction j‘.rom bhalance in the movement of loaded cars fron
"est to Last and from Tast to “est. In normal years in this country; there

is a rreater flow of loaded traffic fron Tvsh to Tast than return. This raiscs
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a nroblen of routin- ermty cars bacl: to the “est in the shortest time. A
networl: of ontiral routin~ would minimize the cost of returnine apty cars.™

Under prosent institutional arraizements, emply cars are routed back to
omner roads alon~ the routes by wﬁxié.h they were oriminally transported. In _
this way, ecach road pays the cost of its own contribution to the lack of
bhalance. Although the total cost is larrer than it would be under an onbimal
routineg nlan, it is ncvertheless true that the fiym bears the consequences of
its actions. lUnder an ontimal routiny pla, cortain roads nirht pay a dis-
proportionately larpe share of the cost of retuwrning cermpties, It sould then
be nccessary to work out cormensation arrancenents betiween different ranage-
rnents, so that those roads vhich contrilbuted to lacic of balance would pay thé
cost. |

Tach firm ropards the laclr of balance as somcﬁ!ling beyond its control.
Tt then adds to the cost of transporting an extra loaded car fro:m "est to
v.ant, the cost of sending it bacl: erpty. It subitracts from the cost of sending
an extra loaded car fron “ast to “'est the cost of sendinz one less erpty car
in that direction. 'fhis will be taken into account in the Transport “rocess
by rerarding enpty car-riles as a specific output variable,

! rodel of the transport nrocess would include the following commdities?

Y, looded car-rdles |
Y epty chea

23
I.23 loaded, seritched cars
Y33 loaded, switched, transported cars

113 tractive effort in nounds

# The =roblem of routins empty cars can he handled in the same fashion as the
nroblon of roubins empty trermp shipping.  An optimal route for shinping was
discussed in 7.C. Voopmans, "Optimm Utilization of a Pransport fystem,"

LPC Lol
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Z fuel
23

labor

pA locomotives
33
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Transportation - Line Haul

Proviaion of "est to | est to | Last to j Last to Jisnosal of
tractive effort Tast “ast “est “ost Tractive i.{fort
1 2. 2 L -1 6
o,
3513 3 +.§ +¢§ +oi
To3 Py A LA A
1‘.23 -1 ~1 -1 wl
133 +] +]1 +] +1 |
03 0 4 4 {». b *
213 -& "xz "x3 -xh
2 4 "% N
z b
33 1

T™e rela‘ions between the cormedities and the activity levels are the

(1) 4,
(11) Yo
(iii) 1,23
(iv) Y,
(v 0=1,,
(i) %,
(vil) %y
(viii) &y

..cl ):2+¢c2 ](3+.<3 Kh.“'i ](5
.P1X+F-X+P3)S4+ﬁ; xs
- .X_ h 5
-x2+x3+xh+x5

-8 X -4 X "‘fz *3 - J3
'°-¥1 }‘2 2(3xh Xh kg
=n X 7 Xa T ox -7 X

!

following:

Tor the sake of simplicity, T have inc’uded only one type of locomotive furnish-

in~ tractive cffort.

The problens raised by haviny rore tan one kind of
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locorotive are illustrated in the Dwitching Irocess. ‘ore iimortant lhere is
the rclation between the two outputs, loaded car-rdles; and loaded, switched
transnorted cars; anl the other input variables, /s the activitles are
censtructed, twice the quantity ol tractive effort is reguired to haul trice
the nuher of cars —- whether in fact the work required chanres in dircct
nroportion with cars, I dontt know. It is not snecified how or whether tractive
effort chanres with ehmr-:es in mileape. It is nossible that only fuel and
labor requircments vary with mileare, while tractive effort requirements depoend
only on the weleht of the haul. If we were to express this a., a non-lincar
relation we micht have the follorrinm:

Ty 7 2 (g Tggo 230 2y 255)
It is nevoer nossible to cbscrve the tractive elffort actually used « e khow

only the quantity made available by the number of locomotives in use.

De viher Processos

Twvo other procesces which mi~ht be investizated in detail vd.il only be
montioned, The three processes analyzed so far will scrve to bring: out the
rclovant nointa,

Remair constitutes a fourth nrocess, The inputs used by the repair
process would ho lahor, materials, and rachinery. As an input inﬁemediato
to all processes, the repair nrocess would receive danaged equipnent producbd
by the first three nrocesses. 2s an output intermediate to all processes,
repair would produce renovated cquipment.

A more intcrestin- process is the opcration of way trains and of train
switching. In many localities, the volume of freisit tralfic does not Jjustify
the use of =ard switching facilitics. pclivery and piek-up of loaded cars is

nadeo in “way® or local [reisht trains. The loaded cars arc then switehed by



the locomotive of the train, Train sritchin- represents about 13 percent

of all switchin~ activity. Tt should be noted that this is a case rhich the
traditional linear model cannot handle, If the use of yard facilities is to
‘bo nreferred at one level of activity, it is to de preforred at all levels,
under a linear set-up. This is diae to the uost.uiate that 11 comﬁities are
divisible, Tléwever, the main unit of innut in switchi-~ 13. the locomotive,

not the tractive ofi’orls it prmfides. ("c of course a3sume tiat when a solution
specifies 1.5 locomotives, 2 must be used.) ‘e must recoenize that "ay Train
oncration a2 Train Switching arc a 'ifth "rocess which is operated when too
areat a proportion of yard locomotive canacity mulﬁ be wasted by the provision
of yard facilities.-

T, Corhination of i'rocesses

coze idea of how the prdcesses arc corhined is ~ivea if wo view the

wrogress of a car “rom thc time it is loalded to the tine it arrives at its
destination. This will bo shown by an enumeraticn of the processes which are
operated, Cirst take a car which is loaded at and destined for localities
near larre yards. The processes operated are:

(a) loading

(v) yard switching

(e¢) transportation

(d) yard switchins.
If the car is loaded at o oint where thero are o yard facilities and destined

for a voint without yvard facilities, the processcs conbined are:

(a) loading (e) 1ine-haul transvort
(h) train switching (£) yard gritehing
(c) way train overation (7) way train operation

(a) yard switching (1) train switching.
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Tot us now examine the three nrocesscs corbined, There arc a nuiber of
cormodities which are intermodiate to all the nroéoaseu. They are

1) Toaded Cars Lyt~ 0

2) Toaded ant Switched Cars L.+ 1,23 =0

22
The final outputs are

(1) Yu Tons of different coiviodities "\ 'There will be a scparate
variable for every

(2) 1, Cublc Foet of different corrodities | distinvuishable comrodity
class.

(3) -Y22 nudhor of gwitches

(L) 213 loaded car-riles

() 1'23 apty car-rdles

(6) 133 lonled, smitched, transported cars.

If we look at the whole tccimolosy matrix, there are only a few com:pditica'
enterin~ more than one nrocess. These arc laﬁor, fuel, loaded Cars, and loaded,
Switched Cars. If we specify the tipes of labor used in Processes 3 and C to
be different commolities, and asswne-that fuel is not a limitational factor,
then the only veriables .rolatim these activities are loaded Cars, and Load;d,
Switched Cars. . These two cormodities sirmify that the output of one Process
is the input of the next.

The transformation function will be a polyhedral cone in S dimensions,
shominzs, ifor certain restrictions on the input variables, i‘rle naxiyun value of
ary onc input, for niven values of the other four. I believe that this trans-
formation fnetion can ho nartitioned into three functicns, because the only
relations betwoen the Srocesscs arc tho Intormediate Products I.n, Lla’ I'22’ L23,

(W) Yy o5 (4 Ty)
(1) Y = £, (35 Ly) 1f37k
(141) Yy = 2y (B Ty Vy5)

It is in this form thab it may he nossiblé to ase the production relations for
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purnoses of statistical estimation, I we rere % estimate the three relaticns
as 5?nmm, “re would ~ct sore idea of the chan *¢s in inputs corresmonding Lo
variation in nmcific ouatout variables.

Thig problen was recornized by lein in a study where he attempted to
estimato a sin~le nroduccion Mmetion for tie railroad indu.s‘l:.z':;.{"r The function
"ladn cvtirated contalned as output, X = tonwrdiles of a ~roup of comwiities.
The in~ubts “-cre

quantity of labor, in man-hours

i1
v2 quantity ol fuel, in equated tons
v,  use of capital equiprent, ncasured in train-miles,

e attempted to accrumt for the lack of homomeneity of the neasure, ton-idles,
by introducing further varialiles into the production function. These were:

2-1 averare lonrt's ol the haul

2'.2 : nereentage of freicht in the form of products of mines,
flternative to using & X he tried:

'3.3 averare weitht of carso ner loaded Ireisht car,

T!is approach recormiszes that innuts iy vary with the different dincnsions of

the outnut variable, but it docsn't ro far cnocurh in distinsuishing outnuts,

Fe Avallable Data

Tho ohservations on inmut and output variables listed hclo~ show wiat
mi~ht be done in ostimating a set of relat:l.bns, as opposed to one relation.

he data are yearly obscrvations on individual Class I Fajlroads,

# L, R, Ylein, "The Mse of Cross-"ection Data in Lconometrics, with Application
to a Otndy of Production of Failroad Scrvices in the United Ttates," Wationsl
Tureau of “conomic Tesearch, January, 1950, Proliminary (ony.
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I, Toadin~
“utput
a. tons of rcvenue frel;hit,orizinated, and nuter of carloads
orizinatin~ on firm's line by cormodities within the followine
commodity mrouns:
(1) Products of fmriculture
(1) Aninals and Products
(1i1) Products of :Hnes
(iv) Croducts of lorcsts
(v) lanufactures and !iscellaneous
(vi) Tormrardler Traffic
Imut
a. total mudier of cars loaded (ori-inating)
be total mmber ol cars availabhle for loatine
17, bwitching
futput
a. a direct measure of muibier of gwitches per car is not available
be nuher of gritched cars - this equals the nwibor of cars received
plus cars oririnated, nlus cars terminated nlus cars delivered
to connecting carriers.
Innut
a. Yard Switching Locomotive lours - ireight
(1) % coal burnin-: steanm
(i) % oil hurnins stoanm
(i1i) & Dicacl locomotives
be Yard and Train Owitchin~ Locomotive =iles - ner 100 loslded
Jrel~iat cars. |

cs Tabor - mon and nan~hours of 2ll erployees en~aved in yard

C‘j“.‘iﬂu'a. Gl L o
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d. Tuel - | quated nct Tons of fael and power consuticd in
Jard ‘.ervice.
ce. Fepaira in ollars
(1) vard “=dtehin~ Tracks
(11) Yard - Stean aud other locouotives
f. Stocks of TNquipment - Titehine Tocomotives
(1) Diesel loctric
(ii) Stean
(i11) “lectric
III, line Ilaul Transnort - ‘rei~ht
Output
a, Car-Lilcs
(1) loaded
(i1) oty
- (141) ¥ eastbound of total loaded [reight car-miles
be nwmber of loaded cars transported - this nay 'oé found oy
_ by the road
totallin~ the nurbor of cars received ani ori~inated,/or
m"a more roundabout :wethods:
(1) tale an cotinate of tons por car by dividing tonemiles
of revenue freirht by car-miles.
(i1) divide this estimate of the number of tons per car
by the total nurber of tons of revenuc frelcht hauled.
Input,
a. Number of ireisht Locomotives
(1) Steem |
{ii) Diesel Tlectric
(i11) Zloctric
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b. ‘iross tonw-rdles of Tocomotives and tender
c. ‘reight train locemotive-ndles broken dowm into:
(1) Steam
(11) Desel ‘lectric
(1i1) ‘llectric
(iv) Total
de Labor -~ men and man-~hours; all erployces enzaged in Line
llaul ireisht
e. ’‘quated net tons of Iuel and nower consumcd Road Freigsht
f+ TFopaiys in dollars
(1) rrei-ht train cars
(31) rocouotives
(111) “unnin- Tracks
IVe The followinr data is available on way and local train operation:
a. Train "wiichin~ Tocomotive -1l-8 « Freizht |
he % train switchin- hours at way stations of total train hours,
Co -on and man-Yours o transportation ernloyces enpraved in local

and wp Urain operation.



