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Air power is an effective means of interdicting an enemy -s

rail system, and such usnge is a logical and important mission

for this Arm.

As in many military operations, however, the success of inter-

diction depends largely on how complete, accurate, and timely is

the comander's information, particularly concerning the effect of

his interdiction-program efforts on the enemy's capability to move

men and supplies. This information should be available at the

time the results are being achieved.

The present paper describes the fundamentals of a method inten-

dad to help the specialist who is engaged in estimating railway capa-.

cities, so that he might more readily accomplish this purpose and

thus amsist the commander and his staff with greater efficiency than

is possible at present.

The ability to estimate with relative accuracy the capacity of

single railway lines is largely an art. Specialists in this field

have no authoritative text (insofar as the authors rre informed) to

guide their efforts, and very few individuals have either the experi-

once or talent for this type of work. The authors assume that this .I

job will continue to be done by the specialist. .~I

It is even more difficult and time-con.auming to evaluate the

capacity of a. rail•ay network comprising a multitude of rail linesr

which have widely varying characteristics. 1ractices aMong_ indiviJ

I FrE 'D IR' EI
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duals engaged in this field vary considerably, but all conswte a

great deal of time. Most, if not all, specialists attack the pro'

blem by viewing the railway network as an aggregate of through

lines.

The authors contend that the foregoing practice does not por-

tray the full flexibility of a large network. In particular it

tends to gloss over the Zact that even if every one of a set of

independent through lines is made inoperative, there may exist

alternative routings which can still move the traffic.

This paper proposes a method that departs from present prac-

tices in that it views the network as an aggregate of railway If
operating divisions.* All trackage capacities within the divi-

sion are appraised, and these appraisals form the basis for esti-

rmting the capability of railway operating divisions to receive

trains from and concurrently pass trains to each neighboring

division in 24-hour periods. The foregoing appraisal (accom-

plished by the expert) is then used in the preparation of corn-

paratively simple work sheets that will enable relatively inex-

perienced assistwits to corsate tie results and thus help the

expert to provide specific answers to the problems, based on

many -whtiou, whcih zay be pr-okunded to hl--.

SThe paper describes, in considerable detail, the organiza-

tion of large railway systems; it points out that the operating

division is, utniversally, the basic rail-tay operating unlt.

Or systems -e p-age

Ro E -I

H

SQRET



SECRET ]
-V.i573

lo-.i4 5

Present estimating practices aet briefly described, and the pro-

posed method ia discussed in detail. It is then illustrated by

applying it to the railway netwcork of Western Russia and her aatel-

l..te, a-d date••lrnii the owvr-dll capacity of that netvark under

several specific sets of assumptions made by the authors.

The appendix describes in detail how the work sheets can be

used in solving a specific problem.

4
Si!
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1. I1TB.?ODTUcTION

rPRPOSE OF THE PAPER

,i!e puripose of this paper is to present the fundamentals of

a method for evaluating rmilway notwork capacities, I

It is not proposed that the highly specialized individual

who estimates track and network capacities should be replaced

by a novice with a calculating vachine. Rather, it is accepted

that the evaluation of track capacities remains a task for the

specialist.

Such specialists are few in number and their knowledge has

been acquired through long experience. Their end product is I
limited by the human factor. Long and arduous hours of research

and computation are essential before they can make estimates

which are of valut,

This fact, however, is of small solace to the cominnder

S.nd his staff who are faced with countless problems when plan-

ning for or conducting an active campaign. They want to know I

the probable results of several plans of action and they cannot

wait for the specialist to compute the details. I
It therefore follows that a method that will assist the

specialist to furnish more rapid and equally accurate estimates,I' by utilizing the services of relatively untrained personnel in

comoutina results based on data he provides, should increase his

9 output. This in turn will. aid the cormmnder and his staff in

obvious ways. .R

c3" E 1C 9 R- PEI ..
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Specifically it is proposed to provide this specialist with

a method that will assist him to furnish the communder and his

fit staff with timely estimates of results to be expected from each

of several alternative plans of attack on a rail net.

The method might also assist in evaluating, during the actual

waging of a cau~aign, the effects of railway interdiction.* Nov-

ever, in this connection it is fully recognized that the diffi- I
culties inherent in obtaining, evaluating, and disseminating in-

telligence would limit the usefulness of the method in direct

proportion to the information placed at the disposal of the parti-

cular specialist concerned.

PR~OPOSED W O

Once the capacities of individual pieces of track of a rail

network have been evaluted there remins the problem of evaluating

the over-all capability of the network. Moreover, it is

desirable to be able to make this evalvation rapidly and for many

varying sets of aassm ions. For example, mazy different assumn-

tiona can be made about the sources of supplies and the destinations

to which they might be sent, about the relative proportions of the

network which are available for milltary as opposed to civilian

traffic, and about the reductions in capabilities that might be

achieved by various plans of air attack or by other macs.

* The term "interdiction" is used to man the interruliion

of railway movement by the use of any form of air power.
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As far as the authors are aware, no definite method has been

proposed for handling such problems. The present paper discusses

a method which consists essentially of_ thrhee steps:

1. In order to reduce the problem to =maageable size, it

isn ranozed. that. +.ho -rn! n~et-ýork shouAld bc cons'idzrodil!

as an aggregate of operating divisions rather than

as an aggregate of lines, junctions, or other elements.

ReaSons will be advanced as to why this seems a realis-

tic procedure, fitting in with the actual organiza-

tional structure of the rail system.

2. Total train capacities between each pair of adjoining

divisions are estimated.

3. Any of several simple procedures (one is discussed

briefly in an appendix to this paper and others amo

discussed in the references) can then be applied

to estimate the maximum flow through the network and

to establish traffic patterns.

M authors wish to avoid making specific asauwptions about i

the possible importance of rail interdiction in any future European I

war, esý,ecially one where thermonnclear weapons are used. The point '

of view adopted here in th-at some types of wars have been envisaged - I

for example, wars with limitations on weapon types or tactics - where

Iand transport would be very important. In any such war in Eioxope

the rail network of Eastern Europe would be an important -arget. It J
therefore appears reasonable to illustrate the method by ap•plying it

to the Eastern European rail net.

A-
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The irpthod is not comnletely developed. It requires further

study to at-tei~t to incorporate into its procedure a means by which

storage, terminal capacities, and short delays can be more realls-

tically assessed before it can be considered as fully capable of I!
application to all aituations. flfaever, thc authort believe that,

even in its present form, the method adds to a better understanding

of the complicated Eastern European rail net, its capabilities, and

its vulnerable areas. (s:: Sees. IV and V.) It is hoped that its

ciclu-tlation amcn-g interested personnel wilJ. lead to improvements.

• I

i!i
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II. THE ESTIMATING QF RAILWAY CAPACITMlS

ThM evaluation of both railway system and individual track

ca]*eiLies is, to a conoiderable extent, Rn sto The authors know

of no tested mathematical model or formula that includes all of the

variations and imponderables that must be weighed.* Even when the

individual has been closely associated with the particular terri-

tory he is evaluating, the final answer, however accurate, is

largely one of judgment and experience.

The reason for this condition can probably be best explained

by analyzing what the problem entails. No two railway lines are

identical; hence the capaoity of a system can be evaluated only

after due consideration has been given to v rous factors which

affect its capacity. Among these factors, the following mat be

evaluated to arrive at a reasonably accurate estima~te:

1. The physical characteristics of the territory in

which the system operates and the engineering skill
' •an thin costs assu•med in its cons~trunction. Such an

estimatie it consider primarily the system's gra-

dients and the mnnimum radii of its curves.

2. The number of locomotives available, their tractive

capabilities, and their mechanical cono.ition.

3. The nucibers and location of terminals and passing

tracks, incliding the ability to review, inspect,

Vi* hav• •een prionp d - and the situation may

change in the future. i I

E C
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store, and forword trains.

4. The size, capacity, anmunts, availability, and m-cla-

nical condition of rolling stock.

5. Type of road bed construction and weight of rail. I
6. The relative skill of personmýl involved and labor

practices that affect operations.

7. Weather.

8. Operating facilities, including water stands and

their capacities; fueling facilities; type of fuel

used 4nd its availability.

9. Repair facilities for locomotives and rolling stock.

11. Marshalling yards.

Given reliable data relative to the foregoing items, there are

quite a few individuals who are capable of esti~mating, with cousi-

derable accuracy, the nztier of trains that a given system can move

"under norml operating conditions.

However, there in nothing normal about war. Hence, evaluating

the calseities of a system while it is being subjected to bombardwent

by air power will always be a difficult undertaking. Additional con- t

sideration "_st be givpn to the fothlowing: I
1. •T•e territorial extent of any system as a factor in

passive defence.

2. The affect of the weapons used. ]

3. The flexibility of operation, arising from the presence

of alternative lines, and the terminal capacities that

ti - "- - I
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limit operations. Cases vUll freqm•.ly arise If

where the :rere cutting of a rail line will not stop

the •rvement of trains one woiuld expect. For example,

in the diagram which follows, A and B are connected

by two lines, one direct and one via C. At first 1
C

10 0

A

glance it appears that 40 trains can be passed be-

tween A and B on the two lines. if the line AB is

cut at X one might surmise the traffic would be cut

9 ~to 10 txsina. However, it in also true th&.t the f
terminals at both A and B must surely be able to 1
handle 40 trains per day. Hence it miy be entirely

practicable to pass in excess of 10 trains between

A and B via C although it is highly iaprobable that

trldhe entire 40 could be so moved. Perhaps 15 to 18I

trains could be moved over this route.

4. The ability to recarer from the effects of damage

inflicted by military operations. Such ability will a

depend on a number of factors, anwng which may be ]

listed the following: 1

a. The availability of the materiel and personnel

necessatr to effect needed repairs, including

IN 7' the ability of the personnel involved to adopt

field expedients.

SECRET I
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b. Terrain conformation at point of damage, with

laxticular attention to the feasibility of

effectively constructing a b-YAss.

5. interdiction of hpersonnel, ich inflicts casualties and j
interrupts repair work.

6. The willingness of the personnel to waive operating

safety factors.

A resinie of the foregoing fa&tors will verify the contention

that the problem of estimating track capacities is subject to many

interpretations. The specialists engaged in this work, even when J
provided with good b~aic data, still face a formidable task; and, I
what is most important, the more complex the network being analyzed,

the wre difficult the mission becomes.

However, the commander and his staff face not only this task

but many more which must be considered at the sam time, if the ]
comander is to get the most out of the means at his disposal. Be I
therefore is entitled to receive reasonably accurate and timly

answers ragardiAg results he has achieved by pasit actions, and

further to know what results he can expect to achieve by each of

severl•_ alternative plans he my be considering. I

he specialist, given the tiim, can supply answers commensurate

with his zility; but there are not enough hours in the day for him ii
to mizprply timely answers to all the llogical questions which con-

stntly arise. The inropoed aethod is dawigned to meet this needo

It is believed that, given a few aides who catn add and subtract,

I
~3FtZR|
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the proposed method will help the specialist fully to meet the

commnder's needs and -to supply him with timely answers. I

I)

a 1

I'
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ITT. ME GENIMAL CHMAA ERISITICS CO RAFJWAY ORGANIZATION

,AND OPTRATMNO PRACTICE5

Let us e*acwna briefly the gancral charcteristics of raili-y

organization and operating practices in order that we my visualize

a network in operation and understand in a very general wy how it

functions, for this understnnding is necessary in order to compre-

hend the proposed method.

The ralway industry has been in existence for sufficient time

to achieve considerable stabilization in both organization and opera-

ting technique. There are at least four reasons why the large na-

tionally and privately owned and operated systems are similarly

I. organized on a functional basis and utilize soihbat similar opqj ,k

ting procedure; these reasons are:

1. Many of the systems do not compete and have been

quite willing to exchange personnel and operating

evperiancee For example, somw of the North Amorican ;

and British systems have been doing this for years.

This practice has resulted in the general adoption F
of better methods, on a wide intema~tioual scale, i
when such ideas have been applicable to local con-

ditions.

2. Same of the large systems supplement each other and

form paArts of larger continental bystems in both I

1Europe Nd North America. Such being the case, the

OF-I
CIL
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''t3erne Gauge"' (11 ft 3.5 in.) has been widely

adopted i;o facilitate the exchange of rolling

stock, thereby effecting more economical operations

by avoiding transfer costs and achieving a more

rapid movement of traffic. Such practice has in

turn led to considerable standardization of parts

to reduee spare-part inventories for foreign stock

and to expedite repairs.

3. Both the large capital investment inherent in the

Industry, and the essential sturdiness of equipeint,

have forced slow depreciation costs and a reluctance

on the part, of most management to scrap equipment, J
even when it is over-aged,

4. The limited capacity of one man to supervise person- f
nel and operating details has also been a factor, for

it has resulted in territorial organizations that am

limited as to size and number of employees, i
There are, also, factors whic~h tend to make for considerable

df•ferences in operating technique, particularly as betren the

European and American systems. These factors are primarily economic.

Tha Amnrican zystems aro relatively long-hawul• .y..t.cr-m vbhn coa-

trasted with the European systems (excepting the USSR). This condi-

tion, coupled with the development orf the nations concerned at the

tir the lines were built, has mpde f-or basic differences in equip-

ernt, traffic density, and disy.tching practice.

~ ~ z--: [i
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The Eu--opean systemsz were superim~posed on a society that had,

to a large extent, reached a population saturation point. Hence

facilities were eraced in large cities because of the cost of
property. In addition, the economic praetiee of th-e-ze nations I

leaned to short-term credit and small business; therefore low

inventories were the rule and the merchants required rapid dell-

"very of package freight. Finally, labor costs were very low.

i •ese conditions all contributed to small equipment, short hauls,

deense freight and passenger traffic, and relatively low net tonnagge

per train. In operating technique, the utropean system utilizes

bialtiple trackage on most main lines and seldam resorts to cenr-t-a

lized traffic control and train dispatchers. The use of manual

block sigals is the rules.

The European systems, being state owned, also have a very

decided tenlency to make their organizations (discussed later in

this chapter) more purely territorial in nature, rather than basing

them on 1mai (or trunk) lines, This is probably because no coxpv.

tition exists between main lines. £t is quite comon for a divi-

sion (in Europe) to have %nder its supervision two or more segments

of trunk lines operating in the sam general direction. :4
North American railroads, on the other hand, ••ew up with the

Middle West and to a considerable extent prescribed the deve-opwnt I

of the West. Hence long hauls, heavy equipment, and larger not ton -

nmgc0 Per train are the rule. The econotic practices are Charcter.Ived

b tIbylong-term cdndlgeinventorleg of cosme <odo and evren •
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of some heavy industrial equipment, Much of the trackage is single

track, and operations are characterized by centralized dispatching

and electric block signals.

rimdamentally, however, both European and North American systems,

either state or privately owned and operated, follow the same orgeniza-

tional pattern and over-all operating procedure in moving trains from

one location to snother. Organization is functional and operation

follows generally along the lines of centralized control of equip-

ment and facilities with full decentrmlization of detailed operations.

A general description follows.

1,,•eneral Offices: T!hse offices operate the system as a

whole and are fully staffed to care for the several executive ree-

ponsibilities inherent in any corporation or activity. The senior

officer (cal-l-ed v¶aroýnwly the Chairu-n of the Board, the President,

or the Director General) is responsible for, and has full authority

to supervise, all phases of the activities of the system. His

senior assistants are charged with functional responsibility sumh

as ca•uflications, motiNe power, maintenance of way, traffic, tren-

Sportation, and fiscal and legal matters. Centralized control of

facilities and decentralization of operating details are the basic [.

principles observed,.__

2. Regional Offices: Large organizations (such gs the USSR,

French, santa Fe, Pennsylvania) are divided into regions which

operate under the general offies. T1his is because a general of-
fice canrot efficiently handle many operating subdivisions such

..as the i t e .,' =corise the US.R• railay-. In such [!
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c•-ses, the senior official is generally termed either a Vice

President, General MAnager, General Superintendent, or a Deputy

Director General. His staff ordinarily is streamlined and quite

small, and primarily covers oprating functions. Legal, fiscal,

and similar functions frequently are omitted. Regions consist

of from two to as high as six or seven divisions.

(The recently announced reorganization of the Pennsylvania

Railroad has increased the regional offices from three to nine

(for eighteen operating divisions), vith increased authority

being delegatel to the several regions by the head office in

Philadelphia. (17) The regional headquarters are now organized

to correspond to the general office along functional lines.

Regions will in reality operate as smaller rail systems, subject

to matters of general policy and the allotment of equipment by

the office of the President.)

3. Divisions (Systems - Districts): The Division is the

basic railway operating unit. Its territory is frequently a

norml engine-and-freight-train crev run in several directiom.-*

The senior official, who is generally called a Superintendent,

has a coneact staff responsible for, and with authority to perform,

th'o baftr½ Ad dp1-lj ImI firne-tjotg 171idwnt ton All. -th F4AvtO vjil!

operations. For example, his master machmanic is responsible for J
the efficient operation of all repair facilities assigned to the I

Tor eo terms s Grand Divisiox"'' 'System,'' and ''District''
are often used to designate an operating echelon which exercises
control over several freight divisions. The formgoing termns are
connidered interchangeable for the 'purposes of this study.

S... . IiI
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division for the maintenance of both locomotives and rolling stock.

SSililarly his roadmaster is charged with maintenance of way; aid

his trainmaster exercises detailed supervision over all train move-

ment, normally making the constant deeisionn n Vonz"_.-y to adjust

and facilitate such movements.

These personnel, operAting in a given territory, are intimately

familiar with the physical condition of the division, the effects of

a given type of irregular weather, and the multitude of details hVIch

affect the entire operation. They work in an atmosphere of constant

change. Long e-perience has adjusted them to the unusualj adjustment

to compensate for operating irregularities is very rapid, almost auto-

* itie, and in a sense routine. Supervisory personnel, coming on shifts,

are fully briefed by offgoing personnel as a matter of routine proce-

Division officials coumwnicate frequently with officials of ad-

joining~ div~sions and are (rurrently informod onconditions throughout

that entire division which might affect their own operationso. Trains

are passed from one division to another in the most orderly fashion

practicable, and adjustments in schedules are made to conform to the

state of'conditions then existent. These matters are generally handled

informally. Ihen, as occasionally happens, division officials communi-

cate to higher headquarters for help (additionni mtivepo wer, more

cars, etc.), they govern their subsequent operations according to deci-

sions rendered. by their superiors.

N X

• .
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Thu we find t-i•t the railmay division in the basic unit

around which the whole systea operates. Lere is where the detailed

work is doni; tr*i are origirated, dispatched, and moved ovsr

the sYstem to their destinastion; eqOTipzWnt in serviced and repaired;

tracks are mintatinedd; and =my other details are bmA~dled. Super-

imposed agencies concern thewselveo more with reinftrcing divisional

efforts, shiftine erecting coordination, and matters of

policy.

pZ

---

ii
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i-V. PRESENT ESTIM\TING PR\CTICE5 ANID PROPOSED 1EW 1IITHOD

ESTIMATION cr NTETW'gORK CAPACITIES

The U.S. Army FM 101-10 (Staff Officers Field Manual)(6) sets

forth, as a sort of rule of thumb for planning purposes, the capaci-

ties of single and double track lines. It lists these capacities as

10 and 30 trains each vwy pe-r aAy in a theater of operations and sets

forth conditions that will affect these capacities. These data are

derived from operating experience, prima-rily in the Second World War

in Europe. They are adequate for the purpose for which they are

intended, and are also useful as an aid in evaluating the capacities

Sof entire rail nets.

This latter problem may be stated roughly as follows:

Given, a railway network with known or estimated capacities

for the individual lines, with certain locations designated

as sources or ''origins'' of supplies and certain other

locations designated as "'destinations."

Reqired, to establish a traffic pattern in the network

which will enable the maximum amount to be moved, on a sus-

tained basis, from the origins to the destinations, and to

determine the value of this maximum.

PRESENT PROCEDURLE

The authors do not know of any objective method that has been I

used to treat this problem fully. Traffic patterns in complex nat-

NI
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works such as that shown in Fig. 1 usually gSrow up over A period

of years as the network grows, and adjustr•ents are made as needed.

In wvrtime, entirely new pvliLerns may have to be established.

Ote practice that has been employed in estimating network

capacities is that of picking out a maximal set of independent

through lines (that is, any additional through line would have

to coincide somewhere with one of the set). Such a set is shown

in Fig. 2. Although it is generally customsry to pick out oMly jJ
main, or "trunk,"' lines in such a set (as was done in Fig. 2).

it would also be p*ssible to pick out through secondary lines;
ýbkw'm--"er# tlhe lvrge numbr of slecondar.y liues nakes it difficult i.

9to -AiAU OFut & WfiXaia8 60t.

This 7ocedure certainly has some value, but it likevice

appears to have limitations.

1. The sketch below shows that the through line procedure, 1
if applied literally, may give incorrect answers. The nu•ber on

each segment represents capacity in trains each way per day.

lu D

A
30 B1

The line ABCD by itself represents a maximal through-line system,

that can delive PO0 trains per dayv from A to D and return the I
sax• nudmber. Alternatively, the two paths ACD and ABD combined

ierser - a -11ma e t A w tvpa cpcity o, -0. However, theI



RIAi5t
SECRET 5r

L E If4z, A

Moscow
POLAND

I L A CK S E A :

IFilg. I-h rala yseno western RussiaI

Drown schemnotico Ily in convential blo ck and white,

!. onide to __ete s..ighin or 7 1t~ipt n .I -ý;,o;lJO~ig. ýh etw~n i~nk pf'P.0 y, i qe iiTj0I
riR~ tI



SEEC RET

1~/01

ftU HNIGARY)

ROUMANIA A

BLACK SEA

Fig.2-A combination of through raitway lines in western Russia
Drawn in conventional black and white. Compare
with the network shown in Fig.1 and note tile

lillotef ' 0 decreuste in lilleei snown. in Fig- 2ý 1)111

trunk lines are shown

SEC RET



10-24..55
2-21.

actual capacity from A to D is 40 trains per day, which can be

obtained by saturating each segment with traffic from A to D

in the direction indicated by the arrow, and returning the same

number in the opposite direction.|

This is not to say that any traffic man would go wrong on

such a simple example; it is merely to point up the need for

something beyond the literal through-line procedure, especially

in more complicated situations.

2. As a consequence of either economic or military needs,

or for any other reason, origins and destinations may be located

in various parts of the network, and parts of the network may

Shave reduced capacities. In such situations it is difficult to

pick out meaningful sets of through lines, or to establish traf-

fic patterns quickly.

3. A drawback of the thlrough-line procedure, from the point

of view of graphic portrayal of the capabilities of a rail net,

is that every one of a set of through lines may be cut and traf-

fic may still flow by alternative routings. For example, each

through line in Fig. 2 could be cut and traffic could still moveI Lby altern-ative lines.
A possible alternative procedure would be to apply mathematical

methods to work out the exact network canacity from the capacities

of the individual lines. This is theoretically possible by the

methods of Refs. l-), but is not practical for several reasons. I
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The calculation would be cumbersome; and, even if it could be

performed, sufficiently accurate data could not be obtained to

Justify such detail. In fact, the very concept of "capacity,"I

applied to an individual segment of track, is vague, depending

as it does on conditions assumed about the facilities of the

surrounding network.

OIn the previous scto certain facts about basic railway

organiization and operating procedures were discussed, leading

to the conclusion that the division is the basic operating unit

of a %ailvay system. Therefore in essence it is proposed that

the problem be attacked by considering the rail network as an

aggegate of divisions.

The proposed method consists of three steps.

1. The rail net is aggregated into divisions.

2. Estimates are made (preferably by a rail specialist)

of the number of trains each division can receive

from, and concurrently pass to, each of its neigh- I
boring divisions every 241-hour period.

3. The over-all capabilities of the network to perform

various assigned tasks are then determined by use of j. I
one of Beveral available simple schemes of computation.j

'In the remainder of the present section, Steps I and 2 will be

illuntr~ated for the rmil net (,1 ahe ~entern Ur35R ad the H 0telli.t

'j 'I1
:i~
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countries. The explanation of Step 3 is deferred to the Appendix,

but the results of applying the method to the above rail net, using

several alternative sets of assumptions, are given in Soe. V.

ILLUSTRATION OF THE METHOD (Steps 1 and 2)

Figure 3 shows the USSi rail net with -the various operating

divisions* indicated in different colors. hew source of the infor-

mation for this diagram is Ref. 18, dated 1049.** Similar infor.*

mation was not available for the satellite countries, but assumnp-

ME tions were made about divisional structure, consistent with what

was known of the rail systems of the various countries. These

assumptions are incc-rporated in Fig. 3, which is discussed below.

The interdivisional capacities should be determined by P, rail

specialist who can take ."'relevant factore into account, given

sufficient information. Lacking more specific data, the authors

estimated the total capacity between two divisions as the sum of

the capacities of connecting lines. The estimates of line capaci-

ties were based on general information contained in Refs. 7-16,

modified in some instances by individual judgment. These estimates

must be regarded as tentative, and subject to revision when better
information becomes available, in the table below, axaeti eoe

SStrictly speaking, the term ''system" or "district'' would
be more accurate here than ''division.''

-• hie organization has been somewhat modified in 19541- accor-

ding to information received by S•.AND after Figs. 4, h, and 5 ha.
(h b bi-ibeen printed, ,Since the modification does not affect the Dethod I

• ~~~~~Pr:oposedl thls paper hae been wt•ll•e ithout revic;ing Figs. 3

andi 1v

j'
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Fig. 3'-~Schemnatic diagram of the railway

operatinq divisions of western Russia
This f igure is a tracing of Figure I in so for as the actual rail net is concerned
The several railway operating divisions, however, ore shown in colors.

The outlined area, A, 8, C and 0, is enlarged in Figure 4 to illustrate the
method of cumputing the number of tra ins each way per day which neighboring

Eslitwiig he rac caaciiesstiil remains The fast-. of an expert.
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given. in trains (and in tons) each way per day; 'Inet weight"

refers to the net load per train.

APPR0XTUMWP CAPAC~h'Ts MT4,n

Double Track Single Track Single Trac
Main Branch

In the USSR

Trains/day 20-30 8-12 8-12

Net weight 1000 tons 1000 250Tons/day ,o..-30, 000 8-12,o00 2-3,000

SIn Poland and E. Germany (for trains from Poland)

Trains/day 20-30 8-12 8-12

Net weight 666 666 250

Tons/day 13-16,000 5-8,000 2-3,000
In Other Satellites and F. Germany

(for trains from Czechoslovakia)

itrains/day 24-3o '95O12

Tons/day 9,600 3,200 -4,800 2 -35,000

Figure 4 illuatrates how interdivisional capacities were

obtained. Numbers on the livles themelves represent calacitieu

IS R

.:F C RFIT
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in equivalent 1000-ton (net) trains. Numabe.rs in the black boxes

represent total interdivisional capacities, obtained by adding

the capacities of the individual lines between the divisions.

Ai A eXale owU can receive frOi and p" to, Gen

a total of 1li trains e•ch way per d&!y: 24 on the double-track

line in the north, 8 on the single-trick line below, 2 on the

single-track line below that, and 10 on the single-track line

at the bottom. Note that the limiting factor is sometimes

Brown's capacity, sonietimes Green's.

Figure 5 shows the result of applying the above method to

the entire nt.twork under consideration. Interdivisional capaci-

ties, in trains each way per day, are shown in boxes.* Figure 5

serves as a basis for carrying out network capacity studies.**

Figure 6 is a work sheet, with capacities omitted so that

any desired values may be substituted, to allow for changes in

estimates, or changes in actual capacities in the network. In 'II
practice it Is convenient to reduce all capacities to thousands

of tons each way per day, and this is done in the examples shown

in Sec. V.

DISCUSSION

The use of operating divisions as the basic units in treating

net-work problems appears to be realistic in the sense tbat, the

Net train loads are different in different countries, as
explained at the foot of Fig. 5; hence, in working examples, it is

4• more convenient to reduce all capacities to thousands of tons perI :day, as Is done in the exailes workad out in See ý V.o

As mentioned in Bee. V, it is possible to introduce locomotive
pad rul l,'kOck ýequiueians explicitly inbo the rzadel.

S SE C RET
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I Fig. 4- 1 nterdivisional train capacity computing -

This figure illustrates the method of compiting the number of
trains each way per day which neighboring divisions can con- ,I-
currently pass and receive.
The individual track capacities are estimated by an expert.

Capacities shown in parenthesis are for secondary lines where
net tonnages per train are very low, but for convenience
oil capacities are in 1000-ton trains. The numbers shownSin boxes are total interdivisionol capacities
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chosen un~i'ts coi'ncide with the 1)asic cotd rc! f-nerrs of 'e I(;Ystem;

should there be need to establish traffic patterns in the particular

net under coisideration, they would most probably be set up by ad-

justments wrde at the divisi.onal. level. On the other hand, In choos-

ing the division as a basic unit, the iunwlber of elements of the nro'b-

lem is kept within bounds, au, coamputations canr readily be carried

out.

Another consideration is that the capacity of a rail system

depends on more than just individual track capacities. Such factors

as yard and terminal capacities, locomotive and rolling stock availa-

bility, etc., need to be con'ideral. These factors are largely

deterined by the capability of the division as a whole, and do

not belong to any particular line. They would receive considera-

tion if. the Interdivisior-m! capacities wore estimated by a rail

specialist, and could then enter more realistically into the prno-

blem. than they could if segments of track or through lines woer

the basid units.

It musgt be recognized t;hat det+ailoe! intellige-nce infortuatlon!

is not always available for estimating interdivisional capacities,

particularly under wartime conditions. Furthermore, the proposed

mmthod would require modification to deal with cases where there

is rapid day-to-day flnctuition ir, interdivisional capacities.

It Is believed that, given appropriate data, such rodifiestions

c'd be erforpd

I
S E C ;? T



V. STUDY OF r'i.}i EA.ST-WOIST Tf.RAIFIC CAPAC ITL OY -.iU NEYTWORK

STAT•'•fT OF TM PROB3L,

The use of the proposed method will now be illustrated by

determining traffic patterns that will produce the maxi~m=a east-

west (military) tonnage* in the rail network discussed in the

preceding section. In order to show the flexibility of the method,

the problem is worked under three separate sets of assumptions:

1. The entire network is available for east-west

traffic.

2. Part of the network cap!city is reserved for eco-

nomic or other purposes and is unavailable for

east-wast traffic.

3. Certain divisions are comletely inoperative.

"nhese assumptions are arbitrary, and are intended merely

to be illustrative.

The results, discussed below•, tire shown in Figs. 7, 8, and

9. In each of "hose figures, numbers in boxes reprsn xcaie-

ties in thousands of tons each way per day. These numbersi cor- :

respond to the train capacities shown in Fig. 5. Numbers above

h boxes are ithe required f low4, in thousands of tons daily, of ,

wastbound traffic, moving in the direction of the arrows. Elxcept

aL origins and des~inationv, the westbound truaffic entering :ach

division is equal to the amount l.eaving; also in each case an

Vlhetber this cou.ld be consider.•ed I military , tOI n e
would delwnd on the loading factors for the typems of siuppliesl.
j YXVOi"'d Pe% ý^yN-,4 - - q- I



equivalent number of eastbound trains move in the direction

opposite that of the arrow. A balanced flow is thereby attained.

RgIIJLTS

I.It is assumed that the entire network is available for

east-west (military) traffic; no allowance is made for civilian

traffic. (See Fig. 7.)

The origins were arbitrarily selected as shown in Fig. 7.
(Roumania is one of the origins, although its full outbound capa-

city is not used.) Destinations were selected as certain divi-

sions in Poland, Czechoslovakia, and Austria, for reasons dis-

cussed below.

A maximum of 163,000 tons 2er day can be delivwred from

origins to destinations by means of the pattern shown in Fig. 7.

The bottleneck that limits the capacity to this amount is

shown by the dashed line X-Y.

Remarks on 1. If destinations in Germany were chosen, the

maximum amount deliverable would be only i52,000 tons per day

because of a bottleneck at the Oder River. This bottleneck is not I

shown by a separate dashed line in Fig. . T1he same pattern which

de•iver• 1(3;.00 tons to the primary destinationa will deliver I

152•000 tons to Germany, but the excess tonnage entering Poland

must of course be disposed of. This has been done in Fig. Y by

,roitreril,," ,disoei• of an excess of lIL.000 tons px. du,- aI

Divi•,jion in Po1land (M. ied 1.) . 'he bottleneek "l; •.he 0citr

oocr, lot have "leach pr•iL~cai r;igniUic-,anc'3 ati lomo a6.i the br:dgcf,

I
I
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is ('i]ative.y good, and p1Lot.,y beca<use, in- a large east-twesU

movement, much of the ton-nage i.)ould be drop.exd off to reor iuits

beoi~U j~euachiiuL,• he uuez.

•Ihen the entire network is made available for east--est

traffic, such movet~nt does not ut'ilize all the cast-west capa-

cities except in the divisions whose territories are crossed by

the line X-Y. Actually the irai'f"Ic pattern portrayed utilizez

approximately only 75 pre ent of the Polish, Rouzmnian, Hungarian,

and Czech capacity and only 58 percent of the Western Russian

capacity. There are two reasons for this condition. First, much

of the network lends itself to north-south traffic and thus dove-

t-ails with the present norimal interior economy of -the territory

concerned, since military considerations initially u).Ictuted th,

construction of the rail lines. becondly, some surplus capacity

appears in that part of the east-west pattern which is not limited

by the bottleneck.

2. It is assuyed that the Uýi:,R requires (for ficononmic or

other reasons) tIAt in no instance will military east-west .raf-

Sfic exceed 5O percent orf an interdivisional. capacity inside '.he

cowitry. (.1;e,- i - )~

O'igins and destinations aro he sarsTie ns in FiV,. 7,

1 9he i~- v ''mp._2citcj f- *. 1 iry e" t-iss,: C- rS1fie icn !hi

-ise 15 ',,,000 tons o d:.,. t~rfiic pattern ithat dieliversr Lths I
. . . . . . . . . . . .A.-.. ... . .



cl0

00

CU 0

0 t0

01 -w0

0 w.r,. C

NJ) Cf ~j

a''

co 00

arm? )



~I,

RM-1573

-36-

This flow results in the use of 21 percent of the capacity in

western USSR and 40 percent in the satellites.

3. It is assumed that certain divisions are eMlete

inoperative (indicate-d by lauched llai,%s through +.....+
i boxes in Fig. _1). Otherwise the fu~ll _apacity is availablea, with

no allowance for civilian traffic.

A different set of origins was used fur this exmuple. The

p-attern eas carried only as far as Divisions 1 and 1 in Poland.

From these diviaions there is sufficient capacity for further

westward movement.

In this case, 103,W0 tone daily ewn be deltivered. The

4Appendix shows in detail how the traffic pattern of Fig. 9 was

worked out.

LOCOMOUITVfl AiD ROLLING 5Th)K WfQU1PRYME1?TS

In the above discussion it was tacitly assumed that there

are sufficient locomotives and rolling stock to rem'ale the indi-

cated traffic patterns, It is not difficult to crlcvlate the loco-

motive and rolling-stock requirements for these piatterns, given the

appropriate data on requirements per ton-aile. It is also possible

to apply methods similar to those discussed in Refs. 1-5 to ,,ork

uL p -atterns which Milimizý _ r ,.llin tc•- .k re• .•l ••ni.s for deliver-

ing a given tonnage, or which maximize tonnage delivered with a

fixed amount, of roiling stock.

Obviously, the use of ouch cquipment would reduce other USSR

traffic vmles6 current CIA reports (.hich indicate a general shor-

tago of such items) are in error.

ci..........
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METHODS

Several mothods have been proposed for establishing tratffic

patterns in networks. Descriptions --id related discussion can be

found in Refs. 1-5. These methods do not reouire elabnr te com-

putations and can be performed by a relatively untrained person;

hence variations in the assumptions can readily be handled.

It is felt that no purpose vould be served at the present

tiyw by suggesting one rather than another of these methods for

use. The criterion for usefulness will be the ability to handle

more complex problems.

The patterns in Figs. 7, B, "ýnd 9 were determined by using

the "flooding method"' of Ref. 1; this appears quite suitable.

An illustration of the use of this method is given in the Appendix.

DISCUSSION

Certain assumptions that have entered implicitly or explicitly

into the preceding treatment will nov be discussed.

1. It has been assumed that the interdivisional calj cities

do not vary rapidly in time. This seems a reasonable approximation

for peacetime operations. In wartime, rapid variations would have

to be considered. As mentioned earlier, it is believed that the

method can be developed to cover such cases. The situation will

then be more complex, and to deal with It at rill would seem to

require some method. of aggregation such as the division i.mthod.

2. It has been assumed that the num-ber ot trair aihat

SA division. A can plss to a dihision i iO independent of 1,.hat A pasriec
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to any third division C. It was pointed out in Sec, IV that

capacities are to some extent determined by the capabilities of

the division as a whole rather than by individual line capaci-

ties. Therefore it Is posmible that A could pass somewhat more

than the normal amoumt of trafffic to 1B if it restricted traffic

to C. SimilDarly, maximum use of some lines from A to B might

interfere with traffic to C because of coincidence of some of

the lines inside A.

It would require further study to determine the importance

of this effect. The method of this paper could be modified to

take it into account; or if the method is used in its present

form, the solution can be examined and appropriately modified

to take account ; of the above effect.

3. Total tonnage from all origins to all destinations has

been adopted as the criterion, without distinction of types of

supplies.

The destinations used in Figs. 7 and 8 have good lateral

rail and road connections, so that it appears reasonable to con-

sider the total amount received. However, individual origins

or destinations can be considered., especially if it is desired

to take special categories of snpilties into accounit. As an {U

exasle, in Figs. 7 and B Rounania may be considered as origina-

ting Po1. (The outbound flow is greater than the Roumanian rate i

of POL Production, but atorage could nmnke irp the difforence for

oe monthst ) f-o'd of this MI, can n be! U
]a
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traced through the network to the destinations. There 'ire

several possible routings, of. the POL that are conslstent with

the traffic patterns indicated.

fir Si:1
I!

IJ
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ni-E- FLOODING TECPm1QU&1E

Thia ftppendix illustrates how a traffic pattern for a maximal

flow in a rail network can be determined by making use of the

division-to-division capacity model discussed in the preceding

text.

The method illustrated here (see Figs. 10-13) is the "flooding

technique,'' which is more fully described in Ref. 1. It can happen

(although not often in applications) that a single application of

the method does not produce the maxim= flow. However, it is easy

to check whether the maximum flow has been obtained. If not, appro-

priate modifications can be made. It is believed that the method,

with comnon sense modifications indicated by individual problem,

is adequate for networks occurring in practice, of the approxinte

size considered in this paper. Methods which are mathematically

guaranteed to produce the maximum flow can be found in Refs. 3 and 4.

The methods discussed in these references are closely related to

linear progremming techniques.

In order to illustrate the application of the procedure, the 4

f1QjlO;.*i ac'g ..-.. n- =.. dc:

i. Division-to-division capacities are as indicated- in

the boxes in Figs. 10-13, except that USSR divisions

Ps and 5L. and tile. .RovvhrIitn ralmhn-rS ax asmA

nonoperative (for exapw]Me isolated by rail cuts).

S S I
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The capclties used are the saMe as in Figs. 7

and 8.

2 Sources of supplies (or origins) are Divisions 8

and 10 in flusaia.

5.. To simplify the exposition, destinations will be

taken as Divisions I and 4 in Poland. (Other

Satellite divisions can be reached only through

these, in the present setup.)

Figs. 10-13 are work sheets showing how the

maximal flow is determined: the final outcome. has

already been shown in Fig. 9. With a little prac-

tice the work can all be done on a single sheet,

and some of the steps can be telescoped.

Step 1(see Fig. 10). The first step is to ''forward'' from

each origin the maximum possible outbound flow. Thus 10 units*

are sent from Division 10 to Division 7, 34 from 10 to 6, and 30

from 10 to 14. (A little thouht indicates that there is no

point in sending anything to 9, -1, or 12. Possible use of Black I
Sea transpotation is not considered here,) From the origin at8,

50 unaits are sent to 7. If the procedure were followed literally, i
16 units would also be sent from 8 to 52. However, the only exit ' i

from 52 3s by way of 7. Hence. the maximnm amount of 4 units is

pushed from 3 to 7 by way of 52. The patteren hars now been, puished

The unit can be any convenienti quýantuy; here it is taken as
1,000 tons net, I

.'I}



*0 cz

v 3c

(I) CL LIJ

o o
EU 3tooo~* ~ C

oU .. o2

o a- ,c-lt

(I) .- .

cm>0

-~ j tX- '

> N LO

Iq O

NC



p

PII- 157:5
io-24-5-

as faxr as the 'Ifirst stAge divisions," which are marked ( :
Divinions 6, 7, and 14. At the end of Step 1 the situation is

then as indicated in Fig. 10.

ste 2 (Fig. 11). Forward as much as possible from the first-

stage divisions. In doing this, the guiding principle, here and

at later steps, is to forward from the first-stage divisions in

the order of increasing forwarding capacities.* (Individual

situations may indicate modifications of this procedure.) The

total forwarding capacity for Division 6 is 68, for Division 7 is

72, and for Division 14 is zero (there is no point in going to

Division 13). Since nothing can be sent forward fronn 14, the
procedure is to send as much as possible to another Stre 1 divi-

sion, so 24 units are sent to 6. Thiz is all that can be shipped

out of 14, so there is an excess of 6 units (marked 6X) at Division.

Division 6 is next in order; it now haz a total of 58 units

entering; 16 units are sent to mE and 42 to 5, obtaining a balance

at 6. At this stage, some judgment was used; had 52 units been

sent to 5 and only 6 to 4E, a readjustment would have been neces-

sary at a later stage.

Next. Division 7 is onvide-rd: i+ bag 1-iat enternr•j, ,

units are sent to Division 50, and 30 to Division 5. The seconrd-

stage divisions 50, 5, and 4E have now been reached and the *ttw.-

tion iS shown in Fig. lie

''Forweadine canncity'' mea•ns capacity to divisions which
hAve not yet beeen roachedo

F -:".• c • .. •-'; •..
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Step 3 (Fig. 12). FonwarJ units from the second-stage

divisions. First 16 units are sent from 4E to 4W, achieving

a balance at 4E. •xt 17 units a.re sent from 50 to 4 Poland

and 17 units from 50 to 49. Finally 13 units are sent from 5

to 49 and 41 from 5 to 414. The situation is then a. shown in

Fig. 12. Division 5 is nmrked 19X, since 72 units enter and

only 53 can leave.

Step h (Fig. 13). Units are forwarded to fourth-stage

divisions; then it is easy to for-ward all units through to the

aostiattyis, 6 bIUW11 hi Fig. 15.

F t. Remove the excess flow at Divisions 5 and 14.

This can be done in a numier of ways by simply subtracting out.

the extra flow. A completed pattern is shown in Fig• 9. In

this pattern the arrows indicate only -the direction of tra•flf

bound for the destinations; to achieve a balanced flow, each

link carries an equal nuimber of returning trains in the opposite

direction.

The fact that the flow achieved in Fig. 9 is maximal can be

recognized by the fact that the lInk.s 6-4E, 5-4W, )-b9, and 7-50 ¶

are each completely saturated with traffic from east to west,

and removal of these links completely severs the origins from

the destinations. It can be shown (see, for example, Ref.) 2I

that when the flov is waoxlml there is always such a se•t of" A

saatnated ,links-, I
1: -I
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