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EXECHTIVE SUMMARY

This report describes a parametric analysis of railway line ca—paé-
ity. The purpose of the project was to perform an analytical examina-
tion of key fa__ctor's a-f-feét‘i'ng-: railway It‘_ine capacity in orer to: .

determine the relative magnitude of the 1mpact of varying
key parameters such as track and-signal system configura-
tion and trgin operating pohey in terms of their effect on
-capac1ty, and

. ‘develop a parametric model for general appllcatlon to 11ne
- caepaclty analyS1s.

~ The basic tool for the parametric analysis was a computer train
dispatehing 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 requirements of the parameters to be analyzed.

"The train dispatching simulation model was used to: simulate several

hundred different combinations of track s1gna1 and train conﬁgura-
tions and operating policies. :

Va;rlous_ mathe-mat-.lcal- 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 significant results of the project:

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

. . estimation of sen,s-iti—vity'of average delay per train to vari-
ous parameters; '

~iv-
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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 spacing, 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:



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

. the impact of Centralized Traffic Control (CTC) on capacity
for multiple track; and

. the estimation of potential pés_erir:e' capacity of a line,

The ability of rail lines to absorb considerable increases in traffic
without major changes in line or eperating characteristiés must be ques-
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 determmmg capacity, other 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 delay. '

It is 1nterest1ng to niote that CTC on double track is essentially un-
necessary to reach theoretical capacity since overtakes weould be un-
necessary if all trairis 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 pr1or1ty 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
potential 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 fesearch 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 problem: 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 rail 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 reducged 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 capacity 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, propasals to divert traffie, increase in the frequenc;

- of freight services, add1t1ons to passenger serv1ce -- must be carefull;

assessged.

PURPOSE OF STUDY

This study attempts to bring into focus the key factors affecting rail
way line capacity and to examine their relative impacts on capacity. TI
impacts of various track, signal, and train configurations and operating
policies on the"capacity of specific types of rail line have been examine

.usmg a computerlzed dispatching simulation model developed by Peat,

tchell & Co. (PMM&Co.). The results of numerous simu
_e,}nalyzed 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 analysis 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 contlnuous 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-
“ veloped 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);

5

. 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-



Selection of Key Parameters

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

., speed 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 track,
. crossover spacing (multiple track),
. train power,
. train weight,
« train priorities,
". traffic imbalance,
. traffic peaking patterns, and
» incidence of disruption.

Determination of Procedures for Ana]ysi_s

Several approaches to desighing 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,

Fvaluation of Parameters

As evaluation of the parameters proceeded, preliminary analyses
of results were made. These preliminary analyses guided further 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
and manual redispatches. The results.in all cases were generally ’
satisfactory.

TERMINOIOGY

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 rallroad
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 conflguratlon
changes.

yard - several sidings at one station.

REPORT ORGANIZATION

"Section II of this report describes the Train Dispatching Simulation
model used in developing the parametric analysis. Section III describes

-5-



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. '

B




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 simﬁlation:
. 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 prograrn‘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-reséurce
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 ¢
minimum of two'sidings ahead of its current position in an effort to re
solve potential conflicts: To rephcate redl-life operation, however, -
operations are not generally projected beyond this point, and actual
train operation is not necessarily optimized overall. Within the con-
fines of its fores1ght and the physical contraints of the track, a non- -
priority dispatching procedure reledses 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 operating and priority rules
could be used. '

“In an effort to increase train flow, the macro-resourceée 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 downstream sidings. Depending upon the nature of the
dispatching schedule, the necessity 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
operation 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 thq
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 are 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

A ~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 1nter10ck1ng
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 Configuration -- 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 on 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-
seribed by class of train, number 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
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.

" Report Information -- Additional information can be pro-

5 - vided to make the reports generated by the program more
r : readable. Such information includes station names, acti-
vity 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.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 problerﬁ ‘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, different tracks are represented by different .
~line characteristics. o :

-11-



I, THE PARAMETRIC ANALYSIS

S'TRUCTURE OF THE ANALYSIS

The parametrlc analysis was struetured in three- stages. First,
the,;p_ararne’_cers avere defined and the ranges of practlcal variation we:
determined. Next, a structured approach to analyzing the possible
variations and combinations of parameters was developed. Finally,
a means of consolidating results and extending thelr 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 alternati?e
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 choosing 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 existing

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 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 identi-
fied:

. 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 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-



TABLE 1

LINE DESCRIPTION

Siding
Station ‘ Length Number o
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 70 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 - 7,500 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 thre 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:

. a track segment out of service for a specified time (e. g.,

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

-15-
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. a train failure of a specified duration at a specified time; -
and

. atrain, 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 mintites 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 sirgle-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 main lines, 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 double~track base cases were equally as conservative on traii

. speeds-and failure rates but were generally higher capacity facilities
- with double crossovers. at every station. The double-track double-
- running base ease included: many. of the same basic assumptions as the
~ the single-track base cage. Bidirectional signaling was used on both

tracks. The sidings at stations 1,. 3, 4, 8, 9, 12, 13, 16, 17, and 18
were removed ag.unnecessary-on. a deuble-track line. Begause yards
at the ends of the line were agsymed to be on opposite sides: of the line
trains had to: switeh tracks. to go-from one ya,rd to the other.

The smgle-runmng double~track case is the same as the double-
running version, except-that all trajns are generally confined to the
track s;gnaled er the direction: in which they are running.

- Each simulation fell into one of four categeries:
. Base case.

. Variation from a base case for a continuously variable
parameter. Such variations involved parameters or policy .
‘variables that could be easily and meaningfully varied along
a numerical secale (e.g., changing the speed of trains, ‘
above and below the base values). :

. Variation from a base case for a discrete parameter.
Such deviations generally involved parameters that could
not be easily or frultfully varied along a continuous numeri-
cal scale (e.g., train class priorities).. -

Joint or multiple var1at10ns 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 1m,pacts)

-20-




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 .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), 50.0, 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:

-21-



. a l-mile average block length with a 4 md1catmn signal
system, and

. a 3-mile average block length.

Train Lengths

In the base ease, all trains cauld fit into all sidings. Other- ‘cases
were tested in whlch tram 1engths wer'e altered in two ways:

. increased by a factor of 1.5 for each class: of train (which
- produced some trains which could not fit in the shorter
sidings); and

. doubled.

Double Length Trains in Oqe, ']Z)irectibn '

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

Directional Imbalance 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 imba-lé;ne: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:

-22-




. 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., 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 giveh 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 makmg the indi-
vidual station spacings more uniform.

Train Dispatch Peaking .

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: =

. 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.

-23-



No Interrhediate_. Block Signals Between Stations

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

Alternate Direction Crossovers

A double track double-running modification was tested with cross-
overs in only ene direction (instead of two directions) at a station; the
crossover direction alternated from one station to the next. '

Additional Considerations

'_ 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 mod1flcatxon of the single track base

"~ case was conducted.

Some changes require secondary alterations 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 "id'e,a‘l 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 »5\0- mph spéed far all trains,
. no rare events, |

. no pribritieé,

. short segments,'

uniform segments, and

. one-mile blocks with a four-aspect ‘signal system.
-24-



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 uséd 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 satlsfactonly 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
provide a more conservative (higher) estimate of delay for higher traf-
fic volumes. Where the availability of a dispatcher's time is a critical
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 trains. Figure 1 shows curves which combine both the

linear and sguare 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 part1cu1ar1y misleading. The other lines all rep-.
resent situations where high priority trains receive relatively less
delay 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 aad high priority trains receive ex-
cessive delays. While high priority trains can be expedited on double-
runining tracks, low priority trains incur even greater time loss than
high priority trains save. Time lost 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 desirable. -

, 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 relating 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;

Dispatching delay per train (hours)

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 a 100-mile line and a 24-hour period of
operation. 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 cormputer runs) were tested at only one
volume level. The linear approximation was, therefere, the lme 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 meamngfully represented along a
numemcal scale.

Figure 2 shows an inverse relationship between 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 significant 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 characterize the general speed level of the case. Data from
. bath 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 smgle track runs. As with the uniform speed cases, slope
decreases with increasing speed. Unlike the previous graph, a curved
shape 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 algo that the vertical scales of
the two graphs differ) 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

..28..
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conclusive. However, both the single-track and double-tirack 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 aroungd 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 81gmf1cant
1mprovements (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-

- 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 analyzed.

. 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.

. All grades which would allow a train of a i)articular 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:

60
T = 2Y

3 X Lg
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.

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

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 relatlonshlp
could, therefore, be reduced to a single coefficient for a g1ven 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 cage has been established, it can be used to estimate average
'd’eIay_er a given volume.lever or vice versa. :

The basic relationship between average delay per train and the num-

~ ber of trains per day is:

: Kn | « L ‘1_)
where A
" A = average delay per train,
K = delay éiope, and
n = number of trains per day.

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

‘slope modification coefficients and related values (to be ch_s.cu_ssed 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 cases ‘tested, adjusted for a 100-mile line.
Where * appears in the K, column, the number of runs made was in~
gufficient for that case to Justify the estimation of a least squares fit
for a square coefficient, If the user wishes, he may approximate the

valiue of K, as 0.05 K, which has been demonstrated to be emp1r1ca11y
vahd for the values of K below 0. 09. A
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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” case).

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 modification 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 Slbpcs

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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actuall ' bbyerved ity thie mﬂﬁiple fivdification simulation runs. The
ratio of thégeé values for each case was denoted by 7, for the first meth~
od ind 7, for tﬁe gétond method. A ¢ value of 1.0 indicated that the
méthod exactly estimated e change ifi delay slope for a multiple modi-
f1ca on, baged on individial hediffedtion results. The second method,

' rabtxonal facfors, was choseén over the elast1cifyr method as gen-
erally prodifeitig 7 v’alues closér to umity. ,

X The frachonal ap proach defines the basic relationship between de-
la‘y slopes for t% cﬁfferent values of ‘a parameter as:

LRI o

f _Ki) A—?i o E 2 |
-31';_( K, o | .
\ir}‘fe're-_ | ._ - - :

fo i = - the delay slope adjustment factor,

R tl’::\e"delay"sl&p‘e i'forff'%he-c_liange’in.: parameter i,

o Ko= .the’%éléy slope for-the base ‘case, and

o Pi —V the percent change in parameter i.

P 1s calculated as?

1/2(v +v )

(3)

where;

‘Vo =  the value of the parameter in'the base case, and

v, = the chénged values ‘of the parameter.

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

P, :
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

POLICY VARIABLES UNITS

Type| Modification Policy Variable Unit (V,) | Base Valum(V,)
A |Change block size ' Averqchmk size [Mites " 1,8 miles
B |Change.train priority = | Train priority No priority: 3/2 12

. i Base priorities: 1/2.
C |Change station apacing. . Average segment size Miles 8. 82 miles
D _Select uniform or. Train spe‘éd uniformity . | Base speeds by él'us: 1/ 2F 1/2 "
hon=-uniform: speed + | Unifornr apeeds: 3/2 .
E Change unfform spsed | Uniform train speed mpn . 32,8 mph
F [Change proportional gpéed | Average train speed mph 32,8 mph
G [Change siding capactty |  Siding capacity. Base capacity: 1/2 /2
. . Double capacity: 3/2
H [Seléct uniform or Segment uniformity Non-uniform: 1/2 1/2
lnon-uniform segments - | Uniform: 8/2
i1 |Select digpatch peaking Fraction daily voliime in  peak | Peaking fraction ‘1
|or non-peaking o Fraction of day in peak : o
J |Belect rave events Prasence of rare-events ‘[ Rare events: 1/2 1/2
lor no rars events o No rare svents: 3/2
K (;lﬁnge train length Train length as-fraction Teain length as fraction 1
- of base length of base length
L |Change directional No., of -triin,n_ih %eavy direction| Directional imbalance 1
imbalance No. of trains in light direction |fraction )
M Sel;zct base blocks or 1 Same as Modification Base block configuration: 1/2 1/2
block between stations 1 block between stations: 372 |-
N |Select full crossovera or | General double track (Fun: 172 - . 1/2
alternate directional crossover flexibility Alternate: 3/2
lerossovers : _
P |Change fraction Fxfaciioﬂ of line mileage ‘| Double: 1 Oorl
double track with double track 1-in-3 single: .7
1-in-2 pingle: , 833
2-in~3. single: , 3467
single: 0
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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: . :

K , o
f = — - ' . (5)
om Kg _ R

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

£ =c.cC (6)

where C_ is the componentl for factors which increase the slope and‘CD

is for the factors which decrease the slope. CIcan be defined as:

P, .- |
o, =2 ¢ 1 -(Np-1) o ‘ (7)

where NI is the number of slope-increasing mod_ifications.' Thus

-CI equals one if NI is zero.

Conversely, CDis defined as:

foi <1 oi - -(ND-l) (8)
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where NDis the number of slop-e-deéreas-ing modifications, and
C, equals one if 'Nb- is zero.

By calculating the ratio of the actual to the synthesized mu1t1p1e modi-’
fication factor: :

om

.it is pogsible to determine the degree to which the syh.’ghesized factor

can be used to estimate the actual factor.

When a multlple modification is considered for which £__is not avail-
able, T, om¢can be used, by assuming that Tris 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 salving for Ky, .

SRS BCAEE 0>l B

(
m ‘
f.Zrl L i o] <1

“ief ) . ‘ jef

(9)

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. ATplarger 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 ‘roa_lues smaller than 1. The
foi» fp2nd T values in Tables 5 and 6 were calculated for the linear
slope coefficients only. However, the same procedure can be applied

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

. Examination of the column headed 7., 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 7, 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 ch01ce of the
fractional over the elastlclty 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 glso 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 Law. 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 incorporate 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 far a normal freight train (Clags 3) in 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 traing. - 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 relatmnshlp

After'experimentation with g everal 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

C-=fs_(}_§9‘ |

‘where;

_ 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 ¢apacity is:

 Linear Delay Relationship

(10)

capacity of the line in trains per day,

L]

0
"

= average delay per train (in hours, exclusive of sched-
uled delays), '

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

=
e

= 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 - (11a)

_b +Vb2 _-4ac

c : 2a

A

=o.o4325.(s)(1-5]:g)2=913,1255 - | )

L
b (120) (0.44851 P + 1.01139 D) ——-(67 2765 P +151.7085 D){11c)
150\, 150 | - i ~
. 1.41432 - M(-—L-—)+ 2241 (11d)
where:
M. =  the maximum allowable total running time (12 hours less

allowance for terminal time),

S = the speed of slowest class of through freight trains (mph), o

‘/‘=‘

trains i)eak hour during peak -1
trains peak hour off peak

P = the dispatch peaking factor: (

D = the directionality factor: : tra.ms o domm.ant <?1rec’f1on -1, and
‘\trains in opposite direction
I = the amount of irhposed delays on regular freight trains (such

as required stops, including the start and stop lost time).

Double Track

g T AR 150
a, = 0.031274 L‘\fg [M(=2D)- 122 - 1 - 1.84636) (12)
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Once A, .is calculated with the appropriate formula for a given line and
- maximum running time for a freight train, line capacity is estimated

_ using equation (10).

.. A SAMPLE APPLICATION

The following hypothetical case demonstrates the use of the above

- procedures and parametric resulis to ‘'estimate line capacity and aver-
age delay. The case is a multiple modification of the single-track base
case. The modifications are as follows:

1. .uniform speed of 55 mph for all trains,
2. 4:3 directional dispatching imbalance,
3 | _'aver_a,_ge block length of 1.8 miles,
4 _-'evera'._gé siding spacing of 11 miles, and
"5, line length of 200 miles.

) | Modification 1 is actually two separate modifications: (a) the base
-gpeeds 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

. treated separately for a more accurate estimate. _

.~ The resulting six 1nd1vidua1 modifications will be referred to as 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~

: tiens
B Referring to Table 7 for the correct units:

‘Modification Modification Modification Modification Modification

la_ __1b 2 3 4
Type D Type E Type L Type A - Type C
v, 1/2 32.8 | 1 . 1,8 8.82
Vo, 32 55 133 oL -
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Applying formula (3), we obtain the fraction changes in the parameters:
3/2 -1/2

PiF {2 ]2+372) =1
P, 55 - 32.8 = 0.508
172(32. 8455)
1.33 - 1 _ &
. 1.33-1 = 0.283
2" 1/2(1+1.33)
p, = 1:9-1.6 = 0.171
3 1/2(1.6+1.9)
b . 11-8.82 _

= 0.220
4 1/2(8.82+11) _

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 foi values in the table corresponds to the modification
desired, the fyj 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:

fo1a = 0-7062
fip = 0.1221
fo = 0.7834
fa = 1.1475
f,a = 1.9486

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

G = L1475 £ 19486  -(2-1)
= 1.1818
-1 -0.508  -0.283
Cp= 0.7062 +0.1221 +0.7834 -(3-1)

N ]

3. 3856
Then, £r6m’ formula (6):.

=1
(1. 1819)(3. 3855)

£
o

0. 34911

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

K, (0. 34911)(0.04538)

K = 0.015843 hours of delay per train per 100 miles of line

This delay slope makes it possible to estimate average delay at a
glven daily volume for the line (after making the adjustmert for the
200-mile line length) However, in order to estimate the line's capac-

- ity, specification of the relationship between average delay and maxi-

mum running t1me is needed.

Because this is 4 single track line, formula (11) is uséd. For this
line:

S = 55 mph

P= 0

D= 3/2-1=0.5

L = 200 miles

1 = 1.233 hours (delays imposad in the simulation cases, as-

sumed 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 (11a)
through (11d),we get:

973.125(55)

. 213.12509) - 4, 338047
- (200)
b = 1/200 [67.2765(0) + 151. 7085(0 ) - - 0.379371
_ 150\ , 150 _
¢ = 1.41432 - (10(200) 1 4 1.233= -2, 125407

-0379371 +-\/(0 379371 - 4(1.338047)(-2.125407)

c 2(1.338047)
A = -0.379371 + 3. 394028

c 2(1.338047)
Ac = 1.127

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:

C

= 1.127 (100 ) = 36.trains per day

~ '0.015843 {200

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 chal;actensucs
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 Lennox, m, ‘portion of the Penn Central’
“notth’ 1rgne (formerly the New York Central main lme)
betwen Indianapolis and St. ‘Louis; Y

. ‘the Penn Central main line: ‘between Boston and.ﬁelkirk.
N.¥X.; and e :

. the Canadian National main line-between Sioux Lockout
‘and Transcorna (Redditt subdivision, east of Winnipsg‘).

Each has d-ist‘in'ctry different -@ra.fﬁc -a.nd—- t»ra_-ck -charaet,erl#tics. Simula-
tion validations for the first two lines were performed early in the proj-
ect. (before many model logie reﬁnements were incorporated).

- It was not pcssible to reruft the validations after the parametrie an-
alysis was completed because of limited funds. In &1l cases, -it was not
always possible to reconstruct precisely all delays from-irain sheets
since dispatchers did not usually record every minor delay, particularly
those due to restricting signals. Busy days were purposely chosen in
an ‘attempt to observe the lines.closer to.capacity. Trsnscribing errors
when copymg from tram sheets were also a possibility. :

MittooniLennox - v e

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’ Fasgtern Illinois:

- Railroad (C&EI) has trackage rights into St. Louis for the 71:miles be-
tween Pana and Lennox. Trains average about 33 mph, and the slowest
show little var1at1on, -averaging about 30 mph. The charscteristics of
the line which ‘were deemed to be slgmﬁcantly d1fferen‘t from the single-
track base case are: . '
. elevén-gmile 'stationisp'_aicing,”"’ Lo
. average block length 6f 2.4 miles, " :
R directional imbalance of 5:1,. and
L mostly un1form speeds. _

The first two' parameters are slope-increasing factors yteldmg a net .
increase in delay slope of 1; 21 the second two are slope»decreasing

IRl
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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 density was 19. -
Using this value, average delay was calculated as:

A= 0.0283 x 19 x 110 = 35,5 minutes per train

e

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 _{rain

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 Indianapolis-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 imiply 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, ¢
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
traing 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 amounis of single direction signalling
occur. Except for a few passenger trains, the train speeds were es-
sentially uniform (30 mph east of Springfield, 35 mph west). Therefore,
it was decided to use the single-running double-track base case for com-
- parison. 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 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:

K= 0.00643 x 2-23 x 0. 6029 = 0,.00864

The avérage observed density of trains for the-two—day 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.

-58-



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
= 1 L] 9

Average dispatching delay
B ' 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 st.ations, ‘

. very low incidenee 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 parameters 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 ih the base, an 8-mile block length rather than sin-.
gle block-per-segment value was used. Delay slope was calculated as:

K= K x1164x1.932 = 00274
' base T :

At 25 trains per day, average delay is:

- Observed (manué.l”_'analysié): » 1, 70 -
Simulated: o am
Par'a.metri-c.Anal'ysis; 1. 66 .

Capamty 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 limit. opportunit1es for overtakes, thus speed-
- ing lower pr1or1ty 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 analy81s mto other potent1a.11y 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 f . 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 £,
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 {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.

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 assumed for V, and V, respectively, because of
the difficulty in developing a representatwe measure of uniformity of
speeds, If it were argued that this case actually represents a relatively
small change in uniformity of speed, a substantially higher effective f,;-
would result. For example, if V, were assumed to be 1.0 and V; were
1.5, then the effective f,; would be 5. 69. This has the same degree of
s1gmf1cance as changes in train speed ' : - -

: __Sid‘ing _Spacinjg

_ Line capacity is generally less #ensitive to siding spacing than it is
to speed. Values for f,; range from 1. 78 to 2.86, repreésenting anaver-
age 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 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, again, it is argued that the arb1trary A\
values used are inappropriate. If V, is 1.0 and V; is 1.5, 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 oo :

;S_idmg_-_ Cgpaclty»a_nd _Leng ‘

.. Line capacity in terms of number of trains per day is relatively in-
sensitive to the deubling 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 i8 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 lengthg, and
‘the significantly higher failure rates of longer trains must be considered.
_ These alternatives are discussed under the heading S1dings and Tram
- Lengths later in this section.

© Signel Block Length

;Signal block length does not appear to be a strong determinarit 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
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 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 Lengths

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 accommeo-
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 sidings are better than a few much-too-
long trains. '

Train 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- '
ity on grades. Speed, as noted previously, is the strongest determinant
of capacity. No specific direct relationships amnong 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 1o 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 within
the maximum time constraint. - -
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Incidence of Se__rvice 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 be noted, however. First, the delay

" due to the incidents themselves is not included in these deélay 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 volume of traffic, and thus was
subtracted from the total. Second, only minor incidents were represen-
ted, with a maximum duration of 80 mninutes. Catastrophic disruptions
were not analyzed, since these should not be used to determine average
délay 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-
essary to decrease incidents or to accommodate a higlier 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 Centralized Traffic Control (CTC) on capacity
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.

A The most important parameter in determining capacity, other 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 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 us-ed 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 tra1n 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 Buvther fhe procedures for performing multiple
modification analyses, including expanding the under-
standing.of factors affecting the values if the fractional
method is used.

New areas of research which should be considered include:
. extending the analysis to three or more main ﬁzacks.;

. determining the impact of increased onatrack mamtenance‘,
- with higher traffic volumes;

. examining the impact of ‘major disruptions on long-term
capacity, including the nature of recovery from such
dlsruptions, and

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

BASE CASE TIME-DISTANCE DIAGRAMS
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