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EXECUTIVE SUMMARY

This report describes a parametric analysis of railway line capac-
ity. The purpose of;_’the project was to perform an analytical examina-
tion of key factors affecting railway line capacity in order to: .

. determine the relative magnitude of the impact of varying
key parameters such as track and -signal system configura-
tion and trgin operating po];l.,ey in terms of their effect on
“capacity; and

. develop a parametric model for general apphca.tlon to Ime
- caxpamty analyms.

- The basic tool for the parametric analysis was a computer train
dispatching simulation model developed by Peat, Marwick, Mitchell &
Co. (PMM&Co.). The model can be used to simulate operation of a
rail line of up to 4 tracks for a specified schedule and set of circum--
stances: As a part of this project, improvements were made to the
model to meet the. requlrements of the parameters to be analyzed.

“The train digpatching simulation model was used to. simulate several

hundred different combinations of track s1gna1 and train cenﬁgura—
tions and operating policies. ,

Va«;rlous mathe-mat1ca1- and statistical ‘analysis techniques were
used to analyze the simulation results. The application of these tech-
niques was used to develop the mathematical relationships between
various parameters and line capacity.

RESULTS

The following are the most sig;;ni_-_ficant:, results of the project:

. development of the relationghip of train delay to number of
trains dispatched;

. . estimation of sejnsitivvity'o.f average delay per train to vari-
ous parameters;
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estimation of sensitivity of average delay per train to com-~
binations of parameters;

development of a meaningful measure of line capacity; and

development of a set of equations which can be used to esti-
mate capacity of a given line.

A prototypical segment of line 150 miles long was used to develop
the relationships of delay in train-hours to the total number of trains
dispatched as a function of changes in various parameters (changes in
relationships of delay). :

The relationships of changes in delay to changes in the parametérs
were used to develop for each parameter a curve of: delay per train.
trains per day

Using regression techniques, these relationships were developed as a
function of each parameter.. The resulting factors were a measure of
the relative sensitivity of average delay per train to the various param-
eters. The measure of sensitivity, similar to the concept of inverse
additives used to combine parallel resistances in electronics, was par-
ticularly meaningful for parameters, such as siding spacing or average
speed, which could easily be represented as continuously variable. '

A set of equations was developed to estimate the combined effects
.of several parameters simultaneously. The equations can be applied
to analyze the impact of different line or operating characteristics such. -
as proportion of double-track, signal Spacmg, train priorities and uni-

formity of train speeds.

Finally, a measure of line capacity, in terms of maximum permissi-
ble delay was developed. This measure was then related to.the method
of estimating average delay and a set of equations developed to estimate
capacity in terms of average delay. Thus, the relative influence of
parameters on capacity can be analyzed and tradeoffs of capacity can
be performed among various alternative changes in line configuration .

or operating policy.

CONCLUSIONS

The following conclusions were developed from the parametric
analysis. The conclusions relate to:

o-'v.o



. the ability of existing rail lines to absorb traffic increases;
. the impact of aperating speed on capacity;

. the impact of Cen’trahzed Traffic Control (CTC) on capacity
for multiple track: and

. the estimation of potential péseﬁ:e‘ capacity of a line.

The ability of rail lines to absorb considerable increases in traffic
without major changes in line or operating characteristiés must be ques-
tioned. Line capacity was found to be considerably less than widely be-
lieved. ' Capacity is mot so much a function of the capability to move train:
over a'line at all, as it is of the ability to move trains over a line without
undue delay. Delays generally exceed acceptable limits before a line
will 1'o-ck up.

rIhe most important parameter in determining capacity, other tha.n the
number of tracks, is operating speed. Theoretical capacities for single
and double track can ‘onty be approached as trains are run at moderately
high uniform speeds. The greater the distribution of train speeds, the
more the interaction among trains and the greater the delay. -

It is interesting to riote that CTC on double track is essentially un-
necessary to reach theoretical capacity since overtakes would be un-
necesgary if all traifis operated at-the same average speed. In fact,
CTC may actually increase average delay under normal operations.

Its primary usefulness, other than to provide flexibility in the event of
track blockage, is to increase the level of service to high priority
trains, This improvement in service comes at the cost of mcreased
delay to lower pr1ority trams.

This work can be used as a guide for investigation of alternatives
for improving capacity of a line. It can also be used to estimate the
potentlal reserve capacity of a line. Because of its approximate na-
ture, any marginal capacity results should be investigated in depth
using detail procedures such as the train dispatching simulation.
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RESEARCH RECOMMENDATIONS

There are two general categories of research which should be pur-
sued to develop more information in regard to the parametric relation-
ships of line capacity. One is a continuation in more depth of the pres-
ent line of research; the other is analysis of topics not coyered by this
project. Continuation of the present research is required in regard to:

. more analysis of those parameters for which conclusive
results were not reached in this study;

. conversion of parameters that were analyzed as discrete .
variables to continuous relationships; and

. improvement of the procedure for analyzing multiple modi-
fications to the parameters.

New lines of inquiry which are suggested by the present research in-
clude:

impact of increased on-track maintenance time require-
ments as a function of higher traffic volume; and

nature of the recovery from major disruption as a function
of the percentage utilization of capacity.

-vii-



I. INTRODUCTION

The utilization of excess capacity of rail lines is widely believed to
have potential for solving many kinds of capacity and service problems
in transportation. These problems range from providing urban transit.
rights-of-way to replacing or supplementing long-distance intercity truck-
ing with intermodal trailer-on-flat-car (TOFC) service. The feasibility
of these solutions depends upon a careful understanding of rail line capa-
city. ’ ' ' ‘ ‘

THE PROBLEM

The subject of main line capacity recently has assumed greater im-
portance because of the potential restructuring of rail service in the
northeastern United States and the consequent major shifts in line-haul
rail service flows. Problems with tenant or joint use of lines, espe-
cially by Amtrak, raise further questions about the precise nature of the
interactions between different types of trains and services. The estab-
lishment of commuter authorities in many major cities also raises simi-
lar problems: of joint use and consequent delays.

No generally accepted method for estimating the impacts of train
and line charactristics on mainline service has been developed. The in-
teraction among trains on rzail lines has historically been examined through
manual "stringlines' of actual operations, when available or projected op-
erations when forecasts are being prepared. These stringlines are time-
distance charts of train movement and are used to project train interference
and the location of bottlenecks. They are tedious to prepare, however, and
often only one day's operation is examined for an alternative. The time
consuming nature of their careful preparation has also limited the number
of options which can be examined. Despite this detailed analysis of oper-
ations, railroads are sometimes reluctant to accept the résults, because,
one day's analysis might not show the range of difficulties which might
occur with a slightly different traffic pattern. This study has confirmed -
that, in fact, day-to-day changes in traffic patterns may have a marked
- effect on delay for rail lines near capacity.

Rail line capacity, not long ago thought to be far in excess of demand,
has recently become much more in short supply than might be imagined.
Many railroads have reduced the number of tracks on mainlines, consoli-
dated lines, and downgraded potentially excess main lines. Reductions in
speed limits have further reduged capacity. In addition, longer trains
may actually reduce capacity, to the extent that handling difficulties and
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more road failures offset the eapacity savings of a reduced number of
trains for the same number of cars. Removal or reduction of passenge
service, conversely, has added some capacity, While most lines are
now generally adequate for the traffic currently handled, any change --
projected growth, propessals to divert traffie, increase in the frequenc;
- of freight services, add11:1ons to passenger serv1ce -- must be carefull

assessed.

PURPOSE OF STUDY

This study attempts to bring into focus the key factors affectmg rail
way line capacity and to examine their relative impacts on capacity. T}
impacts of various track, signal, and train configurations and operatin;
policies on the ‘capacity of specific types of rail line have been examine
.usmg a computenzed dispatching simulation model developed by Peat,

g ""hell & Co. (PMM&Co.). The results of numierous simu
analyzed to develop a parametric model for general applic

A secondary purpose of the study was to develop a computer simula
tion of train dispatching for use in analyzing in detail specific line alter
natives., The parametric analysis can be used to answer policy questio
on line capacity and to prepare preliminary analyses of specific situatic
It is most useful for order of magnitude estimates of the capacity impli
cations of proposed changes. The computer model can then be used for
detailed comparison of specific alternatives within the range of feasibil:
indicated by the parametric analysis.

A parametric analys1s is a particularly useful tool for analyses in-
volving as many variables as were involved in this study because it pro
vides a coherent means of consolidating results into only one or a few
equations. Yet, it still allows the user the flexibility to interpolate or
extrapolate those varlables which are contmuous throughout the range

of interest.

DEVELOPING THE PARAMETRIC ANALYSIS

PMM&Co.'s approach to the developinent of an effective, flexible
procedure for the parametric analysis of rallway line capacity encom-
passed the following five basic steps: :

1/. Peat, Marwick, Mitchell & Co. Train Dispatching Simulation
Model - User's Manual. Prepared for the Federal Railroad Ad-
ministration, Washington, D.C., March 1975,
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. modification of PMM&Co. 's train dispatching simulation
(TDS); ' |

. -selection of key capacity related parameters;

. determination of procedures for the parametric analysis,
including the structure for application of the analysis and
a decision tree for determmmg dommant solutions and in-
significant variables; :

. evaluation of parameters according to the framework de-
) velope‘d above; and

. validation of the model and ver1f1cat10n of the accuracy of
the parametric analysis.

Modification of TDS

“The train dispatching simulation model used in this analysis was de-
veloped to study rail line capacity options in a developing country, The
model was used in conjunction with a proprietary train performance cal-
culator (TPC) developed by Thomas K. Dyer, Inc. As part of this study,
selected TPC runs were prepared by Thomas K. Dyer, Inc. to assist in
determining parameters of train performance. The TDS was designed to
replicate various aspects of:

. line or track configuration (single and multiple tracks,

siding and crossover location, and siding capacity length);

. centralized traffic control and automatic block opefation
~ (single and multiple tracks);

P

. signal system configuration (number of indications and
block length);

. temporary service disruptions (train and signal fail-
ures, track maintenance requirements);

. dispatching policies (train frequency and size, priorities
- of service, traffic peaking patterns); and

. train performance (running times, stopping and starting
' delays, and slowdowns for crossovers).

-3~



Selectio_n of Key Parameters

 Possible parameters were examined and from this examijnation the
following parameters were chosen as being most important for inclusion
in this study:

. EBpeed limits,
. distribution of train speeds,
. siding spacing (single track),
. distribution of siding spacing (single track),
. siding capacity {number of trains per siding),
. siding length vs. train length (smgle track),
» signal spacing,
. proportion of multiple traek,
. <rossover spacing {multiple track),
., train power,
. train weight,
.« train priorities,
~, traffic imbalance,
. traffic peaking patterns, and
» incidence of disruption.

Determination of Procedures for Analysis

Several approaches to designing the parametric analysis were con-

- sidered. After some refinements based on preliminary results of the
analysis, an approach was chosen which was based on parameteriz-

ing variations from typical base case rail lines rather than estimating
capacity for various idealized lines. It was felt that the use of proto-
typical lines would be more useful to railroad analysts and would
provide greater accuracy in real-world analyses. Decisions on which
parameters and what range of values to examine were based on the sen-
sitivity of line capacity observed during early tests of parameters.

Evaluation of Parameters

As evaluation of the parameters proceeded, preliminary analyses
of results were made. These preliminary analyses guided furiher ex-
ploration among the possible ranges and combinations of parameters,
As the results of many simulations were examined, a number of patterns
emerged. Several methods of consolidating the results were tested.
The method chosen provides not only the best overall fit of those tested,
but also has a relatively high intuitive appeal.




Validation of the Model

Finally, both the model and the parametric analysis methodology
were validated against each other and against both real-world data i
and manual redispatches. The results in all cases were generally )
satisfactory.

TERMINOILOGY

For purposes of modeling rail line characteristics , certain terms
have been adopted. These terms, as used in the parametric analysis,
are briefly defined here.

block - a section of track which may be occupied by only
one train at a time. Blocks are used to control train
separation, and occupancy is regulated either by the
dispatcher, an operator at a station, or an automatic
signal system.

class - the type of train as defined by its performance
characteristics (not as normally defined in ra11road
terms).

interlocking - any connection between two main line tracks
including the transition between single and multiple track.

segment - the section of track between two stations; may
contain one or more parallel tracks and must contain
at least one signal or train separation block.

siding - a track at a station used for trains to meet, over-
take, or perform switching.

 station - any point on a rail line where track conflguratmn
changes.

yard - several sidings at one station.

REPORT ORGANIZATION

"Section 11 of this report describes the Train Dispatching Simulation
model used in developing the parametric analysis. Section III describes
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the development of the parametric analysis and presents graphs of
single variant results. Section IV presents a procedure for applying
the results of the parametric analysis to a wide variety of rail lines

“and includes the sample application. Section V discusses some result

and presents some possible areas of further exploration. The reader
who is not interested in the derivation or application of the parametric
analysis need read only Section V to obtain the conclusions reached
from this research. The appendix contains time~-distance diagrams ‘
(stringlines) of the line operations of the base cases used in the para-
metric analysis. '

o i S e ceins 50




II. THE TRAIN DISPATCHING SIMULATION MODEL

METHODOLOGY

The train dispatching simulation model is an event-based simula-
tion that establishes a table of next events for all trains simulated.
The model processes each event in time sequence, altering the status
of train and track conditions according to the type of event and generat-
ing a new next event for each train.. This approach appears to be far
superior to a time-based logic in all but the most extreme volumes of
‘trains, since relatively few events occur during the minimum time in-

‘crement used for operation of the signals. A time resolution of one-
tenth of a minute (six seconds) is used in the model and appears to be
adequate for railway operations.! The following paragraphs describe

- the general program operation.

Initial Dispatch

The model enters a train into the system at the time specified by
the user and begins to accumulate statistics at its time of dispatch.
If the train cannot be dispatched at that time because there are other
trains competing for main line facilities, the train is held in the siding
or yard at its dispatching point.

Single- Track Operation
Two levels of control are used in the simulation:
micro-resource or signal system control; and

. macro-resource or dispatcher control.

The micro-resource allocation responds like an automatic block
signal system and controls train separation. Both the block spacing
and the number of signal aspects used to space following trains can
be specified by the user.

_1_/ The program'takes advantage of PL/I's fixed-decimal notation by
defining time to one digit to the right of the decimal, thus conserv-
ing data storage requirements.
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The macro=resource allocation functions as a dispatcher, releas-
ing or Holding trains at stations (or control points) depending upor the
logical and physical constraints of the rail line. The macro-resource
control resolves conflicts between trains requiring the use of the sam:
line segment. THe conflicts are resolved considering train priorities
and physical characteristics, and line facility characteristics and ava:
ability. The dispatching procedure projects each train's movements ¢
minirmum of two'sidings ahead of its current position in an effort to re
solve potential conflicts. To replicat'e real-life operation, however, -
operations are not generally projected beyond this point, and actual
train- operat_lonnls not necessarily optimized overall. Within the con-
fines of its foresight and the physical contraints of the track, a non- -
- priority dispatching procedure reles@ses trains on a first-come basis.
A simulation using priorities gives preference to the higher priority
train unless this would lead to an irresolvable conflict. These ap-
proaches tend to favor line capacity in the first case, and service to.
high priority trains in the second other operatmg and priority rules
could be used.

“In an effort to increase train flow, the macro-resource allocation
procedures fleet trains (i. e., allow them to follow closely on a single
track). Trains are released under minimum following rules as con-
trolled by the signal logic unless their release would cause an overflo
situation at the downstrearn sidings. Depencting upon the nature of the
dispatching schedule, the necessgity to resort to substantial fleeting ir
both directions on a single-track line can lead to eventual dispatching
control failure or siding overflow where two fleets meet.

Multiple-Track Operation

Multiple-track operation provides for either single- or double-

" direction running of trains on each track. Automatic block signal con-
trol is used on double-track operations. The allowable directions of
‘opeération on a track may be changed for different segments provided
the transitions are logically consistent., Trains are held at the end of
double track and released to the single track when it is available in th
same manner as trains are released from sidings or yards to single
track. Trains reaching the beginning of double track are removed fro
the single track provided the next block is available, with a delay whe)
appropriate to account for the slowdown in speed for the turnout.

‘ . Double-running tracks ai‘e used to allow faster trains to overtake
slower trains. The model first searches for a réute that will allow
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the overtake with no delay to either the overtaken train or to opposing
trains, If such a route is unavailable, it will find a route which will
delay only the overtaken train, provided it is lower priority. Failing
that, it will delay opposing traffic if that traffic is of lower priority.
Only as a last resort will it delay both the overtaken and opposing
trains, and only if all are of lower priority.

Trains may be specified to originate or terminate on specific tracks.
Permissible paths through interlockings can be restricted. When a
train changes tracks, it incurs delays by slowing down for the cross-
over; it also blocks conflicting movements as it moves through the
interlocking.. An interlocking may be taken out of service temporarily
to represent at-grade crossings of other rail lines, drawbridges, main-"
tenance time requirements or plant failure,.

Trains may also be turned enroute to replicate local freight trains
which run out and back or work trains which shuttle back and forth.

Termination

Certain conditions define the termination of a train and the com-
pletion of a simulation. Trains reaching their final destination are
immediately removed from the system, and system statistics are ad-
justed accordingly. A train's arrival at its final] destination is not
subject to available yard or siding space at the terminal point. A train
arriving at its final station and not, however, on the correct destina-
tion track will be delayed for conflicting movements at the 1nterlock1ng
and for the time to cross to the correct track

The simulation is normally terminated when the desired period of
simulation has elapsed, Other reasons for terminating the simulation
include completion of all scheduled train operations, lockup-of the sys-'
tem, and detection of error conditions. Any abnormal termination
causes the status of the system to be displayed. Thereby, the situa-
tion causing the failure can be identified.

DATA REQUIREMENTS

The train dispatching simulation allows for virtually complete free-
dom in defining operating conditions and parameter values. The data
requirements for the simulation are grouped into the followmg six cate-
gories:



. Basic Parameters -- The basic parameters include an
alternative label for run identification purposes, an es-
timate of time lost when starting and stopping trains, the
duration of the simulation period, and the numbers of
parameters associated with the other categories of input.

. Track Gan'figura«t‘i.on -- The line is described by mileposts
and station names, which are located at sidings, interlock-
ings, and other key points, and by the numbers of tracks
and direction of movement allowed en each track in the
segments between these mileposts. Siding and yard ca-

* pacities (in terms of length and number of trains) and track
connections at interlockings ean be specified. '

Train Characteristics -- Train characteristics are de-
scribed by class of train, number of locomotive units,
nominal running times (without delays) between stations,
and typical starting, stopping and crossover delays.

. SBignal System -- The signal system is described in terms
of the number of blocks in each segment, the number of
signal aspects used for control, and the normal minimum
‘desired following distance (in blocks) between trains.

. Dispatching Schedule -~ Each train to be dispatched is
described with a train identification label, length, -origin,
destination, initial dispatch time, train class, and priority.
Wherever appropriate, values not specified by the user

- are assumed for parameters. ‘

i Report Information -~ Additional information can be pro-
y . vided to make the reports generated by the program more
r : readable. Such information includes station names, acti-
L , vity descriptions, trains to be summarized, and categories
Lo of summaries to be used.

PROGRAM OUTPUTS

The simulation program produces five basic types of output:

.. an "echo' print of input values and.conditions for identifi-
cation of the particular configuration being tested;
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. a detailed movement record of all trains including cumu-
lative running time and delay statistics;

summary train statistics by train, train type, origin and
destination showing total elapsed time, scheduled and un-
scheduled delays, and net running time; '

. operating statistics and probleni ‘condition messages;
and: ~ ‘ ~

., an optional time-distance (stringline) plot.

'Error conditions detected on input or during program execution are
also appropriately identified.

- Train movements are reported by station, milepost, activity, day,
and time of simulation. They can, therefore, be used to prepare string-
line plots of the operations of the rail lines. The operating statistics
presented indicate progress through the simulation and include the num-
ber of locomotives in the system for each hour, the maximum number
required and the time at which the maximum occurs, plus other pro-
gram informational messages. The optional stringline plot, which is

- useful for displaying results, is produced from the train movement
record output by a separate program which generates a tape for a Cal-
“comp plotter. In the plot, differ'ent tracks are represented by different .
line characteristics. S - :
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Il. THE PARAMETRIC ANALYSIS

S'I‘RUCTURE QF THE ANALYSIS

The parametrm analysis was structured in three" stages. First,
the parameters avere defined and the ranges of practlcal variation we:
determined. Next, a structured approach to analyzing the poss1b1e
variations and combinations of parameters was developed. Finally,
a means of consolidating results and extending the1r -applicability to
the full range of interest was designed. :

After data on the .actual .operations of several lines were examine:
the definitions and ranges of certain parameters (e.g., mix of trains
were constrained because of the difficulty in developing a single mea-
sure of their variance. Others, such as timetable and train order op
erations, were not examined because of limitations .of the model. Th
individual parameters and the ranges of investigation are described i
the next section.

The approach to the analysis ‘was chosen from several alternatiyie
after considering the most likely applications of the results. Becaus
of the large number of parameters and the virtually infinite number o
possible combinations of values, even a comprehensive examination ¢
“all reasonable combinations was’too great a task. Thus, some type ¢
sampling approach was necessary. Since a thorough sampling was nc
possible within the scope of the project, a process starting from a 't

-ical" base case and then choasing a progressive set of variations was
developed. First, a set of base cases was designed. Then a series .
cases with changes in only one parameter at a time was examined to

develop the sensitivity of capacity to each parameter in relation to th
base case. Finally, selected combinations of variations were tested
'to estimate the sensitivity to joint variations. Alternatives involving
idealized base cases (either "best" or "worst") were rejected as star
" ing points because they are not reasonable representatives of existiny
rail lines. Results obtained using extreme base cases would probabl
not be reliable for the mix of characteristics of typical rail lines. T
base cases selected are hypothetical but representative of actual rail
lines.

The basic approach to the parametric analysis was to define

‘base cases for single and double track lines to represent normal uti-
lization of capacity. = Modifications to the base cases were made for
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those parameters judged to be potentially useful policy variables. Base
cases and their modifications were translated into appropriate data in-
put files, which described the line and trains to be run. The model was
run for seéveral different train volume levels for each base case and
modified case. '

- The results of these runs show how average dispatching delays
change with the increasing volume for each alternative set of conditions
and how changes in the various policy variables impact upon average
delay at a given volume level. The parametric analysis presents these
results in a quantitative, unambiguous, usable form and generalizes
them to any reasonable combination of the policy actions tested.

DEVELOPMENT OF BASE CASES

Three primary base Cases. each for a 150-mile line, were identi-
fied:

. the sinbgle—track base case;
. the double-running double-track base case; and
the single-running double-track base case.

Additional base cases were used for certain special analyses.

- Single-Track Base Case

The single-track base case was intended to be a realistic case of
moderate capacity utilization serving primarily as a foundation for
improvement modifications but also serving as the base for realistic
capacity decreasing changes. As shown in Table 1, there were 18 sta-
tions on the base case line, dividing the 150 miles of single track into
17 segments, with an average spacing of 8. 82 miles and a standard
deviation of spacing of 3.87 miles. This configuration was chosen after
examination of station data for a number of typical existing single track
lines in this country. At these stations were single sidings (except
where noted), accessible to trains traveling in either direction. A sid-
ing can accommodate a train whose length is no greater than its own.
Yards were included where substantial numbers of trains performed
work.

-13-



LINE DESCRIPTION

Siding
Statian ’ Length Number ©
~ Number ‘Milepost (Feet) Siding Trac
1 0 . 10,.500. Yard
2 1 " 7,500 1.
3 6 5, 500 1
4 17 10, 500 1
5 - 30 7,500 1
6 39 10, 500 Yard
7 50 5,500 1
8 64 7,500 1
9 T0 10, 500 1
10 85 7, 500. 1
11 89 10, 500 Yard
12 99 5, 500 1
a3 111 10,500 1
14 118 ‘5, 500 1
15 128 - 1, 500 1
16 135 10,500 1
17 144 - 5,500 1 -
18 150 10, 500 Yard
-14-




A signal system with three indications was employed. The number
~ of signal blocks assigned to a segment was based on an average block
length of 1. 6 miles. All fractional results were truncated, and every
segment was assigned at least one block, regardless of length.

Four classes of trains were dispatched in the simulation runs. See
Table 2 for train characteristics. Priorities were assigned based on
the class of train with Class 1 as the highest and Class 4 as the lowest.
One direction of travel was given priority over the other for trains of
the same class. Class 1 represented passenger and other high prior-
ity short trains. * Class 2 represented express freight trains. Class 3
represented ordinary freight trains. Local freight trains, with frequent
stops, were represented by Class 4. '

Time losses due to acceleration and deceleration are shown in
Table 2. The stopping penalty includes time lost when passing through
a siding. The crossover penalty includes both deceleratlon and acceler-
ation when changing tracks in double~track runs.

In the base case, the same number of trains traveled in each di-
rection, The dispatching schedule was repeated for each day of the
simulation and every train was assigned to cover the entire length of
the line. For simulations of two days (the predominant type of run),
the base case utilized a train file containing 144 separate -trains (72
trains per day). When all 72 trains per day were used, trains were
dispatched every 20 minutes (every 40 minutes for trains in the same -
direction). For lower volumes of traffic, a less uniform distribution
resulted. The train file was ordered so that it -could be truncated at -
the desired number of trains per day (trains at the same time on dif-
ferent days being contiguous in the file) and still produce a fairly uni-
form distribution of train classes and dispatch times throughout the
day. The class distribution of trains by time of day for the entire base
case train file is shown in Table 3. In addition, for the stations listed,
scheduled stops were specified for trains of the designated classes as
shown in Table 4. ‘ ‘

For the base case, a set of 'rare events' (unscheduled incidents)
was designed to simulate train and track failures and similar unplanned
~ occurrences that might affect operations on a typical line. The rare
events for the base case consisted of three types:

. atrack segment out of service for a spéciﬁed time (e.g.,

track maintenance time, which was chosen for minimum
interference with train movement);

-15-
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TABLE 2

TRAIN CHARACTERISTICS

Class

Length
(Feet)

(Miles. per Hour)

Average Running

Time Penalties

Speed

| Stopping

(Miﬁpte s)

Crossovers

1,500
3,000
5, 000

3,000

50 B 1
0 2
25 | 4

25 A -2

.2

6

1
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TABLE 3

TRAINS BY CLASS AND DEPARTURE TIME FOR FﬁLL BASE CASE TRAI'N FILE -

DEPARTURE TIME

12 1 3 516 |7 |89 |10 (11{12(1{2]3 |4 |5 (6 |7 I8 9 {10 11 ;T

to| to] tof to to|to)to)|to|to |to | to] to|to]to |to |to [to |to (to]to |to |to lto |O :
HOUR 1123 |4 6 |7 (8 |9, (1011 [12|1}2 (3 |4 {5 |8 |7 {8 |9 [10]11 |12]|T Percent

am |am am am|am|am|am|am|am pm (pm | pm|pm [pm |pmpmpm|pm | pm | pm A ‘

) ’ : L

Class 1 142 |1 2 2 |2 10 13.9
Class 2 1 1 2 |1 1 2111111 2 111 1 2 20 27.8
Class 3 113122 2 i1 2 312 311 2 ]2 1141 {1 |2 ]2 2 1 1| 38 52.8
Class 4| 1 1 | 2| 4| 5.5
TOTAL | 3 | 3/3 /33 |33 (3.3 3|3/ 3/3[s|s|s |afs[ss]s|s| s|s|mn

100.0




i

4

L s

(RORSTREN S A o R

| Station Ho.

2

5 |

6

7

10

11

15

Total,

- wa'ie

:"d-

10

i i

*

50 .

20

-18-




. atrain failure of a specified duration at a specified time; -
and

. atrain, track, or signal failure of a specified duration forr
a train upon arrival at a specified location.

A different segment of track was taken out of service for three hours
each day of the simulation. There were 18 instances of a failure of

a train at a time for the entire train file (when all 72 trains per day
were dispatched). There were 22 instances of a train or track failure
at a location. Individual failures were either.10, 30, or 80 minites in
duration. The overall average incidence of such delays for the entire
file was 8. 96 minutes per dispatched train. No rare events were spec-
" ified for Class 1 trains. The overall failure rate used was based on
failure data presented in an MIT report on Railroad Car Movement Re- -
liability.!

Run-specific data input to the simulation model included the dura-
tion of the simulation in simulated time and that portion of the period
for which summary statistics would be calculated. In the base case
and most other runs, two days were simulated and statistics were ob-
tained for the trains dispatched during the middle 24 hours, thus min-
imizing network loading effects and ensuring that trains dispatched near
the end of the summary period reach their destinations before the s1mu-
. lation was terminated.

The line characteristics and train schedules are representative
of a moderate to low capacity simgle-track main line with a relatively -
uniform time distribution of trains. Although not the lowest possible
capacity line, it represents one with a significant potential for im-
provement. Most of the cases analyzed were those with potential for
improving capacity because they would provide the most.useful basis
for analysis. Generally, however, the base train speeds are probably
lower than normally found on ma.m hnes, and failure rates higher than
normal.

1/ A.S. Lang and R.M. Reid. Railroad Car Movement Reliability:
A Preliminary Study of Line-Haul Operatlons. MIT Department
of Civil Engineering. October 1970. :
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The doubl-\e—«traek base cases were equally as congervative on traii
speeds and failure. rates but. were generally higher capaecity facilities
- with double erossovers at every station. The double-track double- ‘
running base ecase included many. of the same basic agsumptions as the
the single-track base case. Bldl,rectmnal signaling wags used on both
" tracks. The gidings at stations 1, 3, 4, 8, 9, 12, 13, 16, 17, and 18
were removed ag unnecessary-om a: double—track line. Begause yards
at the ends of the line were assumed to be on opposite sides of the line
trains had to switch tracks. to gefrom one yard to the othea:.

The smgle-runmng double~tpack case is- the same as the double-

funmng version,. except-that all trains are generally confined to the
~track s;xgnalad fgr the direction: in which they are running.

‘Bach simulation fell into one: of four categories:
. Bage cas'e.‘
T ————p———.

. Var1at10n from a base cage for a contmumgsly variahle
Earameter. Such variations involved parameters or policy
‘variables that could be easily and-meaningfully varied along .
a numerical seale (e.g., changing the speed of trains,
abov.e and below the base. values) :

-

. Varlatmn from a base case for a d1screte ‘parameter.
Such deviations generally involved parameters: that could
not be easily or frm,tfully varied along a contmuous numeri-
cal scale (e.g., train class priorities).. :

. Joint or multiple Vamatwns from the base case for two or
more parameters simultaneously. Such runs were made to
test for interactions among parameters (e.g,, increasing
the speed-and decreasing average 'block size simultaneous-
ly to note whether the impact on average dispatching
delay is significantly greater or less than the sum of the
individual 1mpacts)

-20-
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The cases actually simulated are presented in the next section. The
descriptions of the modifications given below will permit the user to
interpret the cases.

In addition, tests of running time versus track speed, profile, and
train characteristics were made using the Train Performance Calcu-
lator. The results of these tests were effectively isolated from the
TDS analysis by incorporating the effects of track speed, profile, and
train weight and power in the speed parameter as explained later in
this section. ’ : *

Continuously Variable Parameters

Train Running Speed

Two types of speed parameters were tested:

. Proportional changes from the base speeds Aby train class.
The changes were a 33-percent decrease and a 40-percent
increase.

. Uniform speeds for all train classes. The speeds selected
were 8.0, 25.0, 32.9 (the weighted average of the base
case speeds over all classes), 50.0, and 70.0 mph.

Station/Siding Spacing -

For the given 150-mile line, the number of stations (siding or cross-
over locations) were increased or decreased so as to alter the base case
average of 8.8 miles between them. The values selected were:

. 31 stations with a mean station spacing of 5 miles;

. 11 stations with a mean station spacing of 15 miles; and

. 8 stations with a mean station spacing of 21. 4 miles.

Average Signal Spacing

Two changes were made to the base case, which had a 1. 6-mile aver-
age block length with three indication signals. They were:
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. a l-mile average block length with a 4 mdmatmn signal
system. and

. @ 3-mile ave;;age block length.

Trai,n? ALengths

In the base ease, all trains could fit into all sidings. Other- ‘cases
were tested in wh1ch tram lengths wer'e altered in two ways:

. increased by a factor of 1.5 for each clase of train (which
produced some. trains which could not fit i the shorter
S1dmgs), and . ;

. doubled.

Double Length Trains in One Direction

The base case waa changed by doubling the sizes of all trains in on
direction and eliminating every second train from the schedule in that
chrectmn so that the car volume stayed the same.

Diréctional I‘mba.lance of Train Dispatches

In the base case, the dispatching of trains over the line was approx
imately balanced by direction over the course of a day. - The following
-two variations applied tested the impact on line capacity of dispatching
more trains in one direction than the other over the ceurse of the day.

. a 2:1 directional imbalance (two trains dispatched in one
direction, one train in the other); and

. a 4:1 directional imbalénc;e,

Partial Double ‘Track

The base cases were modified by alternating stretches of single
track and double track. The cases tested were labeled with the approx
imate ratio of single track segments to the total number of segments.
(For analysis purposes these cases are quantified as the fraction of lin
length which is double track.) In general, the distribution of double-.
running double track segments was made as uniform as possible in eac
of the cases. The following cases were tested;
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. 1 out of 3 segments single track (i. e., 70% of line length
double track).

. 1 out of 2 Segments single track (i. e.’, 53% double track).
. 2outof 3 segménts single track (i. e., 35% double track).

Discrete Deviations From Base Case

No Priorities -

A set of runs was made in which priorities for all classes of trains
and both directions of movement were the same.

Double the Number of Sidings at a Station

The number of trains of a g1ven length that could be held by sidings
~was doubled for each station by adding additional =sidings at each station.

Uniform Station Spac ing

Although the base case had a given average station spacing over the
line, individual stations were not uniformly separated by this average
value. A case was constructed to test the impact of ma.kmg the indi-
vidual station spacings more uniform.

i i T

Train Dispatch Peaking . -

i The impact of peaking train dispatches during the day was examined
§ .by using two peaking cases. Each had roughly 40 percent of the trains
for a given day and in each direction dispatched during a four-hour per-
iod. The remaining trains were dispatched according to the base case
throughout the rest of the day. The two cases were: -

d - . separate peaks - four-hour peaks for the two directions,
¥ ‘ approximately 12 hours apart; and

. coincident peaks - peaks for both d1rect10ns occurrmg
during the same four-hour period.

No Rare Events

Runs were made for the base case, but without any of the base case
rare events simulating train and track failures and track maintenance
interruptions.
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No Interm ediatez Block Signals Between Statiog,s

This alternative tested the impact of having only one signal block
between adjacent stations on single track

, Alternate Dixfectio-n Cros,s.over.s;

A double track double-running modification was tested with cross-
overs in only one direction (instead of two directions) at a &tatmn, the
crossover dlrectmn alternated,from one statlon to the next. ‘

Additional Cons_ideration;s

Two aspects of the modifications should be noted.  First, some of
the modifications involved more than the primary change(s) specified;
and second, a special multiple mod1f1cat10n of the single track base
case was conducted. : :

Saome changes require secondary altersgtions ta be made for consis-
tency or to reflect realistic operating conditions. When necessary,
such changes were incorporated into the input data, but they were not -

specifically referred to in the modification labeling unless they repre-
sented substantial, non-obvious changes in their own right. Examples
of such secondary alternations were changing rare event times when
changing train dispatching times-and increasing the incidence of rare. -
events when using longer, more incident-prone trains. The second
item of note involves the creation of the 'ideal case." This case invol-
.ves six major improvements of the base case in an attempt to simulate -
a very realistic, high-capacity single-track line. It is a useful foil to
the modest capacity base case and suggests the upper limit of realistic
single-track operations. The specific modifications used in this case
were: : '

. a uniform AS\Oomph spéed for all trains,
. ho rare events, |

. no‘ priAoritiesA,

. short segments,’

‘. uniform segments, and

. one-mile blocks with a four-aspect ‘signal system.
-24-
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EVALUATION OF THE RESULTS

Evaluation of the results suggested that the occurrence of system
lockup (when the volume of trains exceeded the ability of the model's
dispatching logic) was unstable, i.e., it was very sensitive to minor
changes in schedule and line configuration. Thus, the occurrence of
a system lockup itself could not be used to estimate actual line capac- -
ity. In actual practice, a dispatcher would probably be able 'to handle
a larger volume of traffic but only by being much more cautious in his
dispatching. This would result in a significant increase in delay as he
held trains back until he could satisfactorily plan meeting points. The
net result would be that the capacity in terms of the number of trains
run, at least during peak periods, would be effectively reduced. It
might be noted that line capacity is also a function of the amount of
trackage assigned to a dispatcher. Current practice in CTC territory
results in the assignment of about 6, 000 to 8, 000 train-miles of opera-
tions per day to one dispatcher. When this figure is exceeded or emer-
gencies occur, the efficiency of train movement appears to deteriorate.
Dispatchers who control territories with a large number of passenger
trains operating on regular schedules may control more train-miles
of operation. Fewer train-miles can be controlled by a dispatcher with
timetable and train order operations.

Since true line capacity can be as much a function of the amount of
time a dispatcher can devote to bottleneck areas as of the line and train
characteristics, true line capacity cannot be defined as the ultimate
logical ability to move trains. Fherefore, capacity is, in this report, -
defined as a function of delay. To eliminate the element of available

dispatcher time, it is implicit in this analysis that a reasonable number
of dispatchers be assigned for the traffic to be handled. The relation-
ship between the average dispatching delay per train and the train vol-

ume for a particular line was found to be far more stable than the pres- -

ence or absence of a lockup. Thus efforts were focused on establishing
a functional method for estimating the line capacity from this relation-
ship. _

Although the relationship between average delay per train and vol-

ume was not clearly linear for many cases, no other general functional

form appeared to be consistently more appropriate. At least some of
the nonlinearities appeared to be discrete jumps introduced by the spe-
cific prototype data used. For example, an increase in volume from
24 trains per day to 28 might involve the addition of one or more trains
dispatched at particularly sensitive times in the schedule. Such dis-
continuities were reduced by performing regressions on a number of
runs, all representing the same case but at different volume levels.
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It was found that a square function also could be used and would
pr@v:.de a more copservative (higher) estimate of delay for higher traf-
fic volumes. Where the availability of a dispatcher's time is a eritical
factor, this might be a more desirable curve form to use, since aver-
age delay to each train could be expected to increase as the square of
" the number of traing. Figure 1 shows curves which combine both the
linear and gguare curves for several typical rail lines. While decreas-
‘ing slope is generally indicative of increased .capacity, other factors
must be considered. The use of average delay for the single running
~double track line is part1cular1y misleading. The other lines all rep-.
resent situations where high priority trains receive relatively less
de&lay than low priority trains. Since there are few opportunities for
faster trains to overtake slower trains on single-running track, priori-
ties cannot generally be honored and high priority trains receive ex-
cessive delays. While high priority trains can be expedited on double-
running tracks,; low priority trains incur even greater time loss than
high priority trains save. Time 1lost for changing tracks further in-
creases average delay for double-running. Nonetheless, the ability of
double~-running lines to honor priorities and the flexibility of such lines-
. during periods of long on-track maintenance time or when train or
track failures occur makes double-running much more desgirable. -

‘ Since a linear form is easier to examine mathematically and since
‘no consistently better functional relationship was found, it was decided
to use a linear relationship between delay and volume which went through
the origin. The squared relationship has been carried through much of .
~ the analysis, however, for those who might wish to use this form. A
.single parameter, the slope of the line relatmg delay per train to num-
 ber of trains per day, or "delay slope," approximates the relationship
- for a given case. . Delay slope is defined as:

Dlspatchmg delay per train (hours) ¢ i
100 miles of line - : trains per day

| Delay Slope =

On the average, the delay to a train increases linearly with the length
of the line, and the number of trains dispatched. The delay slope val-
ues have been normalized to @ 100-mile line and a 24-hour period of
aoperation. Delay slope was.estimated by a least-squares linear re- .
gression fit through the origin, since there would be no inherent dis-
patching delay with no trains.
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For many of the cases (almost all of the single track cases), sev-
eral runs were made at various volumes. However, after the form of.
the relationship had been established, a number of cases {especially
those involving more expensive cornputer runs) were tested at only one
volume level.. The linear approximation was, therefore, the 11ne from
the origin through this point in such cases. :

The results of the individual delay slope estimations for each of
the modeled cases are included in the following section. A comparison
of Figures 2 through 6 shows how the delay slopes change with several

‘major policy variables which can be meanlngfully represented along a
A numerlcal scale.

Fagure 2 shows an inverse rel=tionship be‘tween delay slope and
train speed for uniform speeds. As speed increases, the average train
delay asymptotically approaches zero.  Conversely, decreases in train
speeds cause a signifieant increase in dispatching delay. Figure 3 il-
‘lustrates a similar relationship between delay slope and average train
_speed. In this case, however, the runs were with different train speeds
for different classes. as in the base case. The average train speed is
used to charactemze the general speed level of the case. Data from
. both single track and double track runs are included in this figure. As
.. expected, slope values are consistently lower for the double track runs

than for the single track runs. As with the uniform speed cases, slope
decreases with increasing speed. Unlike the previous graph a curved
gshape is not evident. - However, this lack of curvature may be due more
to the smaller number of observations per case and smaller range of
. speed values in the second graph (note also that the vertical scales of
the two graphs dlffer) than to any 11ke1y difference in the actual rela-
tionship involved.

Figure 4 illustrates the relationship between delay slope and av-
erage siding or crossover spacing on the line. For the single track
line, average delay per train appears to increase fairly linearly with.
increasing siding separation, as might be expected. . No clear rela-
tionship is evident from the limited number of observations for the
double~-running double-track case, over the tested range of spacing
values (distance between crossovers). As always, the double-track
delay slopes are much less than the corresponding single-track values.

The variation of slope with average signal block length for the three

base cases is shown in Figure 5. In each case, because only three ob-
servations were made, the shapes of the curves are not necessarily
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conclusive. However, both the single-track and double-track single-
running base configurations show definite increases in delay slope with
- increasing block size. The slope for the single-track case appears to
increase steeply between one and two miles and then more gradually,
as signal block size approaches siding spacing. The increase appears
to be more linear for the single-running double track case over the
same range of values. For the double-track double-running case, the
slope appears to reach a maximum arqungd two miles, but the slight-
ness of the peak and few points involved do not permit an assumption
stronger than that of a relatively weak impact of block size on this con-
figuration over the given range of values.

- Figure 6 presents the relationship observed between delay slope
and the fraction of the 100 miles of line which is double-track. The
zero value is simply the single-track base case, whereas the upper
limit of 1.0 represents the double-running double-track case. As ex-
pected, there is a strong inverse relationship between the delay slope
and the fraction of line which is double track. The curve also suggests
that rather small decreases in double track can have quite a large im-
pact on congestion on a line that is totally or almost completely double-
track. On the other hand, rather large increases in the double-track
fraction must be made at the single-track end to achieve significant
improvements (decreases) in slope values. :

ANALYSIS OF PROFILE, SPEED LIMITS,
AND TRAIN PERFORMANCE

A separate analysis was conducted of the impacts on line capacity
of three factors--profile, speed restrictions, and train‘performance
capabilities- -that could all be reduced to an equivalent average speed
parameter for inclusion in the parametric analysis. The relationship
among speed, profile, and train performance capability (power-to-
weight ratio, p/w) was determined. Then a procedure to consolidate
this relationship with specific line profile and speed limit character-
istics was developed. ‘

The effects of profile and train performance capability on speed
were determined using the train performance calculator. A series of
tests were made to determine the limiting or balancing speed of typical
trains with p/w's of 1.0 to 3.0 horsepower per ton (hp/ton), on grades
ranging from -0.5 to +1. 5 percent. The tests produced the series of
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curves in Figure 7, It should be noted that the train with the p/w of 3. 0
hp/ton represents a TOFC train, while the others are typical freight
trains. Consequently, the curves have slightly different characteris-
tics.

A procedure which can be used to consolidated various line charac-
teristics into an equivalent average speed is as follows:

. The line being analyzed is divided into segments with uni-
form speed limits for the class of train being andlyzed.

. Each segment is subdivided again at each location where
a significant change in grade occurs. The number of .
miles and fractional miles of each grade are added to-
gether. Generally, distances are to the nearest .05
miles and grades are grouped within a .05 percent range.

A T

. All grades which would allow a train of a li)a‘rticular hp/
ton to exceed the speed limit for the segment can be com-
bined.

. For each grade which exceeds the grade at the speed limit,
the running time is computed as follows: o

where:
T is the running time in minutes,
S is the balancing speed for the grade (from Figure 7),

L. is the length of line at this percent grade in miles.

For segments where grades do not restrict speed to the
speed limit, the speed limit is used for S,

Running time over the entire segment is calculated by add-
ing up the running times for each grade.

e

. Running times are added for all segments.
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The inherent assumption in this process is that time lost while acceler-
ating to a higher balancing speed will be offset by the time gained dur-
ing deceleration to a lower balancing speed. On several lines of vary-
ing characteristics for which this procedure was tested, the results of.
run time estimates compared with TPC runs to within + 1.5 percent.

Time lost due to stops should be added to any scheduled intermedi-
-ate stops and to the run times calculated above. This consists of the
stop duration plus acceleration and deceleration time losses. The lat-
ter time losses, when combined, appear to be essentially independent
of grade, as shown in Figure 8. The primary factors appear to be run-
ning speed and hp/ton. ‘ ’ '

Nominal trip times developed by the above procedure can be con-
verted to an equivalent average speed and the relationships between
speed and delay can be used to estimate capacity according to the pro-
cedures in the next section. Care should be taken to analyze separately
portions of lines which have significantly different average speeds.

The results of the parametric simulations discussed above were an-
alyzed to develop a procedure which can be applied to typical American
rail lines. The procedure and means of using it to analyze capacity and
delay characteristics of rail lines are discussed in the next section.
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" IV. APPLICATION OF PARAMETRIC ANALYSIS

This section presents the numerical results of the parametric an-
alysis for the cases tested and the empirically derived procedures
that will enable the user to generalize these specific case results to
estimate line capacity for a wide range of single, double, and partially
double track lines. Given an appropriately defined real or hypothetical
rail line, the procedure enables a user to estimate the average dis-~
 patching delay per train at a given daily train volume, the maximum
‘total running time for all trains of a given class at a given train volume,
and the line capacity for conditions of constrained maximum total run-'
ning time. The estimates obtained from applying these procedures to the .
parametric results of the simulation analysis are approximate; however,
an examination of the overall results supplies a great deal of information
on the relative impacts of various possible actions on line capacity and
average delays. The procedures discussed in the following paragraphs
generalize and extend the specific numerical expressions of these rela-
“tionships obtained for specific cases via the simulation modeling.

- ESTIMATION OF AVERAGE DISPATCHING DELAY

Delay Slope Coefficients

The primary relationship derived from the simulation runs was the
one between the average dispatching delay per train and the daily train -
volume on the line. A simple linear relationship through the origin
(net delay assumed to be zero at zero volume) appeared to be the most
satisfactory solution to finding a simple functional form which would
permit sample comparisons among various cases. The relationship
could, therefore, be reduced to a single coefficient for a given case,
representing the increase in average delay per train per additional
~daily train volume. ,

A least squares regression for a line through the origin was used
to estimate the delay slope for each case tested. The average delay-
tends to increase more than linearly at high volumes because delay be-
comes infinite when capacity is reached. Therefore, a ''square slope"
coefficient, defining a linear relationship between average delay and the
square of daily volume, was calculated for high volumes. The result-
ing relationship could be employed for very high volume and average de-
lay levels. The procedures described below are valid for the application
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of linear slope values for moderate traffic volume cases. Once the delay
'slope for a case has been established, it can be used to estimate average
_’deIay for a given volume level or vice versa. :

The basic relationship between a,verage delay per train and the num-

~ ber of trains per day is:

A :
(¢4 ‘

where

A average delay per train,
Ko = delay éiope, and
n = number of trains per day.

Table 5 summarxzes the values for K, and other pertinent numen- ‘
cal results of the base cases and single modif1cat1on model runs oh a
case basis; Ta,ble 8 summarizes multiple modification runs. On each
line of the tahles, following the case number and description, are the
number of tracks (1 or 2) and a designation of double- runnmg (D) or
single-running (S) operation for deuble-track cases. The next column
specifies the number of the case used as the base in the calculations
described below. Most often, the base used is the appropriate pri-
mary base case (Nos. 1, 26, or 43); however, sometimes another case -
is chosen as a more appropriate base. In these cases, the fractional

ﬁslop'e.'modification coefficients and related values (to be dxscussed be~

low) pertain only to the net modification between the case at hand and
the specified base. For example, when the 32.8 mph case (case 7) is

-used as the base for the 50 mph modification {case 8), only the overall

speed level is changed. The change from mixed speeds by class to uni-
form speeds that would also have been involved if the primary single

' track base case were used as base has thus been excluded and the

change represents only a speed change.

The columns headed Ko and K present the linear and square slope
coefficients for the various cages tested adjusted for a 100~mile line,
Where * appears in the K, column, the number of rung made was in-
sufficient for that case to Justify the estimation of a least squares fit
for a square coefficient, If the user wishes, he rmay approximate the

- valte of K, as 0.05 K, which has been demonstrated to be emplmcally

vahd for the values of K below 0. 09
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TABLE 5

CASE SUMMARY OF SIMULATION RESULTS - SINGLE MODIFICATIONS

No. of Tracks
Case Modifications From D: Double Runs
No. Primary Base ) S: Single Runs Base Case No. K K, P Iql

1 Single Track Base Case 1 - 0.04538 0.001867 -1 0.8450
2 S-mile Segments 1 1 0.03108 0,.001324 =0, 581 1.7752
3 15-mile Segments 1 1 0. 06026 0,003825 +0,510 1,9486
4 . 21, 4~mile Segments 1 3 0,08728 0, 004935, +0, 353 2,8556

5 Uniform Segments 1 1 0, 03387 0. 001380 +1 0, 7897
[] 33%.Decrease in Speeds 1, 1 0, 06421 0. 004277 -0, 385 0, 4154
T 40% Increase in Speetfs 1 1 0. 02226 0. 000713 +0, 333 0.1395
8 8 mph Uniform Speed 1. 9 -0, 43887 . -1, 030 0.1124

9 25 mph Uniform Speed 1 10 0, 04592 0, 002761 =0, 270 0.2140
10 32. 8 mph Uniform Speed 1 1 0,03029 0.001118 +1 0.7062
11 $0 mph Uniform Speed 1 10 0, 012€8 0, 000435 +0, 415 0,1221
12 70 mph Uniform Speed 1 11 0. 00881 0, 0002681 +0, 333 0.47p8
13 1-mile Blocks, 4 Aspects 1 1 0.03515 0, 001423 -0, 462 1,53879
14 3-mile Blocks 1 1 0, 04883 0, 001219 +0, 608 1. 1475
15 1 Block Between Stations 1 1 0.12203 0, 006385 +1 . 2,8820
18 Double Siding Lengths 1 1 0. 03932 0,001317 +1 0, 98170
17 1. 5 Length Traina 1 1 D.04881 0. 002020 +0, 400 1.0808
18 Double Train Lengths 1 17 - 0, 05609 0, 004408 +0,288 1.8823
19 Double Length, One Way “ 1 1 0, 05694 0,003518 +0, 687 . 1,4053
20 Coincident Peaks 1 1 0.04170 0, 002345 +0. 824 . 0.9049
21 Separate Peaka - 1 .1 0, 03329 0, 002077 +, 0824 -0, 6686
22 1:2 Directional Imbalance, No Rare Events 1 25 .0,03182 0, 001039 +0, 887 0.7834
23 1:4 Directional Imbalance, No Rare Events 1 22 0, 02883 0, 000870 +0, 667 0.7273
24 "No Priorities 1 1 0,02981 . 0.001183 +1 0, 6560
25 No Rare Events 1 1 0.03730 0,001540 +1 0.8219
26 Double Track, Double Run Base 2D 43 0, 01087 0.000137 -1 0. 6029
27 2 in 3 Segments Single 2D 28 0.04179 0.001235 =0, 424 0,7438
28 1 in 2 Segments Single 2D 28 0.03885 * -0.271 0,3438
28 1 in 3.Segments Single 2D 28 0, 02759 . -0, 353 0.0877
30 S-mile Segments . 2D 28 - 0, 00858 - -0, 561 1, 4819
31 15-mile Segments 2D 26 0. 00840 D, 000162 +0, 510 0. 6260
32 Uniform Station Spacing 2D 28 0, 00913 0.000184 +1 0. 8563
33 33% Decrease in Speed & Uniformity 2D 28 0.01645 L] -0, 385 0.3343
3¢ 40% Increase in Speeds & Uniformity 2D 26 0. 00547 0, 000100 +). 333 0.1349
35 -1=mile Blocka, 4 Aspects 2D 28 0, 00858 * -0, 482 1.68122
36 3-mile Blocks 2D * 26 0. 00858 L] +). 808 0,.8346
37 Coincident Peaks 2D 28 0, 01022 L. ’ +0, 824 0,9498
38 Separate Peaks . - \ 2D 28 0, 00787 L] 40,824 0, 6698
39 1:4 Directional Imba.li{me. No Rare Events 2D 41 0,0075%2 0, 000082 +0, 867 0,9718
40 No Priorities 3 2D 28 0.00787 . +1 0,7188
41 No Rare Eventa 2D 28 0,00787 L] . +1 0.7187
42 Alternate Direction Crogsovers 2D 26 0,01338 0, 000308 +1 ‘ 1.2520
43 Double Track, Single Run Base 25 26 0.00643 0, 000052 +1 0. 6029
44 2 In 3 Segments Single 28 45 0,05574 L] . . -0, 875 0.9286
45 1 in 3 Segments Single 28 43 0, 02630 - -0, 353 0,0188
46 . 40% Increase In Speeds and Uniformity 28 43 0.00278 . +0, 333 0,0804
47 1-mile Blocks, 4 Aspects 2S 43 0,00522 . -0, 462 1. 5885
48 3-mile Blockse 238 43 0.01011 . +0, 609 2.1023
q9 Coineident Peaks 25 43 0, 00858 L . +0,824 1,4139
50 No Rare Events 23 43 0.00467 * +1 0.7257

* Not Calculated.
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TABLE 6

CASE SUMMARY OF SIMULATION RESULTS - MULTIPLE MODIFICATIONS

: No. of Tracks | Base No. of
Case Modifications from | D: Double Run| Case K K, |Modifications| fo., Te
No. Primary Base 5: Single Run | No. : by Direction | i
1  }40% Incréased Speed, o N
Very Long Segments 1 1 |0.05053.10.002104 | }f 1. 1135 |1.1156
2 |No Rare Events, No Priorities, ' ‘ . ‘
- { 32.8mph 1 1 |0.091993 |0.000826 | §§} 0.4391 {0.9462 |
3 |50 mph, 1-mile Blocks 1 10 }0.01416 |0:000389 | ¢4 0.4677 |1.15648 |
4 |50 mph, 1 Block Between Stations 1 10 |0.04170 |0.001481 | it 1, 3768 | 1. 1954
5 |1:4 Directional Imbalance, o R ‘ i '
No Priprities, N.R.E. 1 25 |0.02302 {0,000733 | } ¥4 0.6172 |1.2206 |
6 |No Priorities, 32.8 mph 1 1 }0.02377 {0.000891 | 44 0. 5237 11. 0150
7 {No Rare Events, 32,8 mph 1 1 |0.03370]0,001106 | ¥ - to, 7431 |1.2125
8 |50 mph, No Rare Events, ) , o | ‘
| No Priorities i i 1 jo.01239 |0.00038% | 144 0. 2730 {0, 9686
9 |Idedl Case ' 1 1 |0.01037 [0.000187 | ébE4 44 [0.2285 {1. voay
'10 |1 in 2 Segments Single Track, 1:4 ok ] ‘ ’
Directional Imbalance, N.R.E. . 2D . 26 |0,01852 % f“ . 1.7361 |1, 0121 }
‘11 il in 2 Segments Single Track, ' . S _ V
40% Increased Speed 2D 26 10.02130 % b 1, 9964 [1.1261
12 |1 in 2 Segments Single Track, ] ‘
' No Priorities ‘ 2D 26 | 0. 03204 * fi 3.0034 | 1.2095
13 }40% Incréased Speed, o ‘ o B ‘
1-mile Blocks ‘ 2D 26 | 0.00556 * i 0.5209 |1.1436
14 133% Decreased Speed, ; . : IR .
Alternate Crossovers 2D 26 |0.03241 * bt 3.0381 {1.6938
15 {33% Decreased Sreed, , - V . '
~ Uniform Station Spacing 2D 26 |0.01400 | ® X $1.3125 {0. 9042
- 18 [Alternate Crossovers, T - , o !
40% Increased Speeds 2D 28 | 0. 00851 * H 0.8073 | 1.2585
17 |Long Segments, o : 1 _ , -
| Altérnate Crossovers 2D %6 jo.60870| % it -10.8160 j 0. 2276 |

* th Calculated

$Modification which increases slope.

} Modification which decreases slqpe. B
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The simulation runs have provided delay slopes for specific line
cases, The next section shows how this information can be extended
so that delay slopes can be estimated as a function of the base case K, .
for other magnitudes of modifications from a base case and for com-
binations of modifications. This enables estimation of a delay slope for
any case that can be expressed as a combination of tested modifications
of a tested case (most validly, the appropriate “base” cause).

' Delay Slope Adjustment Factors

Approaches to Estimating Effects of Changes in Parameters

Two alternative methods were examined to estimate the effects of
delay slopes of changes in parameter values. One method was based
on the classical elasticity concept. Elasticity was defined as the pro-
portional change in delay slope per proportional change in a parameter
{(e. g., the percent change in delay slope per one percent change in
speed). ‘

To ensure that the elasticity calculated would be the same which-
ever of the two cases (base or modified) were used as a starting point,
an average of the "before' and "after' values of the parameter were
used. With the elasticity approach, the effects of multiple modifica-
tions on delay slope were estimated by summing elasticities, factored
by the magnitude of change involved for the several modifications.

The resulting compound elasticity, when added to unity, .was then mul- -
tiplied by the appropriate base case delay slope to obtain the delay
.slope for the multiple modification case.

A second approach to estimating the effects of changes in parame-
ter values treats delay slopes as fractions. Delay slopes for modi-
fied cases were developed as fractions of the base case delay slope.
The fractions were normalized to a unit fractional modifi¢ation by tak-
ing the p, ™ root of the fraction, where p, is the fractional change in
the policy variable underlying the modification. Alternatively, this
‘normalization could have been approached by dividing the signed dif-
ference between the slope ratio and 1 by p; and adding the result to 1.

Suggested Method for Modifying Delay Slopcs
The two approaches described above were evaluated by comparing

(a)‘the delay slope adjustment factors calculated when each method was
applied to individual modification coefficients to (b) the slope change
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actuilly bbserved i the nidliple mModification simulation runs. The

ratio of thése valued for each case was denoted by 1, for the first meth-

od and T, for thié sékond method. A ¢ value of 1.0 indicated that the

method eXacﬂy estimated e change i delay slope for a multiple modi-
i n, based on ifidividiial inodification results. The second method,

. using frictional facfors, was chosen over the elasticity method ag gen-
eralty prodieitig T values closér to uiity. .

The fractronal approach definés the basic relationship between de-
lay slopes for t% chfferent vaTaes of a parameter as; .

r Ki) .—?i | - - 5 |
61-;( K, o | -2
ﬁ}{ére. — , |

£,= the deldy slope adjustment factor,

'd'*Ki = tl}e"délﬁy"s‘lop:ei'fo'r:‘?&he-cjha:nge"in.; panmeter i,
| K== .‘the'%éiéy élope’for~fhe baoe ‘oaSE, and

e P=the percent change m paran‘xeter i.

Sitenn & v,).
o i/2(V+V)

(3)

where:
V0‘= the value of the patarneter in'thé base cage, “and
v, = the*eh&ﬁgéd‘ ifalu“‘éS'fof the parameter.

Once values of f  are known, from lnnulatxons (see-Table 5 and 6),
equation (2) can be solved for K

K.Kf)i-;;" ‘ (4)
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In Tables 5 and 6, the last columns summarize the numerical results
of applying this method to the various cases. The column labeled p;

in Table 5 gives the fractional changes from their base cases for sin-
gle modification cases. The column labeled £, gives the linear slope
adjustment fractional factor. In some instances, several cases were
investigated, representing modifications of different magnitudes of the
same policy variable (such as speed). Slightly different f,, values were

‘obtained, reflecting the fact that the impact of a modification may not’

be constant on a percent change basis over the entire range of possi-
ble values. Thus, when more than one f_ value exists for a given mod-
ification, it-is best to apply the one corresponding to a policy variable
level closest to that involved in the current calculations. For multiple -
modification cases, the value in the corresponding column of Table 6

is the appropriate f; value.

Table 7 presents the policy variables that correspond to the modi-
fications tested and the units in which the V, and V; were expressed.
The fact that p; is a fractional quantity minimizes the possible influ-
ence of the choice of units on the results.

To combine the individual fractional factors, ( foi) 1, in multiple
modification cases, the method is more complicated. Two considera-
tions control the method definition. First, slope values should never
become negative because no matter how many beneficial modifications"
are made, it is not possible to operate with negative delay. Second, as"

‘noted from the tests of multiple modifications, -for modifications that’
- do not interact very strongly, simultaneous application of such improve-

ments (or disimprovements) tended to achieve a combined impact which
was not as strong as that predicted by a simple multiplication of the in-
dividual fractions (i.e., if two improvements each double capacity,
both improvements together do not quadruple capacity).

The method which was defined yields a factor which is the net prod-
uct of two components. One is calculated from all of the individual
slope-increasing modifications and the other from all of the slope-de-
creasing modifications. These components were defined as unity if no
modifications of the corresponding type are involved. The component
for slope-increasing modifications is the sum of the corresponding in-
dividual fractional factors, raised to the power of the fractional modi-
fication involved, minus one less than the number of these factors.

-45-



TABLE: T

Type| Modification Policy Variable v Unit (V,) Base Valun(V, )
A |change block size ' ) »A%Miﬂ.ﬁ&&?g.ph« IMites " 1.8 miles
B |Changetrain priority | Train priority No priority: 3/2 s

o 1 Bane priorities: 1/2.
. G |Change station apacing. . Average segment size Milea ' “Be a2 miles
D ﬁ;;ect uniformn or. -y Train apﬁd uniformity . :,BH&.speedsv by éhls: 1/ 2» 1/2
=uniform: speed X * | Uniformyspeeds: 3/2 . .
E  Change untform w - Uniform train speed mph . . 32,8 mph
F |Change proportional speed| Average train speed mph 32.8 mph
G (Change siding capacity | Siding capacity. Base capacity: 1/2 1l
. . Double capacity: 3/2
R  [Select uniform or - Segment uniformity Non=-uniform: 1/2 1/2
fnon-uniform segmeuts - Uniform: 372
1  |Select dispatch peaking Peaking fraction 1
of non-peaking o : o
J |Select rare events | Presence of rars-evénts ‘I Rare .events: 172 1/2
or no rare events o No rare events: 3/2
K |Change train length Train length as fraction Tratn langth as fraction 1
. of base tength . of base length
L [Change directional No._of trains in heavy direction Ditectional imbalance 1
imbalance No. of trains in 1ight direction | fractien -
M |Select base blockn or 1 | Same as Moditieatton Base block configurations 1/3|  1/2
block between stations 1 bléck between statione:’ 372 .}
N |Select full crossovers or | General double track Full; 1/2 .. 1/2
- |alternate directional croasover flexibility Alternate: 3/1
crossovers . ‘ A
P |[Change fraction Fz_‘ncﬁon of line mileage ‘| Double: 1 Dorl
with double track . 1-irm-3 single: .7

double track

1-in~2 single: , 533
24in-3 single: , 3467
single: O
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The component for slope-decreasing modifications is exactly an-
alogous, except the exponentially adjusted fractions are inverted be-
fore adding, so that the fractions added are always greater than or
equal to one. The slope-increasing component is then divided by the
slope-decreasing component to obtain - the final multiple modification
factor. This factor is multiplied by the base case slope to obtain the
slope for the modified case. For an observed multiple modification,
m, a factor, fom ,can be calculated: . ‘

f Z e . ' {5)
om K, ‘ L

where K _ is the delay slope for the multiple modification case. The es-
timated value of f,., synthesized from the individual component modifi-
cations of m would be:

 =c.c 1 | (6)

where C. is the component' for factors which increase the slope :aLnd'CD
is for the factors which decrease the slope. CIca.n be defined as:

- “P‘ | - ) .
¢, =2 ¢ i ~(N-1) o i (1)

L
e

where NI is the number of slope-increasing mod'iﬁcations.v Thus

< equals one if NI is zero.

Conversely, CDis defined as:

Cp 2 oy P

oi <1 oi : - D-l)

iem

(8)
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where N is the number of slope-decreasing modifications, and
C equals one if'Nb- is zero.

By calculating the ratio of the actual to the synthesized mnlt:ple modi-’
fication factor. :

om

_it is pogsible to determine the degree to which the syht}h'efsized factor

can be used to estimate the actual factor.

When a multlple modification is considered for which £__is not avail-
able,¥, omCan be used, by assuming that ‘rFis acceptably close to 1. The
new delay slope, K;,can be estimated by substituting (7) and (8) in equa-

| tion (6), equating to (5), and sdlving for Ky, «

A I . -p. .
- - 1y - -1 - 1 Ny - 1) -
(s ) (s o) o0 % fo
for =1 - =l <1 | ‘
def ief

In Table 6, a set of arrows in the last column indicates the number

of slope-increasing and slope-decreasing modifications involved in the

cases tested, each having their respective p,'s. The final column, la-
beled 7, gives the performance ratios for the multiple modification
cases tested. AT larger than 1 indicates that the fractional approach

* to synthesizing multiple modification slope values from individual modi-

fication values would underestimate the actual run results in this par-
ticular case. The opposite is true for T..values smaller than 1. The
fois fynpnd Ty values in Tables b and 6 were calculated for the linear

slope coeff1c1ents only. However, the same procedure can be applied

to calculate the corresponding values for the "square slope'' coefficients.

' Examination of the column headed r., shows the accuracy with which
the fractional approach could reproduce the observed results. Values

‘range from 0. 82 to 1. 69, although most are between 1.00 and 1. 25 and
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the average is 1.12 for the 17 multiple modification observations. No
particular pattern is apparent in these errors of estimation. The im-
plication of these limited observations, if representative, is that this
method on average underestimates the impact of multiple modifications
by about 12 percent. The variation of these T, values about 1 was sig-
nificantly less than that for the corresponding T's calculated using the
elasticity method. This was a major factor behind the cho1ce of the
fractional over the elast1c1ty approach. :

Additional multiple modification runs might yield a pattern in the
fluctuation of 7, values with the types of individual modifications in- -
volved (reflecting interactions among individual modifications). . If this
pattern were consistent, it might provide the basis for estimating 1.'s,
according to the combination of modifications involved, to be used as
‘an adjusting factor. Lacking such detailed information and given that
the 7. 's are not too different from 1.0 in the cases tested, the second
method is presented w1th the assumption that a T, equal to 1 0 can be
used.

ESTIMATION OF LINE CAPACITY

A number of definitions of capacity were considered in attempting .
to develop the most useful definition. Ultimate capacity, where abso-
lutely no more trains can be forced through the line, is too unstable
and dependent upon precisely how trains are scheduled and what fail-
ures occur. An economic capacity, where an optimal balance between.
operating and capital costs would occur, is not within the scope of the
project and would probably be too site specific for a general analysis-
such as this. Other possible definitions, such as an arbitrary percent
delay of total running time or an operationally stable capacity where a
line could recover from a disruption in service of moderate length
{(e.g., 4 hours) and return to normal service levels, were &also rejected
as too arbitrary or unstable. The most useful and stable definition ap-
pears to be one based on the maximum allowable time for the most de-
‘layed train to traverse the line. It was discovered that maximum time
could be related to average delay and would allow the user to define
capacity constraints based on either minimum level of service (maxi-
mum acceptable trip time) or minimizing the need to recrew trains be-
cause of the 12 hour on-duty time limitation imposed by the Hours of
Service Liaw. It should be noted that since the parametric runs were
designed to represent "typical day'' operations, this approach would
not eliminate all trains that exceed the time limit. Unusual delays or
catastrophic failures could still result in some trains exceeding the
time limit.
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~ In order to ihcorporate this definition into the estimation proce-
dures being discussed, it was necessary to establish a relationship be-
- tween the average dispatching delay and the maximum total running
time for a normal freight train (Class 3) inh the simulation runs. The
relationship of primary interest was between average delay and maxi-
mum total running time of a Class 3 train, the slowest group of line
haul trains. - It was also found that for gingle-track cases, train peak-
ing and directional imbalance were factors that had to be taken into
account separately in specifying the relationship.

After experimentation with several functional forms using stepwise
multiple regression on the data from individual simulations, it was de-
cided that the primary relationship could best be specified as that be-
tween maximum total running time and the square of average delay
multlphed by Speed.

| AVERAGE DELAY - MAXIMUM TRIP TIME RELATIONSHIP

-~ This section presents the final regression equations relating aver-
age delay to maximum trip time for single-track and double-track

. cases generalized for lines of any length. The formulas are then solved

for average. dispatching delay in terms of all other variables so that
average delay at the time limit can be estimated. Once this average

| ~ delay has been calculated, the delay slope can be used to estimate

- the capacity for the time limit. The basic equation for capacity is:

 Linear Delay Relationship-

(10)

‘where; = capacity'of the line in trains per day,

B0
"

- ,average delay per train (in hours, exclusive of sched—
uled delays).

delay'slope' (for a 100-mile line), and

=
o

L = the length of the line in miles.
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To determine A, the following equations were developed. Since the
basic relationship between maximum trip time and Ac was square, a
~ quadratic solution was necessary for the single-track case, Since only

the positive value of A, is a reasonable solution, the quadratic formula
gives us:

Single Track . a1a)

-.=b Vb? -4ac

c : 2a

A

L

a = 0.04325(S) (1—%2)2 = 973,125 S  (11b)

o (150) (0.44851 P + 1.01139 D) =1 (67.2765 P +151.7085 D){11c)

L
150y, 150 ‘ | : '
- 1.41432 —M(——L——~)+—S-—+I d1a)
where: ‘
M = the maximum allowable total runn:lng time (12 hours less
allowance for terminal time),
S = the épeed of slowest class of through freight trains (mph), e
. o , . _ ftrains peak hour during peak _i
P the d;spafch peaking factor: (tra:‘ms peak hour off peak
D = the directionality factor: : trazlns 0 domm.ant ‘f‘ire"?mn -1, and
‘\trains in opposite direction
I = the amount of rin"xposed delays on regular freight trains (such
as required stops, including the start and stop lost time).
Double Track
. 17150y 150
, Ac OA. 031274 L\/ S [M(—-—I:-')- 5 - I-1.84636) (12)
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'_Once A is calculated with the appropriate formula for a glven line and
'~ maximum running time for a freight train, line capacity is estimated
: using equatton (10). : ,

" A SAMPLE APPLICATION

The following hypothetical case demonstrates the use of the above
- procedures and parametric results to ‘estimate line capacity and aver-
age delay. The case is a multiple modification of the single-track base
case. The modiﬂcations are ag follows:
1. 'umform apeed of 55 mph for ali trains,
2. 4:3 directional dispaiching imbalance,
8, average block length of 1.8 miles,
- r’:v;g.f'k_.}"aver'age siding s‘paei.ng of 11 miles, and
_ 5 line length of 200 miles.

V Modification 1 1s actually two separate modifications' (a) the base
speeds are made uniform for all train classes and (b) the speeds are

" increased from a base average of 32.8 mph to 55 mph. These are

By treated separately for a more accurate estimate. :

e "The resulting six individual modiﬂcatxons will be referred to a8 1a,
-1b, 2, 3, 4, and 5, respectively. The first step is to calculate the
‘delay slope for this modified case, by applying the appropriate adjust-

. ment factor to the base case slope value of 0.04538 from Table 5.
" Note that line length’ only becomes a consideration in the later calcula~

g twns
B Refei'ring to Table 7 for the correct units;

‘Modification Modification Modification Modification VModiﬁ‘catiqn

la__ . 1b 2 3 4
Type D Type E Type L TypeA ‘ - Type C
v, 12 32.8 | 1 . 1.8 8.82
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Applying formula (3), we obtain the fraction changes in the parameters:
3/2 -1/2

P& 1i/2 @/2+372) =1

Pip 35 - 328 = 0.506
1/2(32, 8+55)

'P2=Ar%7§%ﬁﬁ%§§3 - 0.283

P?{: i'Ig(l-.slhs. 5. = 0.171

p =4 - 8.82 )

- 0.220
4 1/2(.82411) |

Modifications 1a, 1b, and 2 are slope-decreasing modifications,
whereas Modifications 3 and 4 are slope-increasing. Thus, N, and N
in formulas (7) and (8) are 3 and 2, respectively. Appropriate single
modification adjustment fractions are obtained from Table 5. '

If none of the foivalues in the table corresponds to the modification
desired, the fyi for a modification value closest to the desired value
should be used. Although fyjvalues are not independent of the magni-
tude of the change, they are independent of the sign of the change, as
long as the appropriate base is used for the respective foi. The f;
for the five basic modifications are:

f1a = 0.7062 ; | .
faip = 0.1221
fo = 0.7834
f 3 = 1.1475
fa4 = 1.9486

Substituting into formulas (7) and (8), we obtain:
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0.171 0. 220

€= L1475 419486 -(2-1)
- 11818
-1 -0.508  -0.283 .
C,= 0.7062 +0.1231  +0.7834  -(3-1)
- 3.3888 ) |

'Tlxen, ifrom‘ formula (8):

-1

i

’f; (1. 1819)(3. 3855)

0. 34911

]

Finally, from formula (9) (which incorporates some of the above 1nter-
mediate steps), we get: .

(0. 34911)(0D. 04538)

K, :
K,= 0.015843 hours of delay per train per 100 miles of line
This delay slope ma.kes it possible to estimate average delay at a
given daily volume for the line (after making the adjustment for the
200-mile line 1ength) However, in order to estimate the line's capac-
- ity, specification of the relationship between average delay and maxi-
mum running tune is needed. '

Because this is a single track line, formula (11) is used. For this
line:

S = 55 mph
P= 0

D= 3/2-1=0.5
L = 200 miles

[
i

1.233 hours (delays imposed in the simulation cases, as-
sumed not to change in this modification)

-54-




For the purposes of calculating line capacity, a maximum total running
time, M, or 10 hours will be assumed. Substituting into formulas (11a)
through (11d),we get:

973 125(55) _

. = 205) - 1. 338047
- (200)
b = 1/200 [67.2765(0) + 151. 7085(0 S = 0.379371
i} 150\ , 150 _
¢ = 1.41432 - (10)(200) 5 4 1.233= -2, 125407
. _v E
~ -0379371 + Vi0.379371% - 4(1. 338047)(-2.125407)
A= 2(1.338047)
A . -0.379371 + 3.394028
c 5(1. 338047)
A = 1127

Thus, at capacity, the average dispatching delay on this line is
about 1.1 hours. The estimated number of trains at capac1ty for this -
line, obtained from formula (10) is:

L 1.127 {100\ _ .
. C =7, 015843 (200 ) = 38.trains per day

In analogous fashion, the parametric résult:_s can be applied via the
-procedures described above for other cases of interest. . To estimate
average delay at any given volume, or capacity volume for the line
of interest, it is necessary to approximate the line's characteristics
by a combination of tested modifications from one of the tested base
cases. The parametric results (summarized in Tables 5 and 6) can
also be visually examined for the relative impacts on average delay
and capacity of various policy alternatives.

-VALIDATION

Three validations of both the simulation model and the parametric
analysis were performed. In addition to providing a measure of the
accuracy of the two procedures, the validations provided useful insight
into some of the considerations necessary to apply the procedures.
The three rail lines against which the procedures were validated are;
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“the Mat“toon-iLennox, 11, “portion of the Penn Central
" norh’ line {f@rmerly the New York Central main line) ‘
betwen Indianapolis and St. ‘Louls; P

‘the Penn Central main line‘between Boston andﬁelkirk
N- Yl H and ;, .'v_‘ }

. the Canadian National main line-between Sioux Loockout
‘and Trafiscona (Redattt subdivilion, ‘east of Winnipgs‘)

Each has distifctly different Wafﬁc end track characterl&tics. Simula-
tion validations for the first two lines were performed early in the proj-
ect. (before many model logic reﬂnements were incorporated)

- It was not pcssible to rerun the - validations after the parametric an-
alysis was completed because of limited funds, In all cases, -it was not
always possible to recenstruct precisely all ‘delays from-4rain sheets
since dispatchers did not usually record every minor delay, particularly
those due to restricting signals. Busy days were purpogely choaen in
an ‘attempt to observe the lines.closer to.capacity. Transcribing errors
when copymg from tram sheeta were also a ponaibility,. :

[

Mkﬂoon iLennox - o T P

This 110-mile portion of the-Penn—Central north line, which is lo-.
cated between Indianapolis and St. Louls, is single track, CTC with pre-
dominantly westbound movements. The Chicago and Eagtern 1llinois"

- Railroad (C&EI) has trackage rights into St. Louis for the 71 amiles be-
tween Pana and Lennox. Trains average about 33 mph, ‘and the slowest
show little varlation, -averaging about’ 30 mph. The charscteristics of
the line which ‘were deemed to be sig‘mﬂcantly d1fferen‘t from the single-
track base case are: } '
. elevén-?mﬂe 'stationispéciing,“’ St
. average block length 6f 2,4 miles, " ¢
. directional imbalance of 5:1,. and
L e mostly umform speeds. 4

Th'e f1rs1: two parameters are glope-increasing factars yielding a net
mcrease in delay slope of 1. ‘21 the second two are slope»decreasing

i
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factors yielding a decrease in delay slope of 0.515. Thus, the delay
slope, K, for this line is:

K = 0,623xK = 0,0283
: base -

Data collected from dispatchers' sheets for the three-day period of
February 7 to February 9, 1974 showed 18 trains the first day, 25 on
the second, and 23 on the third, for an average of 22 trains per day.
Not all of the trains operated the entire length, however, with C&EI
trains operating only on the western end and a daily local turn on the
eastern end. Thus, the average train-mile/track-mile denS1ty was 19,
Using this value, average delay was calculated as:

A= 0.0283 x 19 x 110 = 35. 5 minutes per train
100

This compares with simulated and observed dispatching delays of:

Observed: ‘ 43. 3 minutes per train
Simulated: . 31. 3 minutes per train
Parametric Analysis: ~ 35.5 minutes per.train

Estimating capacity according to the parametric analysis was con-
siderably more difficult. At first, it appeared that the limiting trains
would be the through trains (Penn Central's" Indlanapohs -St. Louis run,
230 miles), which use one crew and, thus, must cover this 110-mile
segment in less than 6 hours. When this is used as a constraint, a
capacity of nine trains per day is calculated. This would irmiply a very
large number of enroute ''recrews'' (changing crews enroute for hours-
of-service reasons), which was not the observed condition. Only one

through train was actually recrewed. This inconsistency was apparently

because westbound trains were given priority over eastbound trains. Thus

the eastbound trains, primarily C&EI trains, suffered most of the 'delay.

If the maximum trip time observed for an eastbound train (5, 6
hours for 71 miles) is used to estimated capacity, a value of 24 trains
per day is calculated. - The 5. 6 hours was observed on the second day
when 25 trains were dispatched. Other limiting values for eastbound
trains could be used -~ 8 hours produces a capacity of almost 40 trains
per day. It was concluded that not only should the slowest trains be
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considered when estimating capacity, but also the lowest priority
trains should be examined, since they generally incur the most delay.

Boston-Selkirk

While portions of the primarily double-track Bogton and ‘Albany
division are CTC, significant amounts of single direction signalling
occur. Except for a few passenger trains, the train speeds were es-
sentially uniform (30 mph east of Sprmgfleld 35 mph west). ‘Therefore,
it was decided 1o use the single-running double-track base case for com-
- parison. The two significantly different parameters are:

. mostly uniform tréin speeds, and

incidence of rare events six times the base case.

Since the rare events parameter was treated like a discrete parame-
ter, it was necessary to assume that the discrete function developed -
~ could be extrapolated as though it were continuous. Using this pro-
cedure, a slope-increasing factor of 2.23 was developed for rare
events, and combined with a 0.6029 factor for uniform speeds. This
calculation led to an increase in the delay slope of:

= 0,00643 x 2-23 x 0. 6029 = 0.00864

The avérage observed den81ty of trains for the~two—d-ay period analy-
- zed (June 11 and June 12, 1974) was 23 train-miles per track-mile.
Thus the average dispatching delays were:

Observed: . 27. 6 minutes per train
Simulated: _ 40.7 minutes per train
Parametric Analysis: 23. 0 minutes per train

The discrepancy between the simulated and the observed values is at
least partially due to coding errors, that were never corrected because
- of funding limitations. If some consideration for the partial CTC had
‘been made, the delay estimate from the parametric analysis would
have been slightly higher.
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Estimating capacity again produced some useful observations. The
first attempt to define capacity by the slowest trains to traverse the en-
tire route resulted in an estimate of zero capacity (i. e., it couldn't be
done). The slowest trains averaged:

30 mph for 193 miles

= 6. 4 hours
Enroute work time = 2.0
Average dispatching delay = 1.9

10. 3 hours

This average was within the 12-hour limitation, even if an hour is
allowed for originating and terminating the train. However, since
capacity is defined for the average delay at which no train is likely to
outlaw (i.e., its crew exceeds the 12 hr. limit of the Hours of Serv-
- ice Law), the implication is that some of the slow trains would need
new crews. In fact, several recrews were observed during the five
days for which data were collected. With the high incidence of rare
events and the normal randomness of dispatching delay it, in fact,
was likely that some trains would outlaw. For those trains with less
work enroute (1.5 hours), capacity was estimated at 30 trains per
day (vs. 23 actually observed).

Sioux Lookout-Transcona .

The Canadian National Railroad (CN) independently validated the -

- simulation model to determine its ability to replicate operations on its
main line. The subdivision used was substantially different from the
single-track base case: : ‘

. higher averagé speed (37 mph),
. moderately uniform speeds,

. 8-mile station spacing,

. moderately uniform stétions, ’

. very low incidence of rare events,

.« one signal block between stations, and

. a few shorter sidings.
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Since uniform station spacing and uniform speeds were treated as dis-
crete parametegrs in the parametric analysis, the values for V; for
this line were estimated as halfway between those for the base case and
those for the simple modification case. Since sidings were closer and

. more uniform than if the base, an 8- -mile block length :ather than sin--
gle block-per-&eg’ment value was used. Delay slope was calculated as:

K = K xL164x1 932 = 0,0274
base o

At 25 trains per day, average delay ig:

‘ Observed (manual analysm) ‘ 1, 70 :
S1mu1ated- ; ' D W 4
Par&metﬁcAnaiyéiﬁ _ 1. 66 )

Capac1ty is calculated as 23..5 trains per day although no outlawed ‘
trains were either observed or generated in the simulation. The actual
line, however, considered to be very close to capacity by the CN, is of
somewhat lower quality than that modeled since it has modified CTC, in
which most sidings have power switches on only one end (the other end
is a spring switch). This may work to a capacity advantage, since
spring switches primarily 11mit.opportunit1es for overtakes, thus speed-
- ing lower pr10r1ty trains along. :
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V. CONCLUSIONS AND RECOMMENDATIONS

' This section summarizes some of the characteristics of rail line
capacity and discusses the potential usefulness of parametric analysis.
Recommendations are presented on both verifying the more tentative
conclusions and extrapolating the analysns mto other potentlally fruitful
areas of investigation. :

CONCLUSIONS

Previous sections have presented the numerical results of the simu-
lation and a parametric method for applying the results to estimate ca-
pacity for a wide variety of rail lines. Some concluding observations
should be made on the implications of the results.

The . values in ‘Table 5 can be used to indicate the relative sensi-
tivity of average delay per train, and hence capacity, to the various
parameters. Care should be used in interpreting these, however, since
the relative magnitudes in some cases depend upon the rather arbitrary
measures of charige in some of the discrete or less quantifiable param-
eters; other measures of change could affect the magnitude of the f,;
values. When values of f,;, are less than 1.0, they represent average
delay decreases with increasing-parameter values, and when greater -
than 1.0, average delay increases with increasing parameter values.
Thus, if an f less than 1.0 is inverted, it can be compared with other

-f; values to determine the relative sensitivity of delay or capacity to
changes in values of its parameter. Each of the parameters, together
with some observations. about its importance to rail capacity, is dis-
cussed below. Special considerations for the application of the results
are also discussed. V

Train Speed

The most important single parameter over the entire range of values
examined is train speed. The f,, of train speed ranges from 2, 41 (in-
verted) for a 33 percent decrease in all train speeds to 8. 90 for increas-
ing uniform train speed from 8 to 25 mph. These values represent an
elasticity of almost -2 (i.e., a 1 percent decrease in speed results in a
2 percent increase in average delay). This relationship holds for both
single and double track and for uniform and non-uniform train speeds.
Uniformity of speed for some given average speed may be equally as
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important in the determination of capacity. For a change from the dis-
tribution of speeds assumed in the base case to a uniform speed of the
same overall average, an f,; of 1.42 was calculated. Arbitrary values.
of 1/2 and 3/2 were assurned for V, and V, respectively, because of
the difficulty in developing a representatwe measure of un1form1ty of
speeds. If it were argued that this case actually represents a relatively
small change in uniformity of speed, a substantially higher effective fo;
would result. For example, if V, were assumed to be 1.0 and V; were
1.5, then the effective {; would be 5. 69. This has the same degree of
srgmfmance as changes in tram speed. ' : o :

: Sidmg Spacmg

, Lme capac1ty is generally less #ensitive to sudmg spacmg than it is
to speed. Values for f, range from 1. 78 to 2.86, representing anaver-
age elasticity of about 0.5 (i.e., a 1 percent increase in 8iding spacing
results in about a 1/2 percent increase in delay). It is interesting to
note that the greater the average siding spacing, the more sensitive ca-
~ pacity is to siding spacing. Conversely, for short spacing, other factors
tend to dominate. Uniformity of siding spacing is not nearly as impor-
tant as average spacing unless, sgain, it is argued that the a.rb1trary v
values used are inappropriate. If V; is 1.0 and V; is 1.§, which implies
that the change in uniformity is not as great as that assumed in the analy-
sis for Table 5, the f,; would be 3. 25 or about the same degree of im-
portance as siding spacmg - : :

_siding,)c;ayacitx;and _Lengill ,

- Line capacity in terms of number of trains per day is relatively in-

seéngitive to the doubling of siding capacity, if the capacity is supplied
as parallel tracks (side-by-side). Even if the V values are changed sub-
stantially, this result is not affected. Doubling siding length, however,
would effectively double the length of train which could be easily ac-
commodated and, in theory, double the capacity in terms of cars per '
day. Other considerations, however, such as grades, yard lengths, and

‘the significantly higher failure rates. of longer trains must be considered.

_ These alternatives are discussed under the heading Sldings and Tram

' Lengths later in this section.

8 ___gnal Block Leng_t__

;-Sign»al block 1~enigth does not appeer to be a'étrong determinant of cap-
city; however, in the case of segments with no intermediate blocks, con-
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siderably higher sensitivity can be seen. This is a result not only of
the greater average block length but also of the variability of block
lengths. The f; for the single block case is calculated only on the
change in block length and would be lower if a factor for variability
were included. ‘

Proportion of Single Track

The greatest sensitivity of capacity to any-parameter tested can be
geen in the introduction of small proportions of single track into a double
track line, but the sensitivity diminishes rapidly as the proportion of
line that is single track increases. This high sensitivity is in part due
to the way the line was defined for the analysis. Trains in one direction
were assumed to reduce speed at the end of double track to change to the
single track, and vice versa. If high speed switches had been assumed
at the end of double track, delay, and thus sensitivity, would have been
reduced. '

Crossover Spacing

. Although not as significant as siding spacing on single track lines,
crossover spacing on double track lines was next in importance after
speed and block length in determining capacity. ~Some of the results
are conflicting and tend to indicate that this parameter was underesti-
mated in the basic variation tests. The most extreme underestima-
tions of joint impacts of parameters occurred in tests involving cross--
over spacing and configurations. This is probably because only one or
two points were developed for most double track runs, due to the greater

.expense of such runs and the general familiarity at that time in the an-
alysis with the shape of the delay curve. Further, the base case design
tended to mitigate the need for effective crossover location, since tracks-
were removed from service for maintenance only during slack periods
of traffic, as should be done for planned maintenance. Crossovers,
however, are most important when failures occur during critical peri-
ods. With these factors in mind, it should be noted that the sensitivity
to crossover spacing was only marginally less than that to block length.
Uniformity of spacing and alternate direction crossovers were some-
what less important, although the two most extreme cases of underesti-
mating sensitivity to joint variations occurred with alternating direction
crossovers. Note that this factor is less important with uniform train
speeds, which had fewer overtakes. No tests for crossover impact
were prepared for single direction running, since the model does not
accurately replicate the train order operation required when running in
reverse of the assigned direction on a track.
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Sidings and Train Liengths

The impact of trains too long for sidings was very difficult to ana-
lyze because of the necessity to develop a single measure of the various
proportions of trains which would fit in various proportions of sidings.’
Three specific test cases were examined in which the proportions of
trains which would fit in sidings were varied. That is, for the double
train length relationship, all the trains would-fit in 41 percent of the
sidings, 47 percent of the trains would fit in- 70 percent of the sidings,
and 14 percent would fit in all the sidings. No single scalar measure
could be developed to represent this kind of relationship, therefore ar-
bitrary pseudo-measures which could be used in combinational situa-
tions, but not as measures of change in train and siding length match-
ing, were developed. Train length was used directly as the measure of
change for the 1.5 and double train length cases. Train length was also
used directly for the doubling of trair lengths in one direction only, but
since only half of the trains were modified (and to balance flows, the
number of trains was halved in the long train direction), the measure
is not truly comparable, and thus the values of f,are not comparable,
The implications of the results are still quite clear, however, since the
doubling of train length, even for only one direction, had a much more
severe impact on capacity than increasing train length by 1.5. Thus it
can be concluded that it is far more preferable to have most sidings
long enough for all the trains, even if a few sidings cannot accommo-
date most of the trains, than to have most of the trains short enough
to fit all the sidings, if the remaining trains cannot fit most of the sid- -
ings. A few much-too- short s1d1ngs are better than a few much-too-
long trains.

Tr_am Power and Weight

It was concluded that train power and weight could best be incorpor-
ated in the capacity analysis through their relationship to train speed
over a segment. The power-to-weight ratio may be a strong determi-
nant of train speed on lines with speed-limits in excess of train capabil-

B ity on grades. Speed, as noted previously, is the strongest determinant

of eapacity. No specific direct relaticnships among power, weight,
grades, speed limits, and capacity were developed, however, because
of the multi-dimensional nature of the relationship. The processes de-
scribed in Section III ¢an be used to relate power, weight, grade, and
speed, and those in Section IV to relate speed and capacity.
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Train Priorities

Removal of all considerations of priority when dispatching trains

on the base case line had a considerable effect on delay, reducing it by
a third, thus increasing capacity by 50 percent. Again, no easily quan-
tifiable measure for the use of priority considerations in dispatching
_trains could be identified because of the mix of priorities among trains
and the priority rules which could be observed. Thus, the P and f

are arbitrary and applicable only for situations similar to those used

in this study. It should be noted that the priority rules used were not .
very rigid since trains were given absolute priority only two segments
ahead of their current movement. If complete absolute priorities had
to be used, delays would have been greater, and savings due to removal
of priority constraints even more significant. )

Traffic Patterns

Two aspects of traffic patterns were examined--peaking and move-
ment directional imbalances. Interestingly, both peaked traffic patterns
and directional imbalances reduced average delay per train. The pres-
ence of coincident peaks (traffic peaks simultaneously in both directions)
only marginally reduced delay, but separate peaks (first one direction,
then the other) significantly reduced delay. It must be emphasized that,
particularly in the case of coincident peaks, the reduced delay does not
translate into increased capacity. The distribution of delays is much
- less uniform than in the base case, and trains operating during the peak
~ period, especially those of low priority, have great difficulty covering
the line within the prescribed time limit. With separate peaks, the en- °
tire line tends to operate first in one direction, -and then the other, much
like the directional imbalance cases, While this is very beneficial for
the expeditious movement of trains in the heavy volume direction, the
few remaining trains in the opposite direction have great difficulty pro-
gressing against traffic, particularly if they are of low priority. Again,
necessity to operate all trains within the Hours of Service-law time limit
restricts capacity. Similar patterns were observed on both single track -
and double direction running double track. With coincident peaks, the '
average delay is reduced slightly, but capacity is reduced substantially
when the two opposing fleets meet. The lower priority trains are se-
verely affected and thus have great difficulty in making the trip w1th1n
the maximum time constraint. - :
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Incidence of Service Disruption

Removal of all unscheduled incidents, or rare events, reduced delay

by about 20 percent, and increased capacity by about 25 percent. Total

- removal of all disruptions is probably impractical under today's operat-
ing conditions, -and thus these values tend somewhat to overstate the im-
pact of incidents. Further, the incident rates used (about one in seven
trains delayed an average of 40 minutes during a 150-mile trip) are prob-
ably high for many lines, further overstating their impact. Three some-
what compensating factors should beé noted, however. First, the delay

" due to the incidents themselves is not included in these delay estimates,
only that encountered by other trains when they are delayed by trains
which incur the incidents. The average delay to the trains encountering
incidents is constant regardless of the volumie of traffic, and thus was
subtracted from the total. Second, only minor incidents were represen-
ted, with a maximum duration of 80 rninutes. Catastrophic disruptions
were not analyzed, since these should not be used to determine average
delay or typical capacity. The ability of various line configurations to
absorb catastrophic disruption and maintain a level of capacity depends-
strongly on the nature and location of the disruption. Third, no attempt
was made to reflect the increased track maintenance reguirements nec-
egdary to decrease incidents or to accommodate a higher volume of ‘
traffic. To the extent that removal of track from service is required,
the increased maintenance necessary to reduce incidents may tend to
offset the delay due to the incidents.

.SUMMARY OF CONCLUSIONS

The following definite conclusions evolve from the tentative conclu-
sions discussed above. These relate to: ‘

. the ability of existing rail lines to absorb traffic increases;
. the impact of operating speed on capacity;

. the impact of Centrahzed Traffic Control (CTC) on capac1ty
for multiple track; and

. the estimation of potential reserve capacity of a line.

“The ability of rail lines to absorb considerable increases in traffic
without major changes in line or operating characteristics must be ques-
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tioned. Line capacity was found to be considerably less than widely be-
lieved. Capacity is not so much a function of the capability to move
trains over a line at all, as it is of the ability to move trains over a line
without undue delay. Delays generally exceed acceptable limits before

a line will lock up.

The most important parameter in determining capacity, other thanﬂ

" the number of tracks, is operating speed. Theoretical capacities for

single and double track can only be approached as trains are run at
moderately high uniform speeds. The.greater the distribution of train
speeds, the more the interaction among trains and the greater the de-

lay.

It is interesting to note that CTC on double track is essentially un-
necessary to reach theoretical capacity since overtakes would be un-
necessary if all trains operated at the same average speed, In fact,
CTC may actually increase average delay under normal operations.

Its primary usefulness, other than to provide flexibility in the event of
track blockage, is to increase the level of service to high priority
trains. This improvement in service comes at the cost of increased de-

lay to lower priority trains.

This work can be used as a guide for investigation of alternatives
for improving capacity of a line. It can also be used to estimate the
potential reserve capacity of a line. Because of its approximate nature,
any marginal capacity results should be investigated in depth using de-
tail procedures such as the tram dispatching simulation. :

'RESEARCH RECOMMENDA TIONS

Two areas of further research are suggested by the results of this
project. First, more detailed analyses should be conducted on those
parameters for which results obtained were not conclusive. Second,
several additional areas of research should be considered.

More detailed analysis shouid be conducted to:

expand the level of detail for the continuous variables,
especially those for which anomalies were detected;

develop continuously variable representations for those
parameters treated as discrete in this analysis; and
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. develop durther the procedures for performing multiple
modification analyses, iheluding expanding the under-.
standing .of factors affecting the values if the fractional
method i& used.

New areas of reseérch which should be considered include:
e eXtending the analysis to th‘ree -or more main :tr’;acks;

. determining the impaet of increaged on-track maintenance o
with higher traffic volumes,

. examining the impact of ‘major disruptions on long-term
capacity, including the mature of recovery from such
disruptions; and - :

. investigating train order operation parametrically to
provide a reference point for comparison.
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APPENDIX

BASE CASE TIME-DISTANCE DIAGRAMS




TIME-DISTANCE DIAGRAMS

Single—Track Base Case
Single-Running Double-Track Base Case
Double-Running Double- Track Base Case
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	EXECUTIVE SUMMARY 
	T,~ie 1/'e,port (lesc~ibes. a ~a~ai:net~i:,c analysis of railway line capac­ity. ,iie I)Urpqse of the proj(;}ct was to perform an analy;tical ex~ina­tion of k~y f~.cto:rs a,f~ctihg. ~i;l:way l1ne c:apacitY. in order to: . 
	. -.-. . . 
	. det~rmine the relative xnag;nit~de of the impact of V;\rying key pa,ll'an'le~ra: such as t:rack; and,sign~l sy;stem ... tion and t~i1' operating terms of their ef[ect on 
	configu.ra
	poliiey.in 

	•
	•
	•
	capa,cit;r; and 

	• 
	• 
	d;evelop a p~:rain.et:rk mode,! fo~ general appltcatio11 to line •• q~pa.¢ity a.nalysiA:1• 


	.l\{~~.,?B: 
	Tb.e basic tool for the parametric a:n,alysls was a compute,r train dispat~hirtg simubtt.lon model developed by Peat.. Marwick, Mitchen & Co. (PlY.lM&Co. ). Th~ mod,el Gau be used to simulate opePation of a rail l;i41e of up to.~ tracks:for a ijp_ecified sehe.dtile and set Q:f circum-. stances. As a part of this proje~t.,. improvement$. we.re made to the model to meet th:e-reE3.uirements oJ,the pararoeteFS to be analy~ed. · 
	•The train dispatching simulation ~odel was used, to, sii:n:ula~e several hqnd:red different com\)inations 0<f· track, signal, and train ce.n{igurations and operati~g PQ}ieies. • 
	-

	Va,rious mathematical and sta.t.istical ·analysis techniqu~s w,ere used to analyze the simulation, results. The application oi·these tech­niques 'was used to develop the mathematical relationships between variou.s parameters alid line. capacity. 
	R~SULTS 
	The following ar~ tile most sigJ,iificant results of the project: 
	development of the re1ation$hip o.f train. delay to n:µmber of t.rains dispatched; 
	.. estimation of sensitivity of average delay per train to vari­, ous parameters; 
	-iv
	-

	. estimation of sensitivity of average delay per train to com­binations of parameters; 
	. development 9f a meaningful measure of line capacity; and 
	. development of a set of equations which can be used to esti­mate capacity of a given line. 
	A prototypical segment of line 150 miles long was used to develop the relationships of delay in train-hours to the total number of trains dispatched as a function of changes in va,rious p?rameters (changes in relationships of delay). 
	The relationships of changes in delay to changes in the parameters were used to develop for each parameter a curve of: delay per train. trains per day 
	Using regression techniques, these relationships were developed as a 
	function of each parameter. The resulting factors were a measure of 
	the relative sensitivity of average delay per train to the various param­
	eters. The measure of sensitivity, similar to the concept of inverse 
	additives used to. combine parallel resistances in electronics, was par­
	ticularly meaningful for parameters, such as siding spacing or average 
	speed, which could easily be represented as continuously variable. 
	A set of equations was developed to estimate the combined effects .of several parameters simultaneously. The equations can be applied 
	to analyze the impact of different line or operating characteristics such. • 
	as proportion of double-track, signal spacing, train priorities and uni­
	formity of train speeds. 
	Finally, a measure of line capacit;y; in terms of maximum permissi­ble delay was developed. This measure was then related t9~the method of estimating average delay and a set of equations developed to estimate capacity in terms of average delay. Thus, the relative influence of parameters on capacity can be analyzed and tradeoffs of capacity can be performed among various alternative changes in line configuration . or operating policy. 
	CONCLUSIONS 
	The following conclusions were developed from the parametric analy~is. The conclusions relate to: 
	-v
	-

	. the ability af e»ia:ting rail Une-s to absorb traffic increases;· 
	. the kn.pact of operating speed on capacity; 
	. the impact of Centralized Traffic ~orttrol (CTC) on capacity for multiple track; and 
	. th:e estimation of potential reserve capacity of a line. 
	, . 
	The ability of rail lines to absorb considerable increa-ses in traffic without major· changes ir1 line or operating characteristic:S must be· ques­tioned:. ~ine capacity was found to. be considerably less. than widely be­lieve.a. Capacity is not so m.1.icli a .function of the capability to m.ove t raini over a'line at all, as it is of the a:bilit!)" to move tra,ins over a line without undue delay. Delays .generally eJeeeed acceptable limits before a line will lo.ck up. 
	The most important parameter in determining capacity., o-ther than the numbe·r of tracks., is operating speed. Theoret;ical capacities for single and double track ean only be approached as trains are run at moderately high uniform speeds. The greater the distribution of train speeds., the more the i:hter:action, among trains and the greater the delay. 
	It is interesting to note that CTC on double track is essentially un­necessary to reach theoretical capacity since overtakes would be un­necessary if all trairta operated at·the same average speed~ In fact.., CTC may actually increas~ average delay under normal operations. Its primary usefulness. other than to pr-ovide .flexibility in the event of· track blockage., is to increase the level of' service to high :p,-rierity trains. This improvement in service comes at the cost of increased delay to lower prior
	This work can be used as a guide for investigation of alternatives for improving capacity of a l!ne. It can also be used to estimate the potential reserve capacity of a line.. Because of its approximate na­ture., iny marginal capacity results should be investigated in de·pth using detail procedures such as the train dispatching simulation. 
	-vi
	-

	RESEARCH RECOMMENDATIONS 
	There are two general categories of research which should be pur­sued to develop more information in regard to the parametric relation­ships of line capacity. One is a continuation in more depth of the pres­ent line of research; the other is analysis of topics not cqyereq by this project. Continuation of the present research is required in_ regard to: 
	. more analysis of those parameters, for which conclusive results were not reached in this study; 
	I\. 

	. conversion of parameters that were analyzed as discrete . variables to continuous relationships; and 
	. improvement of the procedure for analyzing multiple modi­fications to the parameters. 
	New lines of inquiry which are suggested by the present research in­clude; 
	. impact of increased on-track maintenance time require­ments as a function of higher traffic volume; and 
	. nature of the recovery from major disruption as a function of the percentage utilization of capacity. 
	-vii
	-

	I. INTRODUCTION 
	The utilization of excess capacity of rail lines is widely believed to have potential for solving.many kinds of capacity and service problems in transportation. These problems range from providing urban transit rights-of-way to replacing or supplementing long-distance intercity truck­ing with intermodal trailer-on-flat-car (TOFC) service. The feasibility of these solutions depends upon a careful understanding of rail line capa­city. 
	THE PROBLEM 
	The subject of main line capacity recently has assumed greater im­portance because of the potential restructuring of rail service in the northeastern United States and the consequent major shifts in line-haul rail service flows. Problems with tenant or joint use of lines. espe­cially by Amtrak. raise further questions about the precise nature of the interactions between different types of trains and services. The estab­lishment of commuter authorities in many major cities also raises simi­lar problems of jo
	No generally accepted method for estimating the impacts of train and line charactristics on mainline service has been developed. The in­teraction among trains on rail lines has historically been_ examined through manual stringlines of actual operations, when available or projected op­erations when forecasts are being prepared. These stringlines are time­distance charts of train movement and are used to project train interference and the location of bottlenecks. They are tedious to prepare. however. and o~te
	11
	11 

	Rail line capacity, not long ago thought to be far in excess of demand. has recently become much more in short supply than might be imagined. Many railroads have reduced the number of tracks on mainlines. consoli­dat~d lines. and downgraded potentially excess main lines. Reductions in speed limits have further redu<;ed capacity. In addition, longer trains may actually reduce capacity, to the extent that handling difficulties and 
	-1
	-

	more l"'Oad· :failures offset the capacity savings of a reduced number of trains for the same,nwnber of cars. Removal or reduction of passe~ service,, converse~y.. has adde.d some capacity. While most lines are now generally adeqm:ate for the traffic currently handled, any change -­prt>jec:1:ed gro·wth,. p,ropasals to· divert traffic,. in the frequencj of freight services.,, additions to passenger service --must be carefull; assessed"' 
	increa.se 

	PURPOSE QF _STUDY 
	This study attempts to bring into focus the key factors affecting rail way line capacity and to examine their relative impact,s on capacity. Tl 
	. . 
	il:npacts of yarJous track.,, signal.,, and train configurations and operatin1 p<ilicies on the.capacity of specific types of rail line have been examine .using a co:ni:puterized dispatching simulation model developed by Peat, Ma:rWi,ck, Mitchell & Co. (PMM&Co. ). The reswlts of numerous simu 
	•l?,ti()ns vre:r~ a.nalyzed to develop a parametric model for general applic
	tit>n~ ••· , 
	A secondary purpose of the study was to develop a computer simula tion of train dispatching for nse in analyzing in detail specific line alter nativ~s. The parametric analysis can be used to answer policy questio: on line capacity and to prepare preliminary analyses of specific situatic It is most useftil for order of :magnitude estimates of the capacity impli cations of proposecl changes. The computer model can then be used for detailed comparison of specific alternatives within the range of feasibil: indi
	A parametric analysis is a particularly useful tool for analyses in­volving as many variables as were involved in this study because it pro· vides a coherent means of consolidating results into only one or a few equations. Yet, it still allows the user the flexibility to interpolate or extrapolate those variables which are continuous throughout the range of interest. 
	DEVELOPING THE PARAMETRIC .ANALYSIS 
	PMM&Co. s approach to the development of an effective., flexible procedure for the parametric analysis of railway line capacity encom­passed the following five basic steps: 
	1

	1/ ~ Peat, Marwick, Mitchell & Co. Train Dispatching Simulation --Model -User's Manual. Prepared for the Federal RailroadAd­ministration, Washington., D. C., March 1975. 
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	. modification of PMM&Co. 's train dispatching simulation (TDS); 
	. selection of key capacity related parameters; 
	. determination of procedures for the parametric analys~s. including the structure for application of the analysis. and a decision tree for determining dominant Solutions and in-: significant variables; 
	. evaiuation of parameters according to the framework de­
	•veloped above; and 
	. validation of the model and verification of the accuracy of the parametric analysis. 
	Modification of TDS 
	The train dispatching simulation model used in this analysis was de­veloped to study rail line capacity options in a developing country. The • model was used in conjunction with a proprietary train performance cal­culator (TPC} developed by Thomas K. Dyer, Inc. As part of this s.tudy, selected TPC runs were prepared by Thomas K. Dyer, Inc. to assist in determining parameters of train performance. The TDS was designed to replicate various aspects of: 
	. line or track configuration (single and multiple tracks, siding and crossover location. and sidj.ng ·capacity length); 
	. centralized traffic control and automatic block operation (single and multiple tracks); 
	. signal system configuration (number of indications and block length); 
	. temporary service disruptions (train and signal fail­ures, track maintenance requirements); 
	. dispatching policies (train frequency and size, priorities of service., traffic peaking patterns}; and 
	. train performance (running times. stopping and starting ' delays., and slowdowns for crossovers}. 
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	Selection of I<:ei Parameters 
	Possible pa'l'ameters were examin~d and fxom this examination the following parameters we.re chos-en as being most important for inclusion in this study: • 
	. speed limitsjl . dist;rib:ut:ipn of train s,peed-s., 
	• siding .spacing (single track), . d,istribution of sidin.g s.pacing (single track)• . siding capacity -(number of trains per siding), . siding length vs. train length (single track), . signal spac.ing, . proportion of multiple track, . crossover spacJng (multiple track), . train power, . train weight, . tr.ain priorities, . traffic imbalance, . traffic pea-king patterns, and 
	. • incidence of disruption. 
	Determination of Procedures for Analysis 
	Several approaches to desigping the parametric analysis were con
	-

	. sidered. After some refinements.based on preliminary results of the analysis, an approach was chosen which was based on parameterizing variations froin typical base case ran lines r:ather ·th.:an estimating capacity for various idealized lines. It was ~elt that the use of proto-• typical lines would be more useful to railroad analysts and would provide greater accuracy in real-world analyses. Decisions on which parameters and what range of values to examine were based on the sen­sitivity of line capacity 
	-

	Evaluation of Parameters 
	As evaluation of the parameters ·proeeeded, preliminary .analyses of results were made. These preliminary analyses guided further ex­ploration among the possible ranges and combinations of parameters. As the results of many simulations were examined, a nu.mber of patterns emerged. Several methods of consolidating the results were tested. The method chosen provides not only the best overall fit of those tested, but a1so has a relatively high intuitive appeal. 
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	Validation of the Model 
	Finally, both the model and the parametric analysis methodology were validated against each other and against both real-world data :.._; and manual redispatches. The results in all cases were generally satisfactory. 
	TERMINOLOGY 
	For purposes of modeling rail line characteristics~ certain terms have been adopted. These terms. as used in the parametric analysis, are briefly defined here. 
	block -a section of track whi.ch may be occupied by only one train at a time. Blocks are used to control train separation. and occupancy is regulated either by the dispatcher, an operator at a station, or an automatic signal system. 
	class -the type of train as defined by its performance characteristics (not as normally defined in railroad terms). 
	interlocking -any connection between two main line tracks including the transition between single and multiple track. 
	segment -the section of track between t-wo stations; !llay contain one or more parallel tracks and must contain at least one signal or train separation block. 
	siding -a track at a station used for trains to meet, over­take. or perform switching. 
	station -any point on a rail line where track configuration changes. 
	yard -several sidings at one station. 
	REPORT ORGANIZ..ATION 
	Section II of this report describes the Train Dispatching Simulation model used in developing the parametric analysis. Section III describes 
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	the development of the parametric analysis and presents graphs of single variant results. Section IV present$ a procedure for applying the results of the parametric analysis to a wide variety of rail lines and includes the sa,mple application. Section V discqsses some result and presents some possible areas of further exploration. The reader who is not interested in the derivation or application of the parametric analysis need read only Section V to obtain the conclusions reached from this research-. The ap
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	II. THE TRAIN DISPATCHING SIMULATION MODEL 
	METHODOLOGY 
	The train dispatching simulation model is an event-based simula­tion that establishes a table of next events for all trains simulated. The model processes each event in time sequence.. altering the status of train and track conditions according to the type of event and generat­ing a new next event for each tr.ain. This approach appears to be far superior to a time-based logic in all but the most extreme voitimes of trains.. since relatively few events occur during the minimum time in
	-

	.crement used for operation of the signals. A time resolution of one­tenth of a minute (six seconds) is used in the model and appears to be adequate for railway operations.• The following paragraphs describe the general program operation. 
	1 

	Initial Dispatch 
	The model enters a train into the system at the time specified by the user and begins to accumulate statistics at its time of dispatch. If the train cannot be dispatched at that time because there are other trains competing for main line facilities.. the train is held in the siding or yard at its dispatching point. 
	Single-Track Operation 
	Two levels of control are used in the simulation: 
	. micro-resource or signal system control; and 
	macro-resource or dispatcher control. 
	The micro-resource allocation responds like an automatic block signal system and controls train separation. Both the block spacing and the number of signal aspects used to space following trains can be specified by the user. 
	1 / The program takes advantage of PL/I's fixed-decimal notation by defining time to one digit to the right of the decimal. thus conserv­ing data storage requirements. 
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	The macro+resource allocation functions as a dispatcher, releas­
	ing: or ltolding trains at stations (or control points) depending upOl!i the 
	logical and physical constraints of the rail line. The m:acro-resource 
	control resolves conflicts between trains requiring the·use of the sam­
	line segxnent. The confliets are re:tsolved cons'idering. train priorities 
	and physicai characteristics. and lin'e. facility characteristics and ava 
	ability. The dispatching proe:edure projects each train's movements ;; 
	minimum of two: sidings ahead: of its current position in an effort to re 
	soh,e potential conflicts. To replicat'e real-life operation, however. · 
	operations are not generally projected beyond this poii:~.t. and actual 
	train operat_ionis not necessarily optimized overall. Within the·con­
	fines of.its foresight and the physical c·ontraints of the track. a non­priority dispatching procedure rel~ses trains on a first-come basis. . A simulation us~g priorities gives preference to the higher priority 
	train unless, this would lead to ah irresolvable conflict. These ap­
	proaches tend to favor line capacity in the first case•. and service to. 
	high priority trains in the second; other operating and priority rules 
	could be used. • 
	In an effort to incre'ase. tram fl.ow. the ni:acro-res·ource allocation procedures fleet trains (i. e. , allo,v them: to follow closely on a single track). Trains are released under following rules as con.­trolled by the signal logic unless their release would cause an overflo, situation at the downstrea:tn sidings. bepencling upon the nature of the dispatching schedule. the neee.ssity to resort to substantial fleeting ir both directions on a single-track line can lead to eventual dispatching control failur
	mininn.im 

	Multiple-Track Opera:tioll_ 
	Multiple-track operation provides for either single-or double­direction running of'trains on each track. Automatic block signal con· trol is used on double-track operations. • The allowable directions of operation on a track may be changed for different segments provid'ed the transitions are logically consistent. Trains are held at the end of double track and released to the single track when it is available in th, same manner as trains are released from sidings or yards to single track. Trains reaching the
	.. Double-running tracks are used to allow faster trains to overtake sl~wer trains. The model first searches for a route that will allow 
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	the overtake with no delay to either the overtaken train or to opposing 
	trains. If such a route is unavailable, it will find a route which will 
	delay only the overtaken train, provided it is lower priority. Failing 
	that, it will delay opposing traffic if that traffic is of lower priority. 
	Only as a last resort will it delay both the overtaken and opposing 
	trains, and only if all are of lower priority. 
	Trains may be specified to originate or terminate on specific tracks. Permissible paths through interlockings can be restricted. When a train changes tracks, it incurs delays hy slowing down for the cross­over; it also blocks conflicting movements as it moves through the interlocking.. An interlocking may be taken out of service temporarily to represent at-grade crossings of other· rail lines, drawbridges, main-· tenance time requirements or plant failure. 
	Trains may also be turned enroute to replicate local freight trains which run out and back or work trains which shuttle back and forth. 
	Termination 
	Certain conditions define the termination of a train and the com­pletion of a simulation. Trains reaching their final destination are immediately removed from the system, and system statistics are ad.:. justed accordingly. A train's arrival at its final destination is not subject to available yard or siding space at the terminal p<;>int. A train arriving at its final station and not, however, on the correct destina-_ . tion track will be delayed for conflicting movements at the interlocking and for the time
	The simulation is normally terminated when the desired period of simulation has elapsed. Other reasons for terminating the simulation include completion of all scheduled train operations, lockup·Qf the sys­tem, and detection of error conditions. Any abnormal termination causes the status of the system to be displayed. Thereby, the situa­tion causing the failure can be identified. 
	DATA REQUIREMENTS 
	The train dispatching simulation allows for virtually complete free­dom in defining operating conditions and parameter values. The data requirements for the simulation are grouped into the following six cate­gories: 
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	. J3asic Para,m.eters --Th:e b.asic parameters include an alternativelabel·ror ;run identification purposes, an es­timate of time lost when starting and stopping trains, the duration of t;b_~ simulation period. and the numb~rs of para.meters associated with the ·other categories of input. 
	. Trac'.k Confi©!ration --Tbe line is described by mileposts and stattQn,.names, which are located at sidings. interlock­ings. and other key points, and by the numbers of tracks and direction of movement allowed on each track in the segments between these mileposts. Siding and yard ca
	-

	• pacitiesjinterms of length and number of trains)and track connections at interlockings ~n be specified. 
	Train Characteristics --Train characteristics are de­scribed by class of train. num.ber of locomotive units. nominal running times (without delays) between stations. and typical starting_. stopping and crossover delays. 
	. Signal System --The signal system is described in terms of the number of blocks in each segment. the number of sign-al asp.ects used for control, and the normal ;minimum ·desired following distance (in blocks) between train'.s• 
	. Dispatching Schedule --Each train to be dispatched is described w~th a train identification label# length. origin. destination, initial dispatch time. train class# and priority. Wherever appropriate. values not specified by the.user are asm:imed for parameters. 
	, lteport Information --Additional information can be pro­vided to make the reports generated by the program more readable. S1.,1ch information includes station names# acti­vity descriptions. trains to be summarized, and categories of summaries to be used. 
	PROGRAM OUTPUTS 
	The simulation program produces five basic types of output:­
	;. an echo'' print of input values and .co_nditions for identifi­cation of the particular configuration being ·tested; 
	II 

	. a detailed movement record of all trains including cumu­lative running time and delay statistics; 
	. summary train statistics by train, train type, origin and destination showing total elapsed time, scheduled and un­scheduled delays, and net running time; 
	. operating statistics and problem ·condition messages; 
	and • 
	. an optional time-distance (stringHne) plot. 
	Error conditions detected on input or during program execution are also appropriately identified. 
	Train movements are reported by station, milepost. activity, day, and time of simulation. They can, therefore,· be used to prepare string­line plots of the operations of the rail lines. The operating statistics presented indicate progress through the simulation and include the nutn.;. ber of locomotives in the system for each hour,. the maximum number required and the time at which the maximum occurs, plus other pro­gram informational messages. The optional stringline plot, which is useful for displaying re
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	..111.C. THE PARAMETRIC ANALYSIS 
	•. -',Th~ par~etric analysis ·.was structured in three stages. First, the parameters /Were defined and the ranges of practical v-ariatiqn we: determined. Next, a structt:1r,ed approach to· analyzing,the possible variations and combinations 0fcparameters was developed. Finally, a ,means .of c.ons:olidating results and extending their applicability to the full rang': of interest was -designed. 
	After data on the .actual ,operations of several lines were. examine, the definiti-0ns and ranges of e:ertain parameters (e.g.• mix of trains were constrained because of the difficulty in developing a single mea­sure of their variance. Others, such as timetable and train order op erations, were not ·examined because of limitations :of the model. Th individual parameters and the ranges -of investigation are described i1 the next section. 
	The approach to the analysis was chosen ;from several alternative 
	after considering the most likely applications of the results. Becaus of the large number of parameters a:t)d the virtually infmite number o possible combinations of values, even a c.omprehensive ~xamination c .all reasonable combinations was~ too great a task. Thus.,. some type c sampling approach was :pecessary. Since a thorough sampling was m possible within the scope of the project., a process starting .from a "t: 
	•
	•
	•
	ical" base case and then choasing a progressive set of variations was developed. First, a set of base cases was designed. Then a series, cases with c.hanges in only one parameter at a time was examined to develop the sensitivity of capacity to each parameter in relation to th base case. Finally, selected combinations of variations were tested to estimate the sensitivity.to joint variations. Alternatives involving idealized base cases (either llbest': or "worst") were rejected as star 

	•
	•
	ing points because-they are not reasonable representatives of existin1 rail lines. Results obtained using extreme base cases would probabl: not be reliable for the mix .of characteristics of typical rail lines. T: base cases selected are hypothetical but representative of actual rail lines. • 


	. The basic approach to the ,parametric analysis was to define 
	•base cases for single and double track lines to represent normal uti­lization of capacity.. Modifications to the base cases were made for 
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	those parameters judged to be potentially useful policy variables. Base cases and their modifications were translated into appropriate data in­put files. which described the line and trains to be run. The model was run for several different train volume levels for each base case and modified case. 
	The results of these runs show how average dispatching delays change with the increasing volume for each alternative set of conditions and how changes in the various policy 'variables impact upon average • delay at a given volume level. The parametric analysis presents these results in a quantitative. unambiguous. usable form and generalizes them to any reasonable combination of the policy actions tested. 
	DEVELOPMENT OF BASE CASES 
	Three primary base cases, each for a 150-mile line, were identi­fied: 
	. the single-track base case; 
	the double-running double-track base case; and 
	. the single-running double-track base case. 
	Additional base cases were used for certain special analyses. 
	Single-Track Base Case 
	The single-track base case was intended to be a realistic case of moderate capacity utilization serving primarily as a foupd~tion for improvement modifications but also serving as the base for realistic capacity decreasing changes. As shown in Table 1. there were 18 sta­tions on the base case line. dividing the 150 miles of single track into 1 7 segments. with an average spacing of 8. 82 miles and a standard· deviation of spacing of 3. 87 miles. This configuration was chosen· after examination of station da
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	I 
	I . ! 
	Sta.tiQn 
	Number 
	.• 
	:1 
	2 
	3 
	4 
	';: 6 7 8 9 
	5 

	1.0 .11 .12 .:1.3 .14 15 16 17 
	.18 
	LINE ,DESCRIPTION 
	Mil~oost 
	··• 
	0 
	1 
	6 17 30 
	39 
	.50 
	.64 
	•!fo 
	8·5 
	89 
	;g9 
	111 
	11.8 
	12:8 . 135 144 150 
	•·. .. 
	Siding Length 
	Number o (Feet) 
	.Siding Trac 
	Yard 7.500 
	lQ•.500. 
	1 s. 500 
	l 1.Q. 500 
	1 •7,500 
	1 
	Yard 5.. 500 
	.10•.500 
	.1 
	1
	7.500 
	1
	10, .500 
	1 lQ. 500 
	7,,50:0. 
	Yard J>., 508 
	1 10, §00 
	1 ·5., 500 
	1 7,500 
	1 
	1
	.10., 50.0 
	1
	5.. 500 
	. 
	Yard
	10., 500 
	.· 
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	A signal system with three indications was employed. The number of signal blocks assigned to a segment was based on an average block length of 1. 6 miles. All fractional results were truncated. and every segment was assigned at least one block. regardless of length. 
	Four classes of trains were dispatched in the simulation runs. See Table 2 for train characteristics. Priorities were assigned·based on the class of train with Class 1 as the highest and Class 4 as the lowest. One direction of travel was given prio~~ty over the other for trains of. the same class. Class 1 represented passenger and other high prior­ity short trains. • Clas·s 2 represented express freight trains. Class 3 represented ordinary freight trains. Local freight trains. with frequent stops.. were rep
	Time losses due to acceleration and deceleration are shown in Table 2. The stopping penalty includes time lost when passing through a siding. The crossover penalty includes both deceleration and acceler­ation when changing tracks in double-track runs. 
	In the base case.. the same number of trains traveled in each di­rection. The dispatching schedule was repeated for each day of the simulation and every train was assigned to cover the entire length of the line. For simulations of two days (the predominant type of run)~ the base case utilized a train file containing 144 separate-trains (72 trains per day). When all 72 trains per day were used.. t_rains were dispatched every 20 minutes (every 40 minutes for trains in the same. • direction). For lower volumes
	For the base case. a set of "rare events" (unscheduled incident.a) was designed to simulate train and track failures and similar unplanned occurrences that might affect operat.ions on a typical line. The rare events ·ror the base case consisted of three types: 
	. a track segment out of .service for a specified time (e.g... track maintenance time., which was chosen for minimum interference with train movement); 
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	Length Class (Feet) 
	1 1,500 
	3,oo,o 3 .5.,000 
	2 

	..... 
	4 S,000
	J 

	en 
	I 
	TABLE 2 
	TRAIN CHARACTERISTICS 
	Time Penalties
	• ' 
	Average Running (Minutes) Speed (Miles. per Hour) Starting Stopping Crossover.$ 
	., 

	50 40 25 
	• 
	25 
	1 a 4 .2 
	2 1 6 3 8 5 5 .3 
	TABLE 3 TRAINS BY CLASS AND DEPARTURE TIME FOR FULL BASE CASE TRAIN FILE 
	DEPARTURE TIME 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 
	DEPARTURE TIME 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 
	3 
	4 
	5 6 

	7 8 9 10 11 T 

	to to to to to to to to to to to to to to to 
	to to to to to to to to to 0 HOUR 1 2 3 4 5 6 7 8 910 11 12 2 3 
	. 
	~ 
	4 
	5 
	6 7 
	8 9 
	10 

	11 12 T Percent 
	am am 13,m am am am am am am, am am 
	I 

	IPm pm pm pm pm pm pmtpm pm pm pm A
	1-l 
	..J 
	I 
	L 

	Class 
	Class 
	Class 
	1 
	1 
	2 
	1 
	2 
	2· 2 
	10 
	13.9 

	Class Class 
	Class Class 
	2 3 
	1 1 
	3 
	1 2 
	2 
	2 1 
	2 
	1 
	2 
	1 2 
	3 
	1 2 
	3 
	2 1 
	1 
	1 2 
	1 2 
	2 1 
	1 
	1 
	1 2 
	1 ' 2 
	1 2 
	2 1 
	1 
	20 38 
	27.8 52.8 

	Class 
	Class 
	4 
	1 
	1 
	2 
	4 
	5. 5 


	TOTAL 3 3 3 3 3 3 3.
	~ 3 3 3 3 3 3 3 3 72 100.0
	3 
	3 
	3 
	3 
	3 
	3 3 
	3 

	'\ 
	2 
	,5 
	'! 
	6 
	' 
	7 1'0 
	1'1 
	12 '14 15 
	Total. 
	~A.lfLE 4 . 
	•Sl}.EmbttLS:D:t>ELAYS 
	(10:tNOTE's) 
	.... 
	5 
	10 
	....... 
	Cla1 2 
	4 
	l 
	1 
	1 
	2 20 
	. a train failure of a specified duration at a specified time; and 
	. a train,. track., or signal failure of a specified duration for a train upon arrival at a specified location. 
	A different segment of track was taken out of service for three hours each day of the simulation. There were 18 instances of a failure of a train at a time for the entire train file {when all 72 trains per·day were dispatched). There were 22 instances of a train or track failure at a location. Individual failures were either .10., 30., or 80 minutes in duration. The overall average incidence of such delays for the entire file was 8. 9 6 minutes per dispatched train. No rare events were spec
	-

	• ified for Class 1 trains. The overall failure rate used was based on failure data presented in an MIT report on Railroad Car Movement Re­liability.
	1 

	Run-specific data input to the simulation model included the dura­tion of the simulation in simulated time and that portion of the period for which summary statistics would be calculated. In the base case and most other runs., two days were simulated and statistics were ob­tained for the trains dispatched during the middle 24 hours., thus min­imizing network loading effects and ensuring that trains dispatched near the end of the summary period reach their destinations before the simulation was terminated. •
	-

	The line characteristics and train schedules are repr~sentative of a moderate to low capacity sirrgle-track main line with a relatively . uniform time distribution of trains. Although not the lowest possible • capacity line., it represents one with a significant potential for im-. provement. Most of the cases analyzed wer·e those with potential for improving capacity because they would provide the most,u-s,eful basis for analysis. Generally, however., the base train speeds are probably lower than normally f
	!/ A.S. Lang and R.M. Reid. Railroad Car Movement Reliability: A Preliminary Study of Line-Haul Operations. MIT Department of Civil Engineering. October 1970. 
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	~w~~~r~,~~.J!fl.~·-~~$,~s· 
	The do:µbl;e~i!i":q.<lk base cas.e.s: wer.,e e.qµally as conservattve on-trai1 
	_speed$ @d f1,WlU.:re. r~tes. b;µt we:t.e {· bighe,r facilJ;ties wit~d9uble e:rr.q~s~r.s-a..t e-ver,y st•on. The double-track double-• ~ng-~e q~e,i_n.eluded• m!;lny of' th~ same basic assuinpti.ons as the th~ sittgle•tP.a~k Qa.$¢ ca$~. 1$idi.re.~ti.o?Ull sign~ng was-use~ on both tri\cl<,s. The sJ~il}g$. at st.a~i<>n:s, l_•., 3.,. 4ia a-.. 9.,. l~~ 13;, 16:.. 17•. and 18 , a,, dQuple.,.track Une,. l3eQ:w,.,se yards at_the -e:qq_s of. ~tliQe we;r-e as$JJm~d tQ be-on• Qpposite. sid.e.s, of the lim tJ:-~ns had 
	f.@-P~~lly
	capaej.ty 
	w,ei;.erem~y~(t~,:~~Jln'fl§lt~e$·Sa?:.y;•QJ.l1

	.Th;e s:ingle..runl'.\in.g double....t.~ack; c.as_e i$1 the $a.me as. tne double­rulln,iA![_ ver.si~n. ex~-ept·~~t all traJJj\:s are, generally cQl'lfined to the a,~ aj;gn~ied ~r-;the . dir..eotion\ in.which they are FUJ1Ui.J1g.• 
	tr

	•'t~t'l1B:W ~~~; ~1\S;m.s 
	~$~1.[~~~!1:£.fl~, 

	•
	•
	•
	Each simu~t.iop; fell in.to QJ'le: of four categ0ries:: 

	• 
	• 
	Yar-iatjon fJ"Ollll., a bas,_e ca.S,,e for a cont~nu<?.'lfll v,al.'iab~e parameter.. Such va..ti~tl'OPS in,volved pa,rameters or, pQlicy . 


	•
	•
	•
	varfables .that .could.be e~S;i],y ap;d,m~aningfully varie.i .along a nume:ric.~l sea.le (e.. g. ~-ollangi:tig tbe spe~d ot t;rrains,_. above and belQw th,e bas~-va:lues) .. 
	-


	• 
	• 
	Vatjati9n from a base ca$e for a di~~re.1:e· 12a~amete:r. 


	• ... . ,. . '),n __ . ·'" , ..tx .. ., r. 
	Such devi~tions g(;llel;"all,y i~vplved param~ters, tb,at cQUld :QOt be eaaily o.r fruitfully varied alG.>µ,g a co11tinuoµs numeri­cal sc_ale (e.g.··• t:rain cias~ prio.rities)•. 
	Join,t or multiple Vit'riati9r.:u;1 from the blilse cAse for two o:r more· p~r;:uneters 'si#t~lt~e<>usiy. rµn~ we;r-e made to test for i:ntev-a~tions am<>ng (e.._g.. inc:J,'ea$ing the speed ,and d~c.reasing average block size simult-~eous-:­ly to note whether ttie i:r,n,pact·on average dispatching delay is significantly greater or l~es than the su:rµ .of the individual impaqts). 
	S:1,1.ch 
	p.ax-aII:J.ete.rs 
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	The cases actually simulated are presented in the next section. The descriptions of the modifications given below will permit the user to interpret the caf:!es. 
	In addition., tests of running time versus track speed., profile., and train characteristics were made using·the Train Performance Calcu­lator. The results of these tests were effectively isolated from the TDS analysis by incorporating the effects of track speed, profile, and train weight and power in the speed paramete:r as explained later in this section. • 
	Continuously Variable Parameters 
	Train Running Speed 
	Two types of speed parameters were tested: 
	. Proportional changes from the base speeds by train class. The changes were a 33-percent decrease and a 40-percent increase. 
	. Uniform speeds for all train classes. The speeds selected were 8. 0., 25. 0, 32. 9 (the weighted average of the base case speeds over all classes), 50. O, and 70. Omph. 
	Station/Siding Spacing 
	For the given 150-mile line., the number of stations (siding or cross­over locations) were increased or decreased so as to alter the base case average of 8. 8 miles between them. The values selected~~re: 
	. 31 stations with a mean station spacing of 5 miles; 
	. 11 stations with a mean station spacing of 15 miles; and 
	. 8 stations with a mean station spacing of 21. 4 miles. 
	Average Signal Spacing 
	Two changes were made to the base case., which had a 1. 6-mile aver­age block length with three indication signals. They were: 
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	. a .1-m.il~ ay8'~ge bl0:ck.lengtl'J., wi1;h a 4 ~ndication signal e..ystem;. at1d' 
	. a 3-]llile average blo.ck le11g:th. 
	ln the b.a:$¢ 6}.ase. all·traiu could.fit into all sidings. Other·cases. were tested in which train were altered in two way;s,: 
	len·&t.he 

	. increlJil:.s-ed by. a factor of 1. 5 for each c1ase., of traia:•(which produced; s.ome trains wh,iek could not f.it in the ~l"ter sidings); and • 
	doubled. 
	Double Length .':rrains· in One. Direction • 
	The base case was changed,; by doubling. the sizes of aU trains in 0111 direction and eliini:rtaUng every second train from the. s.ehedtt1e in that dhrection so that the car volum.e stayed the same. 
	Directional J:;rribalance of Train Dispatches . _In the base case,; the cliSpii3.tching of. trains over the line was approx 
	iinately balanced by direction over the course of a: day. •The following two variations applied tested t,he impact o.n line capacity o:f dis,patching more trains. in one direction than the other over the cou~se of the day~ 
	. a 2:1 directional imbalance (two trains dispatched in one direction. one_train in the other); and 
	,.

	. a 4:1 directional imbalance.. 
	Partial Double Track 
	The base cases were modified by alternating stretches of single track and double track. The cases tested were labeled wit~ the approx imate ratio of single track segments to the total number of segments. (For analysis purposes these cases are quantified as the fraction of lin length which is double track.. ) In general. the-distribution of double­:run,ning double traak segments. was made a~ uniform as·. possible in eac of the cases. The .following cases were tested: 
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	. 1 out of 3 segments single track (i. e. , 70% of line length double track). . 1 out of 2 segments single track (i. e., 53% double track). . 2 out of 3 segments single track (i.e., 35o/o double track). Discrete Deviations From Base Case No Priorities A set of runs was made in which priorities for all ·classes of· trains and both directions of movement were the same. Double the Number of Sidings at a Station The number of trains of a given length that could be held by sidings was doubled for each stat.ion b
	Although the base case had a given average station spacing over the line, individual stations were not uniformly separated by this average value. A case was constructed to test the impact of making the indi­vidual station spacings more uniform. 
	Train Dispatch Peaking The impact of peaking train dispatches 9uring the day was examined .by using two peaking cases. Each had roughly 40 percen.t of the trains for a given day and in each direction dispatched during a four-hour per­iod. The remaining trains were dispatched according to the base case throughout the rest of the day. The two cases were: /~. separate peaks -fou.r-hour peaks for the two directions, approximately 12 hours apart; and . coincident peaks -peaks for both directions occurring 
	-

	during the same four-hour period. No Rare Events Runs were made for the base case, but without any of the base case 
	rare events simulating train and track failures and track maintenance 
	interruptions. 
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	No lntermediate:Block Signals Between Statiops 
	This alternative tested ~he irnpac.t of having only one si30-al block between adjacent stations 011, single tr~ck.. 
	Alternate Direction Crossovers; 
	A double track double-running :modification was tested with cross.,. overs in only CDW?: direction (instead of two·. directions} at ~ a:tation; the oro·ssover dire.c·tion alternated::fro.m. one station to the next. • 
	. . 
	.' . 
	., . 

	Additional Considerations 
	.Two aspects of the modifieatiom:s: should be noted... . Pir-a-t., some of the modifications involved more .than the primary ehange{a} specified; and _second., a special multiple modification of the single t:r-ack base case was conducted. 
	Some changes require secondary a].terttions.to b:e :made for ~onsis­
	tency or to refl.ect realistic operating conditions. When.necessary., 
	such changes were. incorporated into the input datf;l.., but th~y were npt • 
	speeifically referred to in the they repre­
	m.odificati.on labeli11g unles'.s 

	sented substantial., non-obvious changes in their own right... Ex~ples 
	of such second~ry alternations were changing Fa-re event _times. when . 
	changing train dispatching times•and increas.ing the incid~nce of rare. • 
	events when using-longer.. more incident-prone traine!'.. .Tn.e sec<>nd 
	item of note involves the creation of the ltid~a],. -ca-se. II Tm$ case invol.ves si~ major improvements of the base case in an to ~imulate a very realistic,. high-c.apacity S,ingle-track line. It i~ a us:eful foil to the mod~st capacity base case and suggests the upper limit of realistic single-track operations. The specific modifications use.q i:P thi$ case 
	-
	attell).pt 

	were: 
	. a uniform 5.0· mph speed for all trains., 
	.. no rare events,. 
	. no priorities# 
	. short segments, 
	. untform $egments, and 
	. one-mile blocks with a :four-aspect signal system. -24.
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	EVALUATION OF THE RESULTS 
	Evaluation of the results suggested that the occurrence of system lockup (when the volume of trains exceeded the ability of the model's dispatching logic) was unstable. i.e.• it was very sensitive to minor changes in schedule and line configuration. Thus. the occurrence of a system lockup itself could not be used to estimate actual line capac-• ity. In actual practice. a dispatcher would probably be. able ·to handle a larger volume of traffic but only by being much more cautious in his dispatching. This wou
	Since true line capacity can be as much a function of the amount' of time adispatcher can devote to bottleneck areas as of the line and train characteristics. true line capacity cannot be defined as t?,e ultimate logical ability to move trains. 'l'herefore. capacity is. in this report•. defined as a function of delay. To eliminate the element of available dispatcher time, it is implicit in this analysis that a reasonable number of dispatchers be assigned for the traffic to·he handled.. The relation­ship bet
	Although the relationship between average delay per train and vol­ume was not clearly linear for many cases. no other general functional form appeared to be consistently more appropriate. At least some of the nonlinearities appeared to be dif;,crete jumps introduced by the spe­cific prototype data used. For example. an increase in volume from 24 trains per day to 28 might involve the addition of one or more trains dispatched at particularly sensitive times in the schedule. Such dis­continuities were reduced
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	It was foUQd thlil't a square function also could be used and would provide a more liolilServative (higher) estimate of delay for hiJher traf-­fie volumes. Where the availability of a dispatcher's time is a critical factor. this might be a rrio.re desil'able curve form to use. since aver­age delay to ·each train could be expected to increase as the square of the number of trams. Figure 1 shows curves which co.tpbine· both the linear and square curves for several typical rail lines. While decreas
	-

	.ing slope is generally indicative of. increa$ed.capacity. other factors must be considered. The use of aver::ige delay for the single running double track line is particularly misleading. The other lines all. rep­resent situations where high priority trains receive relatively less • d:elay than low priority trains.. Since there are few opportunities for faster trains to overtake_slower trains on single-running track.. priori­ties cannot generally be honored ~d high priority tra.ins receive ex­cessive delay
	.· during periods of long on-track maintenan~e time o.r when train or track failures occur ma3'es d.Quble-runn1ng much mor~ desirable. · 
	Since a linear f<>rm is easier to examine·mathematica.lly and E;1inc·e no consistently better functional relationship was found.. it was decided to use a linear relationship between delay and volume which went through the origin. The squared relationship has been carried. through much of the analysis_. however, for tnose who might wish to use this form.. A 
	. single parameter# the slope of the line relating delay per train to num­bea:-of trains .per day.. or "delay slope.,"' approximates the relationship . for a given case.. Delay slope is defined as: 
	= Dispatching .delay per train (hours)
	Delay Slope 7 trains per day
	100 miles of line 
	On the average, the delay to a train. increases linearly with .the length of the line, and the number of trains dispatched. The delay slope val­ues have been normalized to :a 100-mile line and a 24-bour period of operation. Delay slope was.estimated by a least-square$ linear re-, gre1:1sion tit through.the origin. since there_ would he no inherent dis­patching delay with no trains. 
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	For many·of.the cases (almost all of the single track cases). ·sev­er~! runs we:r:e made at various volumes. However., after the form of the relation:ship had been established. a number of cases {especially tl;lose involving more expensive computer runs) were tested at only one volume level.· The linear approxima.tion was., theref()re., the -line from the origin through this point in such cases. 
	The r:esults of the' individual delay_ slope estimations for each of the modeled cases .are include,d in the following section. A comparison of Figures 2 through 6 shows how the delay slopes change with several 
	.major policy variables which c:an be meaningfully represented along a numerical scale. • • 
	Figure 2 shows an inverse relationship between delay slope and train speed for uniform speeqs. As speed increases. the average train delay asymptotically appl,'oa,ch:es zero.. Conversely., decreases in train speeds cause a significant inerease in dispatching delay. ·Figure 3 illustrates a similar relationship between delay slope and average train 
	-

	. speed. In this case. however., the runs were with different train speeds fQI' different classes. as in tbe base case. The average train speed is 
	.l.l:Sed to• cnaraoterize the gene-.ral speed level of the case. Data from bQtb ~ing~e tra:qk and double track runs are included in this figure.• As e:q!ected,. .slope values are consistently lower for the double track runs tluui for the. s.m.gle track runs. As with the uniform speed cases•• slope decreaJ:;es with increasing speed. Unlike the previous graph. a curved $hape is not evident. · However., this lack of curvature may be due more to the smaller number of observations pe.r case and smaller range of 
	Figure 4 illustrates the relationship between delay slope and av­erage siding or crossover.spacing on the line.. For the single track line., average delay per train appears to increase fairly linearly with increasing siding separation. as might be. expected.. No clear rel~­tionship is evident from the limited number of observations for the double-running double-track case.., over the tested range of spacing values (distance between crossovers). As always, the 'double-track delay slopes are much less than th
	The variation of slope with average signal block length for the three base cases is shown in Figure 5. In each case. because only three ob­servations were made, the shapes of the curves are not nee essarily 
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	conclusive. However. both the single-track and double-track single­running base configurations show definite increases in delay slope with 
	•increasing block size. The slope for the single-track case appears to increase steeply between one and two miles and then more gradually, as signal block size approaches siding spacing. The increase appears • to be more linear for the single-running double track case over the same range of values. For the double-track double-running case. the slope appears to reach a maximum arQUllfl two miles,. but the slight­ness of the peak and few points involved do not perniit an assumption stronger than that of a rel
	Figure 6 presents the relationship observed between delay slope and the fraction ·of the 100 miles ofUne which is double-track. The zero value is simply the single-track base case, whereas the upper limit of 1. 0 represents the double-running double-track case. As ex­pected, there is a strong inverse relationship-between the delay slope and the fraction of line which is double track. The curve also suggests that rather small decreases in double track can have quite a large im.;. pact on congestion on a line
	ANALYSIS OF PROFILE, SPEED LIMITS, AND TRAIN PERFORMANCE 
	A separate analysis was conducted of the impacts on line capacity of three factors--profile, speed restrictions, and train'performance capabilities--that could all be reduced to an equivalent average speed parameter for inclusion in the parametric analysis. The relationship among speed, profile, and .train performance capability (power-to­weight ratio, p/w) was determined. Then a procedure to consolidate this relationship with specific line profile and speed limit character­istics was developed. 
	The effects of profile and train performance capability on speed were determined using the train performance calculator. A series of tests were made to determine the limiting or balancing speed of typical trains with p/w's of 1. 0 to 3.-0 horsepower per ton (hp/ton), on grades ran:ging from -0~ 5 to +1. 5 percent. The tests produced the series of 
	-33
	-

	• 050 
	SINGLE T.RACK_------1..... l1>OUB~E RUNNING • DOlJBLE t'RACK· ' 
	-· 
	>«··
	< 
	: 

	' 
	.Q 
	~ 
	fil • 04:0
	114. 
	~
	-

	'. 
	~ 

	8 
	~
	-

	fil; '14· 
	izl 

	f
	•. 030
	~-fE.. 


	~•;! 
	~•;! 
	E:-1 
	I ~ 

	I 
	.,


	:5~:
	:5~:
	I . 
	r4 p...
	--~ 

	~ 
	I Q 
	t/l
	fil . 020 
	i-.l 
	~
	-

	o. 
	0 
	..... 
	a::· 
	fil· 
	P-t 
	.. 0.10,,
	t/l 
	;,
	~
	-

	p 
	0
	tJ::.
	-
	.-1 
	o...__________..___________._________....________

	0 •. 25 .50 .15 1. Q 
	PROPORTION DOUBLE TRACK .. . WT~TTR'F. R! nF.LAY RLOPE VS. PROPORTION OF. DOUBLE TB.ACK 
	curves in Figure 7. It should be noted that the train with the p/w of 3. O hp/ton represents a TOFC train. while the others are typical freight trains. Consequently~ the curves have slightly different characteris­tics. 
	A procedure which can be used to consolidated various line ·charac­teristics into an equivalent average speed is as follows: 
	The line being analyzed is divided into ·segments with uni­form speed limits for ~he class of train being analyzed. 
	. Each segment is subdivided agairi at each location where a significant change in grade occurs. The number of miles and fractional miles of.each grade are added to­gether. Generally. distances are to the nearest . 05 miles and grades aI'.e grouped within a . 05 percent range. 
	. All grades which would allow a train of a particular hp/ ton to exceed the speed limit for the segment can be com­bined. 
	. for each grade which exceeds the grade at the speed limit. the running time is computed as follows: 
	T 
	m 
	where: 
	T is the running time in minutes, 
	S is the balancing speed for the grade (from Figure 7). 
	L is the length of line at this percent grade in miles. 
	For segments where grades do not restrict speed to the speed limit. the speed limit is used for S. 
	. Running time over the entire segment is calculated by add.:. ing up the running time-s for each grade. 
	. Running times are added for all segments. 
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	FIGURE 7: BALANCING SPEED OF FREIGHT TRA.INS VS. GRADE 
	The inherent assumption in this process is that time lost while acceler­ating to a higher balancing speed will be offset by the time gained dur­ing deceleration to a lower balancing speed. On several lines of vary­ing characteristics for which this procedure was tested., the results of. run time estimates compared with TPC runs to within.:!: 1. 5 percent. 
	Time lost due to stops should be added to any scheduled intermedi­ate stops and to the run times calculated above. This consists of the· stop duration plus acceleration and deceleration time l,osses. The lat­ter time losses., when combined., appear to be essentially independent of grade, as shown in Figure 8. The primary factors appear to be run­ning speed and hp/ton. 
	Nominal trip times developed by the above procedure can be con­verted to an equivalent average speed and the relationships between speed and delay can be used to estimate capacity according to the pro­cedures in the next section. Care should be taken to analyze separately portions of lines which have significantly different average speeds. 
	The results of the parametric simulations discussed above were an­alyzed to develop a procedure which can be applied to typical American rail lines. The procedure and means of using it to analyze capacity and delay characteristics of rail lines are discussed in the next section. 
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	IV. APPLICATION OF PARAMETRIC ANALYSIS 
	This section presents the numerical results of the parametric an­alysis for the cases tested and the empirically derived procedures that will enable the user to generalize these specific case results to estimate line capacity for a wide range of singlell doublell and partially double track lines. Given an appropriately defined real or hypothetical rail linell the procedure enables a user to estimflte the average dis­JI the maximum total running time for all trains of a given class at a given train volume.. 
	patching delay per train at a given daily -train volume
	-

	•
	•
	•
	tionships obtained for specific cases via the simulation modeling. 

	•
	•
	ESTIMATION OF AVERAGE DISPATCHING DELAY 


	Delay Slope Coefficients 
	The primary relationship derixed from the simulation runs was the one between the average dispatching delay per train and thee daily train • volume on the line. A simple linear relationship.through the origin (net delay assumed to be zero at zero volume) appeared to be the most satisfactory solution to finding a simple functional form which would permit sample comparisons among various cases. The r3Jationship could, therefore, be reduced to a sipgle coefficient for a given easel' representing the increase i
	A least squares regression for a line through the origin was used to estimate the delay slope for each case tested. The average delay· tends to increase more than linearly at high volumes because delay be­comes infinite when capacity is reached. Thereforell a "square slope" coefficientll defining a linear relationship between average delay and the square of daily ·v9lume, was calculated for high volumes. The result­ing relationship could be employed for very high volume and average de­lay levels. The proced
	. 
	. 
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	of linear slope v~lµ~ tor mod•rat:e t:t"affic volume cases. Once the delay .slope for a ct;J:~.e hai be~n establj.shed,, it CIUl be used to estimate average delay for a '{iv.en volu;ne level or vice vers~. 
	The basic ;relatiqnehip betweel); average delay per ttain and. the number of triu.iis per day is: • · • 
	-

	A = (1)
	I
	,, ., .. i ·•. 
	whe,re a = average delay pe.r trai:n., 
	K = • delay siope, and· 
	0 . 
	n = n:un.iber Qf trams· per day. 
	Table 5 summarizes the values for K_and, other p.ert~en,t numeri-• 
	0

	cal results of the base cases and sing.le modifica.tion m.od~J: runs on a· 
	ca_se basis; Table 6: s\Ullmarizes multiple modificl[ltion run$. On. each 
	lin,e of t.h.e tables, following the Ca.f?e .n,;imber and descri,.p'ti-on,. are the 
	num,b~r of tracks (1 or 2) and a designation of ctoubJe..~11g (D) or 
	single-running (S) operation for dpub~e-track cases. The next co~umn 
	specifies the number of the cas,e used as the base .in the e:;alculations 
	des,cribed below. Most often~ tlre base used is the appropriate pri­
	mary base case (Nos. 1., 26., o~ 43); however,. sometim~s ~other case • 
	is chosen as a more appropriate base. ln t}:lese cases,. th.e fractionai slope modification coefficients· and related. values (to be discussed be­low) pertain only to the net modification between th.e case at hand·and the specified base. For example., when the 32. 8 mph c~se (case 7) is ·used as the base f~r-the 50 mpb modification (case 8)., only the overall 
	speed level is changed. The change from mixed speeds by class to uni­
	form·speeds that would als,o h~ve been invoived if the primary single 
	tr~ek base case were ue.ed as base has thu.s been eXiduded, and. the 
	change represents only a speed change. 
	The cohu:nns he~deq K.anq. Kpresent the Im.ear artd $411are slppe coefficients for the vat'ious Qa,ses tested, adjusted for a ];00--mile line. Where* appears in the_ Ks column., the numbe.r of rurttJ. ma~e was in.. • sufficient for that ¢ase to jusUly the estimation of a le4$t 3quareei fit for a square coefficient. If the user wishes,. he rnay ~pproximate the valile o:f Kas o. 05 K, which has been demonstr~ted to be empirically valid for the values of K below O. 09. •
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	TABLE 5 CASE SUMMARY OF SIMULATION RESULTS • SINGLE MODD'lCATIQNS 
	Case No. 
	1 2 3 
	4 
	s 
	6 7 8 9 10 11 12 13 
	14 
	15 18 17 18 19 
	I 
	20 
	~ 
	21 
	..... 
	Z2
	I 
	23 24 25 26 27 28 29 30 31 32 33 3' 35 36 37 38 39 40 41 42 43 
	44 
	45 
	48 47 48 
	49 
	50 
	Modil'ieattons From 
	~aryBase 
	Single Track Base Case S•mlle Segments 1S•mile Segments 
	. 21. 4•mlle Segments UnUorm Segments 33.,..Decr-ease in Speeds 48"" Increase In Speeds 8 mph UnUorm Speed 25 mph Uniform Speed 
	32. 8 mph Uniform Speed 50 mph Uniform Speed 70 mph UnUorm Speed l•mile Blocks, 4 Aspects 3•mlle Bloc.ks 1 Block Between StsUons Double Siding Lengths 
	1. 5 Length Trains Double Train Lengths Double Length, One Way ' Coincident Peaks Separate, Peaks 1·,2 Directional Imbalance, No Rare Events 
	1:4 Directional Imbalance, No Rare Events 
	•No .Priorities No Rare Events ' Double Track, Double Run Base 2 in 3 Segments Single 1 in 2 Segments Single 1 in 3.-Segments Single 5•mile Segments 15•mile Segments Uniform StaUon Spacing 33% Decrease in Speed & Uniformity 4D'l'o Increase 11'1 Speeds & Uniformity l•mile Blocks, 4 Aspects 3•mtle Blocks Coincident Peaks Separate Peaks 
	1:4 Directional Imball!rce, No Rare Events No Priorities , No Rare Events Alternate Direction Crouovers Double Track, Single Run Ba-ae 2 in 3 Segments Single 1 in 3 Segments Slngle 
	. 40,o Increase In Speeds snd Uniformity l·mlle Blocks, 4 Aspects 3•mUe Blocks Coincident Peaks No Rare Events 
	• Not Calculated, 
	No. at Ti-aeka 
	D: Double Runs S: Single R11ns 
	1 1 1 1 
	1 1 
	l 1. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l 1 1 2D 2D 2D 2D 2D 2D 2D 2D 2D 2D 2D 2D 2D 2D 2D 2D 2D 2S 2S 2S 2S 2S 2S 2S 2S 
	Base Case No. 
	1 1 3 1 1 1 
	9 
	10 1 10 11 1 1 1 1 1 17 1 1 1 25 
	22 1 1 
	43 
	28 29 28 28 28 28 
	28 
	28 28 26 28 26 41 26 26 28 
	26 45 
	43 
	43 
	43 43 
	43 
	43 
	K 
	0.04538 0.03108 0,06026 0.08728 0,03.387 0,08421 o. 02228 0,43867 o. 04592 o. 03029 0,01288 0.00991 0,03515 0,04883 0,12203 0.03932 0.04881 0,05809 0,05894 0.04179 0,03329 0,03189 o. 02563 0,02981 0,03730 o. 01087 o. 04179 0,03685 0,027511 0,00858 0.00840 0.00913 0, 0lfl45 0,00547 0,00858 0,00958 0. 01022 0,00787 0,00752 0.00767 0,0078.7 0.01338 
	0,00843 
	0,055'14 0,02830 0.00278 0.00522 0.01011 0,00858 0,00487 
	0,055'14 0,02830 0.00278 0.00522 0.01011 0,00858 0,00487 
	Ks· 

	0.001867 0••001324 o.·003625 0.0041135 o. 0013.80 0,004277 o. 000713
	• 
	o. 002781 0.001119 o. 000435 0,000281 0,001423 0,001919 0,008385 0,001317 0.002020 0.004i09 0,003516 o. 002345 0,002077 0,001039 0,000870 . 0,001183 0,001540 0,000137 0,001235
	•
	•
	•
	0,0001112 0.000184
	• 
	0.000100
	•
	•
	•
	•
	0,000092
	•
	•
	0,000308 o. 000052 
	•
	•
	•
	•
	•
	•
	• 
	fol
	Pt 
	-1 
	0.9450 
	-o. 5111 
	1.7752 
	+o.510 
	1.9486 
	+o. 353 
	2.8558 
	+1 
	0,7897 
	-o. 395 
	0,4154 
	+o,333 
	0,1395 
	•1, 030 
	0.1124 
	-0.210 
	0,2140 
	+1 
	o.7082 
	+o,415 
	0.1221 
	+o, 333 
	0.4799 
	-0.482 
	1; 5379 
	+o,809 
	1.1475 
	+l 
	2,8890 
	+1 
	0,9170 
	+o,400 
	1.0808 
	+o.288 
	1.8823 
	+o,887 
	1,4053 
	+0.824 
	0.9049 
	+o. 824 
	·0, 8888 
	+o. 887 
	0.7834 
	+o,667 
	0,7273 
	+1 
	0,6589 
	+1 
	0.8219 
	•1 
	0,8029 
	-o. 424 
	0,7438 
	-0.211 
	0.3438 
	-o. 353 
	. 

	0.0877 
	-o.se1 
	1,48111 
	+o. 510 
	0,&2110 
	+1 
	0,8563 
	-0.395 
	0.3343 
	+o. 333 
	0.1349 
	-o. 482 
	1.8122 
	il), 809 
	0,8348 
	+o,824 
	0,94911 
	+o,824 
	o. 6898 
	+o. 667 
	0,9718 
	+1 
	0,7188 
	+1 
	0,7187 
	+1 
	1,2520 
	+1 
	0,11029 
	-o. 675 
	0,3286 
	•0,353 
	0,0165 
	+0,333 
	0,0804 
	-o. 482 
	1,5895 
	+o. 809 
	2,1023 
	+o,824 
	1,4139 
	+1 
	0.7257 
	TABLE 6 CASE SUMMARY OF.SIMULATION RESULTS -MULTIPLE MODlFICATfONS 
	No. of Tracks 
	Case 
	Modifications from 
	Modifications from 
	D: Double Run 

	No. 
	Prbnary .Base 
	S: Single Run 
	1 
	1 
	1 
	40% Increased Speed, 

	TR
	Very Long Segments 
	1 

	2 
	2 
	No ilare Events, No Priorities. 

	TR
	32,8 mph 
	.1 

	3 
	3 
	50 mph, 
	1-rnue·Blocks 
	1 

	4 
	4 
	50 mph, 
	1 Block Between Stations 
	1 

	5 
	5 
	1:4 Directional Imbalance. 

	TR
	No Priorities. N..R,E. 
	1 

	6 
	6 
	No Priorities, 32,8 mph 
	1 

	7 8 
	7 8 
	No Rare Events, 32, 8 mph 50 mph, No Rare Events. No· :Priorities 
	• 
	1 :t 


	9 
	14~~ Case '10 .1 in 2 Segments Single Track:, 1:4 Directional Imbalance, N. R. E. 
	u 
	1 in 2 Segments Single "rrack. 40C,i Increased Speed . 
	12 . 
	1 in 2 Segments Single Tr11;ek. 
	No Priorities 
	No Priorities 
	No Priorities 

	13 
	13 
	40% Jncreased Speed, 1-inii.e Biocks 
	. 

	14 
	14 
	33% Decreased Speed, 

	TR
	Alternate Crossovers 

	15 
	15 
	33% Decreased Sreed, • 

	TR
	Uniform Station Spacing 

	16 
	16 
	Alternate Crossovers. ' 

	TR
	40o/o Increased Speeds 

	i? 
	i? 
	Long segments. 

	TR
	Alternate Crossovers 


	* Not Cakulated h.1odification which increases slope. iModification which decreases slope. 
	1 
	2D .2 D 20 2D 2D 2D ' 20 2D 
	Base Case No. 
	1 
	1 10 10 
	25 1 1 
	1 
	1 
	26 
	26 
	26 
	28 
	26 
	2'6 
	26 
	26 
	K 
	05053. o. 01993 
	o. 

	0.01416 
	o. 04170 
	0.02302 
	0;02377 
	.o. 03370 o. 01239 o. 0103'1 o. 01852 0.02130 o. 03204 0.00556 0.03241 • 0.01400 .o. 00861 o. 00810 
	KS 
	b. 002104 
	0.000626 
	·o. 0003'89 0.001461 
	a. 000133 000891 o. 001106 
	·o. 

	o.O'ooas2 
	0.000167 
	* * * 
	* * 
	II<' 
	* 
	* 
	No. of 
	t ' 
	Tf
	Modifications 
	Modifications 
	om 

	by Direction 
	if 
	·1~ 1135 
	1.1156 
	b. 4·391 
	·o.H62 Ht 
	HI 
	C.48'77. 
	1~154i
	Ht 
	1.s1.t11 
	1.1994 
	IH 
	0.6i72 
	1.2206 
	u 
	0,5%3'7 
	1. 0150' 
	H •o. 7411 
	1.21~5 
	HH 
	o. 2730 • 0.9888 HtHH ·0.2285 
	1. 0087 
	tu. 
	1.1av1 
	1.1av1 
	1.0121 •
	. 
	ti 
	i.9964 
	l.i261 
	f J 
	3.0034 
	,1. 2095 '. 
	H 

	o. 5209 
	1.14.36 
	3.0'3.81
	3.0'3.81

	t t 
	1.6938 
	1. 3125 
	&942
	o. 

	" 
	6.am3
	tJ 
	1.25&5 
	0.'8160 
	0.8216
	H 
	The simulatiqn runs have provided delay slopes for specific line cases. The next section shows how this information can be extended so that delay slopes can be estimated as a function of the base case K. for other magnitudes of modifications from a base case and for com­binations of modifications. This enables estimation of a delay slope for any case that can be expressed as a combination of tested modifications of a tested case (most validly, the appropriate "base" case). 
	0 

	Delay Slope Adjustment Factors 
	Approaches to Estimating Effects of Changes in Parameters 
	Two alternative methods were examined to estimate the effects of 
	delay slopes of changes in parameter values. One method was based 
	on the classical elasticity concept. Elasticity was defined as the pro­
	portional change in delay slope per proportional change in a parameter 
	(e.g., the percent change in delay slope per one percent change in 
	speed). • 
	To ensure that the elasticity calculated would be the same which­
	ever of the two cases (base or modified) were used as a starting point. 
	an av~rage of the "before" and "after" values of the parameter were 
	used. With the elasticity approach., the effects of multiple modifica­
	tions on delay slope were estimated by summing elasticities., factored 
	by the magnitude of change involved for the several modifications. 
	The resulting com•pound elasticity., when added to unity., .was then mul­
	tiplied by the appropriate base case delay s~ope to obtain the delay .slope for the multiple modification case. 
	A second approach to estimating the effects of changes in parame­ter values treats delay slopes as fractions. Delay slopes for modi­fied cases were developed as fractions of the base case delay slope. The fractions were normaiized to a unit fractional modification by tak­ing the pi TH root of the fraction., where pi is the fractional change in the policy variable underlying the modification. Alte:rnatively. thil§I normalization could have been approached by dividing the signed dif­ference between the slope 
	Suggested Method for Modifying Delay Slopes 
	The two approaches described above were evaluated by comparing (aFthe delay slope adjustment factors calculated when each method was applied to individual modification coefficients to (b) the slope change 
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	acfuAl~t l>b$etVE!d iff ttt@· :trltrftii)le' Maflilication ~dmulation runs. The . r~t!~ .?~ the~"e ¥.~u~~,_fo~ e~ch case w~s denoted by T~ for the first meth.. od and,r;_ft>r tfie,S'e~ond method•. A f' -value of 1.0 indicated that the inetttod 'ex:icfiy ·estni:rated 'tlf~ chanp it\ dela}' slope for a.multiple modi­'ficatl0n~ ba:s'e'a ori fi!dividua.1 modifitHttion results. The second method, udiiig riil~tiohM fic1brs·, wa's choEfeft over the elasticity meth:od as gen-· erally prolittting f ftlues closer to 
	•:•l 
	..J'he 'fr~c~it~"appfoach d~mes tti"e basic.,reiatiC!>nshtp, 'betwe~n de.,. lay'slopes for tWo different valut:fa of •a pai>==uneter -as: , . 
	(2) 
	w~~rEr: foi = the deliy· slope· acl;jti'stm:ent, factor, 
	'Ki = the-.d~hiy slope for:lthe change· in,par.atbeter i, 
	• •"cK-=. the'iielay 'slope·for·the base ·case, and 
	0

	(3.) 
	where: 
	V = the.value otlhe pa:rai'ri:eter bi"the-base·cas.e., ·:and 
	0 
	V = the chin.gad values:'of the• pa.ramet-er. 
	1 
	()nee values of f ·are. known; from simulations.: (see,:Tahle 5 and 6), equation (2) can b~··solvl?d for:K..
	01 

	• Ki ;-~:(ro1/
	r 
	1 

	I (4) 
	In Tables 5 and 6., the last columns summarize the numerical results of applying this method to the various cases. The column labeled pi in Table 5 gives the fractional changes from their base cases for sin­gle modification cases. The column labeled fi gives the linear slope adjustment fractional factor. In some instances., several cases were investigated., representing modifications of different magnitudes of the i values were obtained., reflecting the fact that the il:p.pact of-a modification miy not. be 
	0 
	same policy variable (such as speed). Slightly different f
	0 
	ble values. Thus., when more than one f
	0 
	01 

	Table 7 presents the policy variables that correspond to the modi­and Vi were expressed. The fact that p. is a fractional quantity minimizes the possible infiu
	fications tested and the units in which the V
	0 
	-

	• 
	ence of the choice of units on the results. 
	P. 
	1
	TQ combine the individual fractional factors., ( f oi) ., in multiple modification cases., the method is more complicated. Two considera­tions control the method definition. First., slope values should never become negative because no matter how many beneficial modifications· are made., it is not possible to operate with negative delay. Second., as· 
	•noted from the tests of multiple modificatio~s., ·for modifications that' 
	. do not interact very strongly., simultaneous application (?f such improve­ments (or disimprovements) tended to achieve a combined impact which was not as strong as that predicted by a simple multiplication of the in­dividual fractions (i.e. ., if two improvements each double capacity., both improvements together do not quadruple capacity). 
	w,_.,,:~ 
	The method which was defined yields a factor which is the net prod­uct of two components. One is calculated from all of the individual slope-increasing modifications and the other from all of the slope-de­creasing modifications. These components were defined as unity if no modifications of the corresponding type are involved. The component for slope-increasing modifications is the sum of the corresponding in­dividual fractional factors., raised to the power of the fractional modi­fication involved, minus on
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	T'~'f 
	POUCY V.i\lUABLl!S UNITS 
	T.:n,e • 
	T.:n,e • 
	T.:n,e • 
	ModUtcaHon 
	Policy Varlab• 

	A 
	A 
	Change block 1lz• 
	•Ave...,e·.~~t:• 

	B 
	B 
	C~ge.train priority 
	't'r•fn prfol1t1 


	Average aqrnem 1weC Cb:Ulge station apacing 
	D $elect lln~orrn or. non-unlt'ol'm speell 
	UnUot'ffl tra!n apeedJi: •¢hange. uniform ap.s· 
	F Change .pl'OJ)Orlienal ss,eed 
	Anrace train 11pell4 G Chaille aklltlll capacity • : Sl.di111 capaclt:y. 
	Segment unlformjty non-uniform aegmenta 
	I Select di$p&tCJJ peakmg 
	a $elect uniform or 
	Fraction daib"votmn• in rak or non-peakinf • 
	f rat:tlon ot1111· tit peak J Sitlect rlN eventa 
	Prlit&eftce oln:re-,events or no rare ·went• 
	Tr.aln length ae•iractlon of i>aH length 
	·M11-a 
	No priorityt 3/2 
	!laae priotltle•: 1/2 . 
	l'ilUe ■ 
	.Bue.11peeda by elilas: 1/1 lJnitol"ID' •~ed•: 'JJa 
	mph 
	mph 
	lfa• -capacltyr l /2 Double capacti,: 3/2 
	Non•wdfornu 1/2. thHlorm: 3/2 
	P•akin1 fl'u:tlon 
	Rllre:•ents: 112 
	3/1 
	*"'"'-ta• 

	Tntn.ltngth a&·frqtton or base iiltl,th 
	L 
	L 
	L 
	Change directional lmb-1Mce 
	l!fo, of w,:ins.in ~•?I cUre~n Dtt-ecUonal unbalance No. • of traine fn Uibt direction fraction 

	M 
	M 
	Select base block• or 1 block between etatfons 
	Same as ModWcatton 
	Beae block conflJUl'atlon; 1 block between, statl.0H1 
	1/t 312 . 

	N 
	N 
	Select full c:t'OHOVtta or alternate directional =•sovera 
	General double track crossover fiexibillty 
	Full: 1/2 Alternate, 
	3/2 

	. 
	. 
	P 
	Change fraction double track 
	Fraction of line-mllee.ge with double track 
	I>ouble: 1 l•itr-3 .;Ingle: 1~►2 ahlgle: 2 .. 1.n-3. atngle: •1.nflel 0 
	, '1 • 533 • Hll'l 


	1/2 
	s.H mUe• 
	32,8 ;nph 
	32.s mph 
	.i/2 1/2 
	1 
	1/2 
	1 
	1 
	l/2 1/2 
	Dor 1 
	The component for slope-decreasing modifications is exactly an­alogous. except the exponentially adjusted fractions are inverted be­fore adding. so that the fractions added are always greater than or equal to one. The slope:..increasing component is then divided by the slope-decreasing component to obtain· the final multiple modification factor. This factor is multiplied by the base case slope to obtain the slope for the modified case. For an observed multiple modification. 
	m. a factor. f , can be calculated: 
	om 
	(5) 
	where Km is the delay slope for the multiple modification case. The es­timated value of m. synthesized from the individual component modifi­cations of m would be: 
	f
	0 

	(6) _I 
	where c is the component for factors which increase the slope and·CD
	1
	is for the factors which decrease the slope. c can be defined as:
	1 
	(7)
	1
	f . P.) -(N -1)
	01 I 
	where NI is the number of·slope-increasing modifications. Thus 
	c equals one if NI is zero.
	1 
	Conversely. c is defined as: 
	0 
	f 1


	=(~ .
	=(~ .
	• f . < 1 oi-{N -1)
	-p, 

	01 D 
	(8)iem 
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	where NDis the nun;Jber of slope-deereasing modifications.,. and 
	CD equals one if ND is zero. 
	By calculating the ratio of the actual to the synthesized multiple modi-· fication factor: 
	it is possible to determine the d.egree to which the synthesized factor can be used. to estimate !he actual factor. • 
	~en a multiple modification is considered for which txnis not avail­able,fmcBl1 be used. by .assuming that TFis acceptably close to 1. The new delay slope. Km_can be estimated by substituting (7) and (8) in equa­tion (6).. equating to (5). and solving for Km. 
	0

	-(N 
	-(N 
	-

	9)

	I 
	][t fat1 
	][t fat1 
	1

	oi < 1 iE'f 
	In Table 6, a set of arrows· in the last colum.n indicates the number 
	·of slope-increasing and slope-decreasing modifications involved in the cases tested, each }:laving their respective pi 's. The final column. la­beled TF• gives the performance ratios for the multiple modification cases tested. A TF larger .than 1 indicates that the fraotional approach to synthesizing multiple modification slope values {rom individual modi­fication values would underestimate the actual run results in this par­ticular case. The opposite is true forTFvalues smailer than l. The foi• f zrPnd F 
	7
	0
	11 

	Exa:tnination of the column headed ,-F shows the accuracy with which the fractional approach could reproduce the observed results. Values 
	•rrutge from 0. 82 to 1. 69, although most are between 1. 00 and 1. 26 and 
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	the average is 1.12 for the 17 multiple modification observations. No particular pattern is apparent in these errors of estimation. Theim­plication of these limited observations. if representative. is that this method on average underestimates the impact of multiple modifications by about 12 percent. The variation of these TF values about 1 was sig­nificantly less than that for the corresponding T's calculated using the elasticity method. This was a major factor behind the choice of the fractional over the 
	Additional multiple modification runs might yield a pattern in the fluctuation of 'TF values with the types of individual modifications in­volved (reflecting interactions among individual modifications).. If this T F's., according to the combination of modifications involved., to be used as an adjusting factor. Lacking such detailed information and given that TF 's are not too different from 1.0 in the cases tested., the second method is presented with the assumption that a TF equal to 1. 0 can be used. • 
	pattern wer~ consistent. it might provide the basis for estimating 
	the 

	ESTIMATION OF LINE CAPACITY 
	A number of definitions of capacity were considered in attempting to develop the most useful definition. llitimate capacity., where abso­lutely ·no more trains can be forced through the line., is too unstable and dependent upon precisely how trains are scheduled ar_id what fail­ures occur. An economic capacity., where an optimal balance between operating and capital costs would occur, is not within the scope of the project and would probably be too site specific for a general analysis 
	_such as this. Other possible definitions., su·ch as an arb~trary percent 
	delay of total running time or an operationally stable capacity where a 
	line could recover from a disruption in service of moderate length 
	(e.g. ., 4 hours) and return to normal service levels. were aiso rejected as too arbitrary or unstable. The most useful and stable definition ap­pears to be one based on the maximum allowable time for the most de­layed train to traverse the line. It was discovered that maximum time could be related to average delay and would allow the user to define capacity constraints based on either minimum level of service {maxi­mum acceptable trip time) or minimizing the need to recrew trains be­cause of the 12 hour on
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	In oP<ler to inoor:,porate this definition into the estimation proce­dures being diac1,1ssed., it was necessary to establish a relationship be­tween the a\terage .dispatching delay and the maximum total running time for a normal freight train (Class 3) in the simulation runs. The relationship of primary interest was ~etween average delay and maxi­mum total running time of a Class 3 train. the slowes.t group of line haul trains. ·It was also found that for 1$lngle-track cases. train peak.. ing and directiona
	After experimentation with several functional forms using stepwise multiple .regression on the data from individual simulations,. it was de­cided that the primary relationship could best be specified as that be­twe.en maximum total running time and the square of av&rage delay multiplied by speed. 
	• -. . 
	l\VERAGE DELAY -MAXIMUM 'l:'RIP TIME ~LATIONSftlP 
	This section presents the final regression equations relating avez-­age delay to maximum trip titnf! for single-track and double-track ca.see generalized for lines ot any length. The formulas are then so~ved 
	•
	•
	•
	for a~erage dispatching delay in terms of all other variables so that average delay at the time limit can be· estin:iated. Once this aver~e 

	•
	•
	delay has been calculated, the delay slope can be used to, estimate · tbe capacity for the time limit. 'l'he basic equation for capacity :is: 


	j 
	f
	Linear DelaX Relat~onshiI:? 
	l 
	(10) 
	~ capacity of the line in trains per day. A = average delay per train (in hours. exclusi've of sched· 
	where: C 

	• c • uled delays). 
	' 
	K = delay slope· (for a 100-mile line), and L = the length of the line in miles. 
	-so
	-so
	-

	To determine Ac the following equations were developed. Since the basic relationship between maximum trip time and Ac was square. a quadratic solution was necessary for the single-track case. Since only the positive value of Ac is a reasona,ble solution., the quadratic formula gives us: 
	1
	1
	t
	0 

	a =0. 04325(S) ( . . 
	b )-(0. 44851 P
	=(1t
	0 

	where: M.= s = p = D = I = 
	Ac 
	2 
	Single Track 
	. . 
	_ -b M• -4ac 
	2 

	-2a 
	) =973, 125 S 
	• L2 
	+ 1. _01139 D) =& (67. 2765 P 
	(lla). 
	(llb) + 151. 7085 D)(llc) (lld) 
	the maximum allowable total running time (12 hours less allowance for terminal time)., • 
	-
	the speed of slowest class of through freight trains (mph)., . • 
	th· d. t h aki f t . _{trains peak hour during pea~\ _
	1
	e ispa c pe ng ac or. \trains peak hour·off peak } ,~trains in dominant direction~
	the directionality factor: · • -1. and
	• trains in opposite direction 
	the amount ofimposed delays on regular freight trains {such as required stops., including the start and stop lost time). 
	Double Track 
	1 
	(12)
	Ac = 0. 031274 L V~ (M( ~1~-l~O -I -1. 84636) 
	0

	Once Ac .is calculated with the appropriate formula for a givell line arul • •• maximulill rlUlning time for a freight train, line capacity ie estin,.Jted .. . ueing equijtion (10). • • • 
	A SAMPLE APPLICATION 
	The following hypothetical cas.e d1:tmonstrates the use of the above 
	•pr9cedures and par•metric r~sults to 'estimate line capacity and ave:r­a.ee del~. Tb,·case is a multiple modification of the shlale•traok base case. The 1,nodifications are &fl follows: " 
	1. 
	1. 
	1. 
	uniform speed of 55 mph for ali trains, 

	2. 
	2. 
	4:3 directional dispatching imbalance, 


	•.. 3. avers,ae block length of 1. emiles, 
	•4.. • aver•g• siding spacing of 11 mUes, and . 
	•·•·· ·• 5. line length of 200 mile,s. 
	MocUfication l is actually two sep~rate modification~:, (a) the base 
	•
	•
	•
	epeeds are made uniform for all train classes and (b) the speeds are 

	•
	•
	increased from a base avera,e of 32. 8 mph to 55 mph. These are . treated separate!,: for a more ac·curate estimate•. 

	•
	•
	The resulting six individua.l modifications will be referred to as la, 


	0 
	lb,. 2, 3, 4, and 5, respectively. The first step is to calculate the •delay slope for thj.s modified ca,ee, by applying the appropriate adjust• .ment factor to the base case slope value of O. 04538 from Table 5. 
	•
	•
	•
	!{ote that line length'.only becomes a consideration in the later calcula­tion1:J. 

	• 
	• 
	Referring to Table 7 for the correct units: 

	•
	•
	Modification Modification Modification Modification Modificati<m ia lb 2 3 4 


	Type D Type E Type L Type A Type C 
	V .. 1/2 32.8 1 1.6 8.82 
	0' 
	3/2 55 1.33 1.9 11 
	vm 
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	Applying formula (3), we obtain the fraction-changes in the parameters: 
	3/2 -1 /2
	p = = 1
	la 1 /2 (1 /2+3/2) 
	55 -32. 8 =o. 506 1 /2(32. 8+55) 
	1. 33 -1
	p = =.o. 283
	2. 1/2(1+1. 33) 
	1.9 -1.6
	p = = 0.171
	3 l /2(1. 6+1. 9). 
	11 -8. 82 
	= o. 220 
	p 4 = 1 /2(8. 82+11) 
	Modifications la, lb, and 2 are slope-decreasing modifications, whereas Modifications 3 and 4 are slope-increasing. Thus. N and .N
	0

	1
	in formulas (7) and (8) are 3 and 2, respectively. Appropriate single modification adjustment fractions are obtained from Table 5. 
	If none of the fi values in the table corresponds to the modification desired, the foifor a modification value closest to the desired value should be used. Although foivalues are not independent of the magni-• tu.de of the change, they. are independent of the sign of the change, as. long as the appropriate base is used for the. respective foi. The foi for the five basic modifications are: 
	0 

	f = 0.. 7062
	ola 
	= 0.1221
	folb 
	= 0.7834
	fo2 
	= 1. 1475
	fo3 
	= 1.9486
	fo4 
	.. Substituting into formulas (7) and (8), we obtain: 
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	0.171 0.220 C = 1. 1475 + 1. 9486 -(2-1)
	I = 1.1819 
	-1 -0. 506 -0. 283 CD= 0.7062 +0.1221 + 0.7834 -f 3-1) 
	Then, from: formula (8): 
	-1 'f' = (1. 1819)(3. 3855)
	0 
	0.34911 
	= 

	Finally, from formula (9) (which incorporates some of the above inter­mediate steps), we get: 
	KF = (0. 34911)(0. 04538) 
	K, = 0. 015843 hours of delay p,er train per 100 miles of lin~ 
	This delay slope makes it possible to estimate average d~lay at a-• given daily yolume for t;he line (after making the .adjustment for the 200-mile line length). However. in order to estimate the line's capac
	-

	-ity., specification of the relationship between average. delay and. maxi­mum running time is needed. 
	Because this is a single track line, formula (11) is u&ed. For this line: 
	S = 55 mph 
	p = 0 
	D = 3/2 -1 =0. 5 
	L = 200 miles 
	, I = 1. 233 hours (delay$ imposed in ihe simulation cases, as­sumed not to change in this modification) 
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	For the purposes of calculating line capacity,. a maximum total running time,. M,. or 10 hours will be assumed. Substituting into formulas (lla) through (get: 
	lld),.we 

	973.125(55) _ 1. 338047 
	a = 
	2 
	. (200} 
	b = 1/200 [67. 2765(0) + 151. 7085(0. 5)] = o. 379371 
	C = 1. 41432 -(10)(~) + w+1. 233 = -2. 125407. 
	2
	-o.379371 +Yeo. -· 4(1. 338047)(-2. 125407)
	379371 

	A = 
	C 2(1. 338047) 
	-o. 379371 + 3. 394028
	A = 
	C 2(1. 338047) . 
	A = 1.127 
	C 
	Thus,. at capacity" the average dispatching delay on this.line is about 1. 1 hours. The estimated number of trains at capacity for this line,. obtained from formula (10) is: • 
	1.127 (100) t • d
	C 
	36 

	O. 015843 200 = • rains per ay 
	= 

	In analogous fashion,. the parametric results can be applied via the 
	•procedures described above for other cases· of interest.. To estimate average delay at any given volume. or capacity volume for the line of interest,. it is necessary to approximate the line's cha;-:ac,teristics by a combination of tested modifications from one of the tested base cases. The parametric results (summarized in Tables 5 and 6) can also be visually examined for the relative impacts on average delay and capacity of various policy alternatives. 
	VALIDATION 
	Three validations of both the simulation model and the parametric analysis were performed. In addition to providing a measure of the 11 the validations provided useful insight inti:, some of the considerations necessary to apply the procedures. The three rail lines against which the procedures were validated are: 
	accuracy of the two procedures
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	-' •i. ; ''the lVt'attoe>tiiLerinox/:111~ ·'pdrti'on of the· Penn Central • 
	• ::nortl{i~e''(f.rmer1y the New York:Central main Hoe) betwen 'tndianap,oUs .and St. ··Lou.is; ·,,'
	-

	• the Penn Central ms.in line,1:>etween Boston an~ttlklrk, 
	• J..;;. , •• 
	r
	• ; . the C~4ian National ·m.,ain·iine,,between Sioux ·Lookout 
	I 

	•and Tt,ai)iscQJia· (RedQitt':Stibdivisidn, ·east ,QfWizm4pjtt),
	. I. 
	Each has distih~'tly different't-!1$.ffic -e:nd tr.aclc charact.e$t:i'os. Simula­tion valfdations for the first two lines wer·e performed e.arly in the proj• refinements we.re :incorporJt.ted), 
	~t,(befo:re··m.~y m9cl~l logic 
	0

	~ ·_. . .· .':.. . ' = ' . ~-, :· ' : '. ; i > ~: '. • . . . . . . . :-~.) \ ' . 
	It was. ?lot possible to re~ii' th'$. va.1!dation~ ,1Li'ter .:the :.p1':ru.netric an­a'lyJ:1is was .completed bec.ause .of Umtte'd funds. In •11.cans, "it w111.s not always "possible to it'ecenstruct precisely'·a)1 ·delays· froi.rvtt!ain .sheets since dispatchers did not .usually .record every minor del~y., p~icularly those due to r.estricting s.ignals. Bu$y -days were -pur.pot~ly chosen in ~':cbserve the Unes,closer to.capacity, T:ransc:dbinl errors when copying from tr.ain Sheets were also a .possibilit)t
	attempt.to 

	, ' • .·.: ,n .: ~~ • ~ ' • ' • t·::\•, •. •. .l. • .··'\.. ,'":: .~;, 
	r . 
	This 110-mile portion of .the·Penn-Central north line: which £a lo".'. cated between Indianapo+is an_d/St. ~puis., is sJngle tt,~c~t;.~t;rc ~ith .pre• dominantly westbound movements. The Chicago arid '!Jajlte~n -1111nois • 
	· Railroad (C&El) bas trackage rights into St.· Louis for t!;e ::7-J <1niles be­tween Pana' ~d Lennox. Tra:ins average· about 33 mph,, :and the slowei:Jt shcrw·little variatioQ, averaging about· 30 mph. The,ch11r@teristics of the line which ·werti deemed to be significantly differ-ent f~m ·the sinile· 
	.. • • ' . j, ; • ' 
	track base case are: • • · · · -. , • · ·_ · . •· • 
	eleven-:niile s1:atiori. spacing;',: : •. ·., · 
	• • •.1, • 
	average block length of'2.4 miles., •• • 
	directional imbalance of 5:1,. and 
	. mostly uniform ·speed~. 
	, .!, , •,,•1 I 
	. Th'e first two' parameters are ·slope•increasing factor& y¼elciin,g a.net . iticrease in d~lay··siope of 1/2'1; the second·'two are slopd,;decreasing 
	•. '-: ',. ··:, • ~.. _; •.. • '·· •. ·._ ' ' • • • • ( r-.~ .· . ' : ;· / •, -~--. . • ' .. 
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	& 
	factors yielding a decrease in delay slope of 0. 515. Thus, the delay 
	slope, K., for this line is: 
	K = O. 623 x K = o. 0283 base· 
	Data collected from dispatchers' sheets for the three-day period of 
	February 7 to February 9., 1974 showed 18 trains the first day., 25 on 
	the second, and 23 on the third., for an:· average of 22 trains per day. 
	Not all of the trains operated the entire length, however, with C&EI 
	trains· operating only on the western end and a daily local turn on: the 
	eastern end. Thus., the average train-mile/track-mile density was 19. 
	Using this value, average delay was calculated as: 
	A = 0. 0283 x 19 x 110 =35. 5 minutes per train 100 
	This compares with simulated and observed dispatching delays of: 
	Observed: 43. 3 minutes per train 
	Simulated: 31. 3 minutes per train 
	Parametric Analysis: 35. 5 minutes per_train 
	Estimating capacity according to the parametric analysis was con.:. siderably more difficult~ At first, it appeared· that the limiting trains would be the through trains (Penn Central' s ·1ndianapolis'."'St. Louis run., 230 miles), which use one crew and., thus., must cover this 110-mile segment in less than 6 hours. When this is used as a constraint., a capacity of nine trains per day is calculated. This would imply a very large number of enroute "recrews" {changing crews enroute for hours­of-service reaso
	through train was actually·recrewed. This. inconsistency was apparently because westbound trains were given priority over eastbound trains. Thus the eastbound trains, primarily C&EI trains., suffered most of the 'delay. 
	If the maximum trip time observed for an eastbound train (5. 6 hours for 71 miles) is used to estimated capacity, a valu_e of 24 trains per day is calculated. •The 5. 6 hours was observed on the second day when 25 trains were dispatched. Other limiting values for eastbound trains could be used --8 hours produces a .capacity of almost 40 trains per day. It was concluded that not only should the slowest trains be 
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	considered when estimating capacity. but also the lowest priority 
	trains should be examined. since they generally incur the most delay. 
	Boston-Selkirk 
	While portions of the primarily double-track Boston and :Albany division are CTC. significant amounts of single direction signalling occur. Except for a few passenger trains. the train speeds were es­sentially uniform (30 mph east of Springfield•.35 mph west). Therefore. it was decided to use the single-running double-track .base case• for com­parison. The two significantly different parameters are: 
	' -, 
	. mostly uniform train speeds., and 
	. incidence of rare events six times the base case. 
	Since the rare events parameter was treated like a discrete parame­ter., it w;:i.s necessary to assume that the discrete function developed could be extrapolated as though it were continuous. Using this pro
	-

	•• cedure., a slope'.""increasing factor of 2. 23 was developed for rare events., and combined with a 0. 6029 factor for uniform speeds-. This calcuiation led to an increase in the delay slope of: 
	K = o. 00643 x 2:23 x o. 6029 = o. 00864 
	The average observed density of trains for the-two-day period analy­. zed (June 11 and June 12., 1974) was 23 train-miles p.er ~rack-mile. Thus th.e average dispatching delays were: 
	Observed: 27. 6 minutes per train 
	Simulated: 40. 7 minutes per train 
	Parametric Analysis: 23. 0 minutes. per train 
	The discrepapcy between the simulated and the observed values is at least partially due to coding errors. that were never corrected because of funding limitations. If some consideration for the partial CTC had 
	•been made. •the delay estimate from the parametric analysis would have been slightly higher. 
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	Estimating ·capacity again produced some useful observations. The first attempt to define capacity by the slowest trains to traverse the en­tire route resulted in an estimate of zero capacity (i. e.. it couldn't be done). The slowest trains averaged: 
	30 mph for 193 miles = 6. 4 hours 
	Enroute work time = 2.0 
	Average dispatching delay = 1.9 10. 3 hours 
	This average was within the 12-hour limitation. even if an hour is allowed for originating and terminating the train. However. since capacity is defined for the average delay at which no train is likely to outlaw (i.e... its crew exceeds the 12 hr. limit of the Hours of Serv­ice Law). the implication is that some of the slow trains would need new crews. In fact. several recrews were observed during the five days for which data were collected. With the high incidence of rare events and the normal randomness 
	Sioux Lookout-Transcona • 
	The Canadian National Railroad (CN) independently validated the simulation model to determine its ability to· replicate operations on its main line. The subdivision used was substantially different from the single-track base. case: 
	. higher average speed (37 mph)., 
	. moderately uniform ·speeds., 
	. 8-mile station spacing. 
	. moderately uniform stations.. _ 
	. very low incidence of rare events., 
	. one signal block between stations. and 
	• a-few shorter sidings. 
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	Since uniform statiol'J spacing and uniform. speeds were treated as dis­crete parametef,'s in the paranietric analysis, the values for V, for this line were estimated as. halfway.between those for the ba,se c.i.e and those for the simple modific-$.tion case. Since sidings were closer and more uniform than in the base, an 8-.niile blQck length father than sin-.· gle...block--p~r..segment value was used. Delay slope Jia111 calcu~ated as: 
	. K = K X L 16,4 X· l. 932 =. 0. 0274 base •• 
	At 25 trains per day. av~rage delay is: 
	. Observed (manua1·analysis): 1. 70 
	Simulated: 1.77 
	Parametric Analysis: 1. 86 
	Capacity is calculated as 23. 5 trains per day although no outlawed trains were either observed or generated in the simulation. The actual line. however. considered to be very clos.e to capacity by the CN. is of some.what lower quality than that modeled since it has modified CTC. in which most sidings have power switches on only one end.(the other end is a spring switch). This may work to a capacity advantage. since spring switches primarily limit.opportunities for overtakes. thus speed
	-

	• ing lower priority train.s alon,g. • 
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	V. CONCLUSIONS AND RECOMMENDATIONS 
	This section summarizes some of the characteristics of rail line capacity and discusses the potential usefulness of parametric analysis.· Recommendations are presented on both verifying the more tentative conclusions and extrapolating the analysis into other potentially fruitful areas of investigation. • 
	CONCLUSIONS 
	Previous sections have pres.ented the numerical results of the simu­lation and a parametric method for applying the results to estimate ca­pacity for a wide variety of rail lines. Some concluding observations should be made on the implications of the results. 
	The f . values in Table 5 can be used to indicate the relative sensi
	-

	01 
	tivity of average delay per train., and hence capacity., to the various parameters. Care should be used in interpreting these., however., since the relative. magnitudes in some cases depend upon the rather arbitrary meas~res of change in some of the discrete or less quantifiable param­i values. When values of fi are less than 1. o. they repr~sent average delay decreases with increasing-parameter values., and when greater.· than 1. 0., average delay increases with increasing parameter values. Thus., if an fo
	eters; other measures of change could affect the magnitude of the f
	0 
	0 

	Train Speed 
	The most important single parameter over the entire range of values i of train speed ranges from 2. 41 (in­verted) for a 33 percent decrease in all train speeds to 8. 90 for increas­ing uniform train speed from 8 to 25 mph. These values represent an elasticity of almost -2 '(i. e . ., a 1 percent decrease in speed results in a 2 percent increase in average delay). This relationship holds for both single and double track and for uniform and-non-uniform train speeds. Uniformity of speed for some given average
	examined is train speed. The f
	0 

	-61
	-

	important in t~e d~ermination of capacity. For a change from the dis­
	tribution of sp.eeds ,assumed in the base case to a uniform. speed of the 
	sanie ove.rall average, an fi ot 1. 42 was calculated. Arbitrary values. 
	0 

	of l / 2 and 3/2 -we;r.-e assumed for V and Vi respectively, because of
	0 
	the dlff'iculty in developing a representative measure of uniformity of • 
	speeds. lf it were argued that this case actually .:represents arelatively 
	small change -in unifortnity of ·speed. a substantially hiigher effective foi • 
	would :result. For example. if Vo we~e asswned to be 1.0 and Y. were 
	l-ti. then the ef:£ective foi would be 5. 6,9. This has the sam.e degree of 
	significance as changes in t:t~ain spe.ed. 
	Siding Spacillg 
	l..ine capacity iei generally less •ensitiV'e to siding spacing than it is to speed. Values for f01 range from 1. 78 to 2. 86. repr·esenting anaver­age elasticity of about 0. 5 (i.e..• a 1 percent increase in siding spacing results in about a 1/2 percent increase in delay). It is interesting to note that the greater the average siding spacing. the mor,e sensitive ca­pacity is to sid-ing spacing. Con,rersely. for short spacing. other factors tend to dominate~ Uniformity of siding spacing is not nearly as imp
	0 

	SidingCapacity:and Length . 
	Line capacity in terms of number of trains per day is :r-elatively in­
	sensitive to the d~ubling of siding capacity. if the capacity is supplied 
	as parallel tracks (sJde-by-side). Even if the V values are changed sub­
	stantially. this result is not affected. Doubling Siding length. however,, 
	would effectively double the length of train which could be easily ac­
	CQmmodated and. in theory,, double the capacity in terms of cars per 
	day. Other considerations,, however. such as grade~,. yard length$. and 
	the significantly higher failure rates of longer trains must be considered. 
	These alternatives :;i.re discussed under the heading Sidings and Train •Lengths later in this section. • 
	.•• Siszial . l,\lpck L~ngth 
	;Signal block length does not appear to be a strong determinant of cap-•• city; however_ in the case of segments with no intermediate blocks, con
	-
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	siderably higher sensitivity can be seen. This is a result not only of the greater average block length but also of the variability of block i for the single block case is calculated only on the change in block length and would be lower if a factor for variability were included. 
	lengths. The f
	0 

	Proportion of Single Track 
	The greatest sensitivity of capacitY, to any·parameter tested can be seen in the introduction of small proportions of single track into a double track line, but the sensitivity diminishes rapidly as the proportion of line that is single track increases. This high sensitivity is in part due to the way the line was defined for the analysis. Trains in one direction were assumed to reduce speed at the end of double track to change to the single track. and vice versa. If high speed switches had been .assumed at 
	Crossover Spacing 
	Although not as significant as siding spacing on single track lines, crossover spacing on double track lines was next in importance after speed _and block length in determining capacity. Some of the results· are conflicting and tend to indicate that this parameter was underesti­mated in the basic variation tests. The most extreme underestimations of joint impacts of parameier·s occurred in tests involving cross-:-· over spacing and configurations. This is probably because only one or two points were develop
	-

	.expense of such runs and the general familiarity at that ~ime in the an­alysis with the shape of the delay curve. Further, the base case design tended to mitigate the need for effective crossover location, since tracks· were removed from service for maintenance only during slack periods of traffic, as should be done for planned maintenance. Cros$.OV~rs, however, are most important when failures occur during critical peri­ods. With these factors in mind. it should be noted that the sensitivity to crossover 
	-
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	Sidings and Traiµ Lengths 
	The impact o:i trains too long for sidings was very difficult to ana­lyze because of the necessity to develop a single measure of the various proportions of trains which would fit in various proportions of sidings. • Three specific test cases were examined in whi.ch the proportions of trains which would fit in sidings were varied. That is., for the double train length relationship., all the train~ would•fit in 41 percent of the . sittings., 47 percent of the trains would fit in· 70 percent of the sidings, a
	-long trains. • 
	Train Power and Weight 
	It was concluded that train power and weight could best be incorpor­ated in the capacity analysis through their relationship to train speed over a segment. The power-to-weight ratio may be a strong determi­nant of train speed on lines with speed Umits in excess of train capabil­ity on grades. Speed,. as noted previously,. is the strongest determinant of capacity. No specific direct relationships among power. weight, grades., speed limits, and capacity .were developed., however, because of the multi"dimensio
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	Train Priorities 
	Removal of all considerations of priority when dispatching trains on the base case line had a considerable effect on delay, reducing it by a third, thus increasing capacity by 50 percent. Again, no easily quan­tifiable measure for the use of priority considerations in dispatching trains could be identified because of the mix of priorities am<?ng trains and the priority rules which could be observed. Thus, the P and f are arbitrary and applicable only for situations similar to those v.sed in this study. It s
	Traffic Patterns· 
	Two aspects of traffic .patterns were examined--peaking and move­ment directional imbalances. Interestingly, both peaked traffic patterns and directional imbalances reduced average delay per train. The ·pres­ence of coincident peaks (traffic peaks simultaneously in both directions) only marginally reduced delay, but separate peaks (first one direction, then the other) significantly reduced delay. It must be emphasized t~at, particularly in the case of coincident peaks, the reduced delay does not translate i
	necessity to operate all trains within the Hours of Service
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	Incidence of Serv.ice Disruption 
	Removal of all un$cheduled incidents., o:r rare events.,_ reduced delay by about 20 percent., and ipcreased capacity by about 25 percent. Total removal of all disruptions is probably impractical under tod~y's operat­ing conditions., •and thus these values tend somewhat to overstate the im­pact of incident-a. Further., the incident rates used (about one i?f seven trains delayed an average of 40 minut~s during a 150-mile trip) are prob­ably-high for ifl.-any :lines., further overstating their impact. Three so
	. SUMMARY OF CONCLUSIONS 
	The following definite conclusions evolve from the tentative conclusions discussed above. These relate to: 
	-

	. the ability of existing rail lines to absorb traffic inereases; 
	. the impact of operating speed on capacity; 
	. the impact of Centralized Traffic Control (CTC) on capacity for multiple track; and 
	. the estimation of potential reserve capacity of a Urie. 
	;The ability of rail lines to absorb considerable increases in tralfic without major changes in line or operating charaGteristics must be ques• 
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	tioned. Line capacity was found to be considerably less than widely be­lieved. Capacity is not so much.a function of the capability to move trains over a line at all, as it is of the ability to move trains over a _line without undue delay. Delays generally exceed acceptable limits before a line will lock up. 
	The most important parameter in determining capacity, pther than the number of tracks, is operating speed. Theoretical capacities for single and double track can only be approached as trains are run at moderately high uniform speeds. The, greater the distribution of train speeds. the more the interaction among trains and the greater the de
	-

	lay. • • • . 
	It is interesting to note that CTC on· double track is essentially un­necessary to reach theoretical capacity since overtakes would be un­necessary if all·trains operated at the same average speed. In fact. CTC may actually increase average delay under normal operations. Its primary usefulness. other than to provide flexibility in, the event of track blockage. is to increase the level of service to high priority trains. This improvement in service comes at the cost of increased de­lay to lower priority trai
	This work can be used as a guide for investigation of alternatives for improving capacity of a line. It can also be used to estimate the potential reserve capacity of a line. Because of its approximate nature, any marginal capacity results should be investigated in d~pth using de­tail procedures _such as the train• dispatching simulation. • 
	RESEARCH RECOMMENDATIONS 
	Two areas of further research are suggested by the results of this project. First, more detailed analyses should be conducted on those parameters for which results obtained were not conclust'tre~ Second. several additional areas of research should be considered. 
	More detailed analysis should be conducted to: 
	. expand the level of detail for the continuous variables, especially those for which anomalies were detected; 
	. develop continuously variable representations for those parameters treated as discrete in this analysis; and 
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	,. :da~1qp,~rO.e:F,Q:Qdu1,,.u for performing multiple 'modification analys:ea. includ.irfg expanding the under-_ ,of.factors affecting the values if the fractional method is used. 
	standi.Qg

	New areas o:f research which should be considered include: 
	. extending the analysis to three -or more main ~acks.; 
	• detf!rmining the impact of increa~ed on;.,track maintenance : with higher traffic volu:rn.-s.;_ 
	. examining-the impact of'major disruptions on long"."'term II including·the nature of recovery from sue!h disruptioJl§; 8;Ild 
	capacity

	. investigating train order operation parametrically to .provide a reference. paint for comparison. 
	• 
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	APPENDIX 
	BASE CASE TIME-DISTANCE DIAGRAMS 
	TIME-DISTANCE DIAGRAMS Single-Track Base Case Single-Running Double-Track Base Case
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