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ABSTRACT

Outside the railroad industry, tremendous temptatiexist to treat passenger trip times as perfocaman
measures or the industry’s health yardstick. Hawewmany factors not known or well-understood by
casual observers affect trips times—indeed, someemognized techniques utilized by infrastructure
owners to deliver journey time reductions. Factdggering running time modifications include:dka
design, maintenance, layout, special work; infradtre (structures, signal, power, grade crossjngs)
cant deficiency, tractive effort, braking ratedps) operating practices, ongoing projects; timetab
speeds, and finally schedulers’ decisions on fpanfiormance modelling, en-route adjustments, and
dwell times. Historical operating documents isshgdailroads can be used to reconstruct more peci
understanding of what events are associated witbhathip time changes, but perishable nature oéehe
ephemeral documents make it difficult. Becauseesorormation was never written down, rationale
for certain modifications maybe unknowable. Atthasblic timetables offer a general sense of where
service offerings were trending; from them it igpmssible to know what was really happening. Some
opposing industry trends actually give rise to mschedule impacts, e.g. deferred track mainteman
and track rehabilitation both lead to lengthenadney times. Applying forensic analysis methodglog
to Penn Central’'s Mohawk/Buffalo divisions reveaseine time degradations can be correlated to
specific events associated with downgraded infuatire and vehicle issues, but overall long-term
changes were balanced. Case study of Metro-Ndég Haven Line revealed new stations, necessary
safety modifications, increasing congestion, amapterary construction delays all contributed to rece
timing changes. To maximize system performanceraiprs must balance trip-time, capacity, and
reliability subject to an overarching constrainsafe operations.
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NTRODUCTION

This paper serves three basic purposes:

1. Explains for non-rail-industry audiences many fastoehind determination of published public
timetable trip times between station pairs on cotieeal railroad networks.

2. Show that changes in public timetable running tiese is insufficient evidence or
information to infer or explain happenings in fadlustry investment, maintenance management,
infrastructure stewardship, etc.

3. Provide ideas on how operating documents (wheriéad@) are utilized to reconstruct reasons
for advertised journey time changes and feel tdesiry’s pulse, while also demonstrating that it
might not tell the entire story.

It is divided into four major sections:

1. Technical and operational factors that affect ragriimes
2. Operating documents that describe these factors
3. Methods for constructing a schedule that propertoants for them
4. Case studies in forensic schedule analysis:
(a) Penn Central's Mohawk-Buffalo Divisions (1956~201@jlizing only operating
documents and modelling methodologies
(b) Metro-North’s New Haven Line (2009~2016): utilizinggstitutional knowledge of
section schedulers and published sources

MOTIVATION

Standard methodologies for rail transit planneid sshedulers to create service specificationsbisita
public timetables, create vehicle assignmentsydraiv diagrams (pairings), routing plans, and teahi
docking plans are well-understood and documented (&3)). However, running times between
stations are sometimes seen as empirical obsemgatiatained from operational experience, running
time checks, or track occupancy records. Althosygrcialized software is available (e 45f) to
estimate impacts of numerous factors on runtimelsyyd, and network congestion (e @)
considerations affecting published runtimes are familiar to outsider stakeholders. Indeed, recen
work (7) attempted to infer what was generally happenmité rail industry through retrospective
inspection of public timetables. Some outside sues groups8), trade press article9)( and even
industry strategy documentQj cite trip times as a performance measure or goal.

Advertised times, even in aggregate, should natdes as performance yardsticks to measure general
state of passenger rail. Relationship betweersygerformance capability and published journey
times is many-to-one where different confluencesatftiple events (some good, some bad) could all
result in similar runtime improvements or degraolagi Just as it is widely acknowledged that many
factors independently cause reduction in on-tintéop@ance or line capacity (trains per hour, tph),
multiple reasons cause scheduled time modificatimaged, some factors trade-off with one another.
Maximizing on-time performancé.{,12) or line capacity is not a reasonable long-tematsgy—and
good express train running times is only one oftipla factors indicating healthy and well-managed
railway systems. ThRailway Racesn Anglo-Scottish grouse trains is one early sexdmple 14),

which ultimately ended tragically at Salisbury @06 when London & South Western Railway wrecked
its premier overnight express with relentless emsgghan journey time.
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Planners performing commuter rail feasibility sesl{e.g. 15,16)) are familiar with assumptions and
existing conditions that must be defined prior émerating journey time estimates. Beyond
infrastructure capabilities and specifications, medterm operational considerations like track
maintenance, train stopping patterns, and rosegagpment all impact advertised trip times. Short-
term temporary speed restrictions (TSR), capaeitgted delays, or dispatching considerations also a
extra minutes, communicated to customers via supgial schedules or special timetables.

RAILROAD TRACK FACTORS

Track geometry and technologies are fundamentah$senger train operations, ensuring safety at
speed. Right-of-way curvature constraints andcktdesign and maintenance parameters are translated
to maximum authorized speeds (MAS)—highest spe&chath one given train may operate on the
given track segment at that specific time—whicluim directly affect published journey times.

Track Geometry

Figure 1(a) shows a typical Track Chart & Maintet&RrogramX7) excerpt from a major

Northeastern railroad, showing constraints affegcpassenger train runtimes. Diamonds above the
track are mileposts (MPs). Design track geometishiown at the bottom. Curve at MP 225 is ~0.3
miles long (horizontal scale measurement) and bgse@ of curvature 1°50”. Design superelevation on
Tracks 2&1 is 4”. Assuming track geometry is pndpenaintained within design limits, allowable
speeds are given by formulae in 49 CFR 213.329 €Agix A).

When contemplating new track construction, trackngetry is rarely known before right-of-way design.
However, constraining curve radius can be approtachly inspecting aerial photographs or maps.
Best-case curve could be sketched out (Figure l¢b)ye radius measured, then converted to best-
possible geometry assumption. (curve radigs730 feet degrees.) A common misconception is that
if track geometry is legal at certain speeds, ses/could operate at that speed. Track speed f&sh
step in figuring out MAS; many other factors casulein MAS being revised downwards (rarely,
upwards). Track speeds provide a lower bounduntime.

Track Maintenance

Economic factors like intended traffic, and labaaterial costs drive railroad choices of track
maintenance levels. FRA’s “class of track” destgmadescribes maximum permissible deviation from
design geometry in parameters like gauge, alinenagidt crosslevel. Whenever track inspectors
discover deviations approaching FRA limits, maiatece gangs must be called to restore track profile.

Track class is an additional constraint over-anovaldesign geometry. Although a curve geometry
might be designed for 75 mph, if track is maintdioaly to FRA Class 3 standards, passenger trains
would be limited to 60 mph. Maintaining to Classt8ndards means, amongst other items, track gauge
must be kept between 4’8" and 4'9%28j. To understand if track maintenance constrairgs
contributory to lengthening journey times, we caeak if FRA track class was downgraded. Some
railroads’ track charts report this informationdéie 1(a)).

Special Trackwork

Taking diverging routes through switches and cragsusually requires lower speeds. In North
America this is typically shown as a signal spe€uhce designed, switch sizes are not normally
changed, e.g. No.20 turnouts have a 45 mph MAS.

(TRB_18-1516_TrackSpeed_034.doc) DRAFT—Preliminary Use Only



Lu, Kozlowski, Fahey, and Whitman Page 5

OCoO~NOOUID WNPE

Three situations arise where turnout speeds dogehdh) in track rationalization or normal switch
replacement, if space constraints or parts avdithabictates, turnouts might be replaced with deral
ones, e.g. No.20 replaced with No.15, with MAS @dg to 30 mph; (2) for speed improvements,
straight points may be replaced with curved poiatg, “curved” No.20 are good for 60 mph while
occupying the same footprint; (3) turnouts imprdpadjusted, worn, or having incorrect geometry
results in TSRs. Advertized running times areciffé in each case.

Special trackwork layouts affect timing in less mws ways. Removal of critical switches or wyes
result in trains making reverse moves to accesfopha areas or major terminals, adding several
minutes. Some railroads eliminated maintenanceyhsaitch diamond by replacing standard junctions
with single-leads (Figure 1(c)), preserving maialMAS but requiring diverging moves at lower
speeds. Single-lead junctions effectively intraglghort single-track segments, additional delagsioc
when two opposing branch trains need to accessiéidine simultaneously.

| NFRASTRUCTURE CONSIDERATIONS OTHER THAN TRACK

Non-track infrastructure components impact MAS (&mmtime capabilities.) Normally, designs
maximize latent achievable right-of-way speedsiteohby curvature and terrain). As railroads move
through rebuild cycles, components become MAS caimg$ in some situations.

Structures

Dynamic forces exerted by moving trains on striegiare related to equipment axle weights and train
speeds. When installed, designs generally supmerided maximum load (based on Cooper rating—
representation of two typical locomotives andiigsn) at prevailing line speeds. Situations resglin
structural MAS constraints include: (1) over tidegraded structures are ‘de-rated,” having their
dynamic loads reduced to maintain safety due toptcomised members; (2) vehicle weights may
increase, resulting in higher loads, thus permissipeeds are reduced to compensate; (3) arepdieds
increased due to civil improvements, but a bridgeained qualified only for original speed. Indystr
references1(9,20) on relationships between bridge ratings and spasglavailable.

Signal Braking Distances

Standard signalling textbook81) or railroad documentatior2?) show braking curves for computing
minimum signal spacing from design variables likégspeed, vehicle characteristics, number ofaign
system aspects, and required capacity (minimum igsiiole headway, tph). Lines are initially equigpe
with track circuits and signal blocks at corredtdnces such that all trains (with train-type-sjeci
speed restrictions) can come to a safe stop mientountering STOP signal. The system provides
sufficient sighting distances and appropriate aspec anticipated traffic patterns. For givenedp,

an inverse relationship exists between capacitysaghl design speed. Once installed, track dircui
interlocking, and signal locations are normallyefix Design speeds are normally higher than civil
speeds and therefore do not require restrictions.

Situations where signal systems requires permape®d restrictions (PSR) below civil speeds include
(2) traffic pattern changes after signal instatlatiresulting in inappropriate signal spacing;\&hicle
characteristics assumptions (e.g. braking ratesiitial design rendered obsolete by vehicle change
(e.g. additional weight), resulting in speed resiwns to match new braking curves to existing aign
spacing; (3) track reconfigurations (e.g. sidinteaesion, interlocking expansion) require signal
relocations, but desired locations do not work wath existing blocks (expensive to relocate), tesg

in lower MAS to provide sufficient braking distance
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Signal modifications can also require operatingegipghanges. Removal/addition of automatic
intermediate signals result in block length changass changing distance travelled at lower speeds
when signal indication is not the most favouraldpext possible. Changes in capability to display
aspects results in signals displaying the next mesdtictive aspect, changing the speed at whicheso
could legally be made.

Systems maintained per original design generalxe lmep impact on operating speeds. However, when
signals are modified or simplified to reduce manatece costs or support different traffic pattethey
could reduce capacity or inadvertently lengthegmtirnes. Reference21,23) in signal design’s speed
implications are available.

Cab Signal Systems (CSS)

Cab signals are normally designed as overlaysngeardional multi-aspect signals. CSS may merely
repeat & enforce wayside aspects, provide additiasgects allowing higher speeds, or replace
automatic wayside signals with code change popntssiding cost savings. Suitably equipped trains
can generally access higher MASes through addites@ects or improved safety from aspect
enforcement. CSS does not usually affect trip simece installed, however, where CSS was removed
or had capabilities modified (e.g. aspects remaatkd), changes to operating speeds can occur after
initial introduction.

U.S. passenger railroads once relied on CSS matdits to enforce curve speeds prior to full Pesiti
Train Control (PTC) implementation, at high-risk&ions like Frankford Jct. and Spuyten Duyvil.
CSS aspects are enforced at speeds (e.g. 15/3@MHGtnat may not exactly match civil restriction
(specified to nearest five mph). Signal enginesis next-most-restrictive aspect at nearest-code-
change-point, resulting in e.g. 30mph enforce®f@00 ft for a 40mph restriction requiring 1,400 ft
braking distance. This has measurable impactiptinies compared to locomotive engineers manually
managing deceleration.

Level Crossings

Where roads and railways cross at grade, speeatttiests may be required in high-speed territory
(>79mph in U.S.). FRA issued guidelin@glrecommending different protection levels basedraim
speeds, although it is not clear if this appliesxtisting crossings or generates new PSRs if argssi
protection was not upgraded. In the U.K., enhaneeel-crossing protection are required where gain
operate at >100mph.

Electrical Supply Infrastructure

On electrified railroads, short-term substation povatings can limit locomotive power demand (e.g.
maximum throttle, or ‘dial down’ requirements), t@aye, train length, headway, and acceleration,
although they do not normally generate speed otisins. However, resultant achievable speeds could
affect runtimes.

Catenary system designs can have subtle and conmppexcts on maximum speeds: catenary pole
spacing in central N.J. limits speeds to 140mpmeavieh new constant tension desig88)( Railroads
impose TSRs relating to pantograph-catenary comatability in windy, hot, or cold conditions
(typically in variable-tension territory.) Thirchit systems are normally limited to 200mph maximum
speed; difficulties exist in designing nosepieceadcept shoes at higher speeds.
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VEHICLE FACTORS

Many speed constraints are vehicle-dependent daig ipecifically to vehicle performance.

Cant Deficiency (Underbalance)

Limiting speeds (when derailments occur) on cordusly welded rail (CWR) with modern fasteners
can be much higher than the speed at which passefegt nauseous or unsteady from curving forces
(26). Since passenger comfort constrains MAS, vetbekged tilting systems were developed to
improve comfort, thereby increasing speeds.

Conventional U.S. passenger equipment normallyatpext 3” (76mm) of underbalance; active-tilt
equipment operates at 77 (178mm). Each imbalagwe gives rise to different MASes on the same
physical curve. Higher underbalances resultsstefarail wear. If railroads qualify equipmentat
different underbalance level, MAS is changed ontroosves, and affects advertised trip times. Fegur
2(d) shows differential MASe27) for United Aircraft's TurboTrain on the Shore kin

U.K.’s vehicle size, weight, and suspension desifpws conventional equipment to operate at 150mm
(5.9”) of cant deficiency; at one time Railtracksaexploring operating non-tilt passenger equipnaént
165mm (6.5”) of “exceptional” cant deficiency. flilg equipment in Europe can operate at between
225mm and 300mm of underbalan28)(

Installed Power

On diesel-powered trains, engine horsepower/poasrdight ratio directly impacts acceleration rates,
and maximum achievable speed. Acceleration ratédcading times make tremendous differences to
journey times, particularly on curvaceous routgspeeed with PSRs or local service with many stops.
If railroads improved locomotive horsepower or gssd fewer cars per train, published runtimes are
affected. Indeed, British Rail had timing profifes each consist type down to whether HSTs had
seven, eight, or nine coaches, each class of ielémtomotives, and trailing tons hauled (Figurg)2(
When Britain’s InterCity 125 HST trainsets weraatauced on regional lines with 75~90mph
maximum speeds, 10%~15% triptime reductions weventieeless achieved (compared to previous
coaches and locomotives), due to improved accederahd braking capabilities.

Braking Rates

Vehicle technology advancements gave rise to @iffeal braking rates. Most modern U.S. passenger
coaching stock utilizes two disc and two tread bsger axle; Amtrak’s Acela utilizes three disckesa
per axle to achieve 26% better braking raBs3.

On HSTs, disc-and-tread combinations delivered 9988 m/s?, 2.0 mphps) of service brake, enabling
operations at 125mph on legacy lines equipped sufhal systems designed for 100mBB)( This
allowed for tremendous time reductions, not onbyfrthe 125mph capability but also reduced
deceleration time upon approach to every PSR atiststop. Hydrostatic brakes designed to deliver
12%yg (12% of acceleration due to gravity, 1.17 m/s2.@rmphps) braking rates on British Rail’s
Advanced Passenger Train was not commercially ss@ae but electro-pneumatic brakes (EPBS)
delivered more predictable and responsive brakerppmance in suburban multiple-units and heavy
freight trains.
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OPERATIONAL PRACTICES

Operating practices also impact published jourimags.

Rules or Staffing-based Delays

Changed operating rules or staffing requiring éxgsinfrastructure to be operated differently (tadly
for increased safety margin) can lengthen trip §mExamples: (1) some railroads require trairtsold
outside station if another train is already platfed (especially at low platforms), resulting intiore
degradation for trains in the opposing directid@);reéduction in yard personnel leads to more thinoug
trains stopping to operate hand-throw switchesrg@yction in trainman or station positions lead to
lengthened intermediate station dwell times; (dlution in towerman positions or hours lead to
reduced en-route flexibility, making it difficulbtpass slower trains or require routing via slotracks.

Work Zone Delays

Track conditions affect speeds, but so do trackhteaance activities. As train volumes increasetdue
growth or traffic consolidation from duplicate Isy@anaintenance windows became narrower, making it
difficult to perform work effectively and clear ygwior to each train’s arrival. It is now common fo
express trains to stop on the mainline while trgakgs clear up, and then pass the work site ateedu
speeds. Delays from “slow zones” can be so sdhataailroads issue special construction timetable
(Figure 1(d)) reflecting extended timings.

Single Tracking Delays

On double-track lines, major projects require tsdimbe single-tracked past the work site when one
track is out-of-service. Schedules are writterhsihat opposing trains do not meet near singlee@c
sections, so trains do not have to wait to clédmwever, moves through interlockings (at either)eare
made at reduced speeds; in densely trafficked amasgal minutes’ wait for opposing trains to clisar
inevitable. If track rehabilitation projects afdamned in advance, these delays are written intdighed
schedules.

Approach Control Delays

When remotely-controlled switches are thrown fraghlspeed routes to slower routes, most signal
systems display restrictive aspects to approadinaific, to enforce speeds through junctions, even
though blocks ahead maybe unoccup®h32). In congested locales, this can add minutes
(colloquially, “burn time”) to runtimes. When rong plans are modified, scheduled times can change
substantially.

Train Slot Delays

At junctions or single track territory, trains grlanned to operate within designated timetables slwt
avoid occupying key interlockings simultaneous8jiots do not always line up with unconstrained
running time between them, thus extra time waitorgslots is written into timetables (see “Circle
Time” discussion later.)

MAXIMUM AUTHORIZED SPEEDS

Operationally speaking, railroad MAS is generallyen by Employee Timetable. The Timetable is a
living document issued to operating employeesgaérally updated by proper authority. It is nag th
only document that governs MAS for a given locam given time. It is said that “MAS is a long

(TRB_18-1516_TrackSpeed_034.doc) DRAFT—Preliminary Use Only



Lu, Kozlowski, Fahey, and Whitman Page 9

OCoO~NOO O WNPEF

math problem where the answer is a single numbgitfiough speeds are shown on other sources like
track charts, diagrams, etc., speeds shown thareinecessarily simplified, and not authoritativer
simplicity, typical practice in Northeastern U.S discussed here.

Hierarchy of Documents

Employees in charge of trains (or trackcars) mediamiliar with all operating documents. In
descending order of generality:

Operating Rule Book

Employee Timetable: Schedules & Special Instrustion
General Orders

Bulletin Orders

Train Orders (issued by Dispatchers)

arwnE

Some railroads also utilize General Notices andr&pey Notices, of informational nature.

Operating Rule Book

Rule Books provide instructions governing all asp@d operations and define how other
documentation are interpreted. All rules thergiplg unless superseded explicitly by more specific
instructions. MASes are not discussed here, becspeseds are necessarily specific to one location.
Geographically specific information is given in thienetable.

Employee Timetable—Schedules

Employee Timetable contains the authority for trmiovements under “timetable and train order
operation”. Station pages define station locatioBshedule pages (Figure 2(a)) show authority to
occupy track by each train at each location atifipgnnes, subject to superiority of trains. Adtingh
timetables have more timing points (e.g. interlagki, employee stops) than shown in public schedules
they do not typically provide rationales for timjrtgus it is only a little better than public schis$ for
understanding why running times changed. City#tp+tinning times divided by rail mileage are not
good indicators of MAS, or even average speedsewlitlerway.

Employee Timetable—Special Instructions
Special Instructions are where MASes are defifddSes are defined under three headirityy:(

Maximum Speeds Unless Otherwise Specified (i.enél$peeds”, Figure 2(b)),

Permanent Speed Restrictions—Curves & Bridges (&sol Restrictions”, Figure 2(c)), and
Special Maximum Speeds (more specifically, “EquiptrRestrictions”, relating to train
equipment operated, Figure 2(d)).

To figure MAS for specific locations, first look upne Speed, then check Civil Restrictions and llowe
MAS if necessary, and finally determine Equipmeastctions—including blanket and location-
specific restrictions. MAS thus determined is ltlase under normal operations, to which time-specifi
conditions may be applied.

General Orders

General Orders (GO) are periodically issued docustrat make permanent changes to the Rule Book,
Employee Timetable, or Timetable Special Instruttiander the authority of the Superintendent of
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Operations. GO (Figure 2(e)) may be issued irfkstitorm; employees are expected to moisten and
paste over relevant timetable pages (like stangps)) that new data covers over superseded
information. GOs may also be issued in loose4i@ahat, replacing superseded pages.

When the Engineering Dept. makes permanent chaageBastructure, resulting in MAS changes or
new infrastructure being put “in service”, they described in GOs3@). If TSRs are in effect for
prolonged periods, the Superintendent may elegtitd TSRs in GOs.

GOs could help track general state of railroad teaiance, because it contains a partial historySRS.
When analyzing GOs, each and every single one bausbtained. They are issued with sequence
number and effective date, so completeness ofrdatads are easily determined. Each GO is issued
with a summary page describing changes made; thessanably complete history (and corresponding
journey time impacts) is usually readily reconstaine.

Bulletin Orders

Bulletin Orders (BOs, e.g. Figure 2(f)) are freqiperssued documents making temporary changes to
operating documents. Most railroads have a dalyig&ued under different names, e.g. Daily Train
Operations BO, TSR Bulletin, etc. This documemnlgere most TSR information could be found.

However, a TSR by definition occurs due to temppanditions, and thus should not appear as
permanent changes to operating documents. Cdi&iRs, e.g. allowing tracks to settle for 72 hours
after tamping, are lifted in three days. Othak® tmud spot” conditions, might persist for severa
weeks until track gangs could effect repairs. ©OWfeRs could be associated with poor tie conditions
being unable to hold gauge, leading to downgradiezk tclass, which might not be repairable until
rotted ties are replaced by travelling productiangs and could persist for months. These migltista
the BO and never makes it into GOs, as long aati#s intend to capitally rebuild track when
scheduled.

BOs carry information on Working Limits, requiritigains to contact Track Foremen to obtain
permission through work sites. This generatesydedad prescribes an MAS past the work site,
although it is technically a signal speed, andan®6R (Working Limit Stop Sign is considered a
“signal.”)

BO data is perhaps the best resource to understatedof maintenance relating to MAS and
consequently published speeds. The challengeds,d8e temporary changes and therefore never
pasted into timetable books. Although operatingleyees are required to have all BOs in effect on
their person while on duty, when they are supedédgeSummary BOs, GOs, or Timetable Reprints, all
superseded BOs are typically discarded to avoiduston. Therefore, railroad state of maintenasce i
perishable information: unless you were there atitine, it is highly unlikely that a reliable, acate,

and complete account of factors affecting traveksis can be reconstructed.

Despite computerization, records that change @adyoftentimes not retained electronically for long
periods, because business justification for theggntion usually is not there. It is said, “in @gens,
you’re only as good as your last rush hour; nob@alyembers great work you did last Thanksgiving.”

BOs also promulgate train schedules revisionscallyi for special movements—when necessary to
convey to all operating employees one-day-only daleee.g. for Circus Trains. Normally, schedules
(and consequently advertised times) are not matlifigesponse to TSRs, even for ones lasting severa
months. It is therefore difficult to infer stateroaintenance using public running times.
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BOs identify general speed restrictions in effectdne-day only, e.g. Heat Restriction, or ReduRat
Adhesion. Most railroads utilizing CWR issue speestrictions on exceptionally hot days to guard
against track buckling risks (e.g. 20mph MAS reductvhen highest forecast temperature is >85°F or a
25°F change in temperatui@4j, although cut-off and restriction severity varmsrailroad and region).

Train Orders

Train Orders (TO), e.g. “Form D,” “Form M”, or “For 19,” (Figure 2(g)) are issued to specific trains
and may contain instructions superseding anythisgudsed above. Typical uses include:

As Track Warrants to convey movement authority, e.g. when a supérn is running so late
that the Dispatcher allows an opposing inferiointta make progress down the line and meet it
at a different siding. Dispatcher issues TOs tit bi@ins superseding timetable authority,
instructing superior train to hold at a non-schedubcation, and inferior train to meet it there.
To Remove Track or Signal System from Servigee.g. when Maintenance Foremen require
exclusive use of blocks to effect repairs.

To Issue Emergency Speed Restrictiof&SRs), e.g. when routine track patrols find disfec
like broken joint bars, heat kinks, or pull-apatgh that, to reduce derailment risk, trains must
travel at lower than MAS. Engineering documerks the MW-4 (Figure 2(h)) normally
prescribe train speeds over each defect type.

Unfortunately, TOs containing ESR records are pksishable, most railroads requiring retention for
only one to seven days. TO is also not the only twacommunicate ESRs to train crews. Northeastern
railroads allow daily BOs to be amended via radithwdditional speed restrictions. Even if histati

TOs were available, at best it represents an intetepecord of speed restrictions.

Computerized records seldom deliver sufficient idié&a useful forensics. Centralized Traffic Cowitr
(CTC) playback “tapes” or recorded radio voice rdsaare typically expunged after 2~4 weeks, and
systems are normally designed for specific knowmetevent investigation access, rather than extensiv
data trending analysis.

Track defect prevalence can correlate with stateahtenance (but it is not an absolute indicator,
because maintenance strategy can also drive thiben). Broken joint bars rarely occur if track
structure is properly supported. Heat kinks angsual with correctly adjusted CWR, properly bakalst
shoulders, and functioning fastening systems. -&pdirts can occur during extremely cold weather
particularly at spots with internal rail defecteal cracks, engine burns, or defective welds; #éney
minimized by frequent rail grinding and prompt napair. Although track inspection records must be
kept pursuant to 49 CFR 213.241 and are subjensfiection by the FRA, they are generally
unavailable to researchers.

DEFINING PuBLIC TIMETABLE RUNNING TIMES

To understand published journey times, it is w@ahdering how train schedulers arrive at trip times
from constraints discussed above. For clarityti@ripractice is discussed here. North American
passenger schedulers utilize similar concepts (€.3.but no industry standard exists.
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Train Performance Calculator (TPC)

TPC models locomotive performance over specifiecgie with defined speed restrictions. Basic irgput
are physical characteristics (speed restrictioreg]ignts, curvature, station locations), traction
characteristics (wheel adhesion, horsepower, bgalate), and load characteristics (tonnage, load,
rolling resistance, wind resistance, etc.) Theouis unconstrained running time—before considgrin
station dwell times, congestion, signal checks, 3, 3. (i.e. theoretical minimum under ideal
conditions.) Normally, four Sectional Running Tsn&RT) types are given for each station-to-station
segment: stop-to-stop, stop-to-pass, pass-to-at@ppass-to-pass. “Stop-to-pass” means train stiops
first station but by-passes second station; acaber from standing stop at first station is inadd
required braking to stop when arriving at secomtiat is excluded (but required braking to comply
with any PSRs in second station’s limits is incldide

TPC models are provided by industry vend@%) @énd typically validated by running time checks
requiring operations of special test trains. Tddospeed profiles, schedulers traditionally ugliz
onboard speedometers and record mph readings ®verseconds. To understand traction output,
another scheduler records throttle and brake positand times actuated. (Today, this work is
performed with computerized dataloggers.) Schedwakso note any signal checks or unusual
conditions. Speed profiles and control maniputaiare compared to TPC outputs and internal
parameters tweaked until it reproduces recordetidoraperformance under various conditions.

Square, Circle, and Triangle Times

Building a public schedule from raw running timesessitates addition of extra allowances to ensure
train operations reliability and achievability umdield conditions (i.e. to make schedules “robyst”
The three types of en-route time adjustments are:

Engineering Adjustment [Square Time]or “Recovery Time”: Extra minutes or fractional
minutes inserted wherever major track engineeringkwr TSRs are in effect. They are
location-specific and typically derived by compaifiPC runs under unconstrained condition
with TPC runs with TSRs in force.

Routing Time (Circle Time) or “Pathing Time”: Extra time inserted upon apmio# major
junctions, to absorb delays resulting from sigredaks, waiting for conflicting movements to
clear, or as insurance against missing criticabsdd busy junctions. They are junction-and-time
specific and derived from inspection of stringletearts and junction utilization/clearing times.
They are also inserted for trains running on cluse&dways where a following train may operate
for long stretches at less than MAS due to advaiggeal indications (called “running on double
yellows.”) Accuracy and adequacy is critical, s missing assigned slots on busy lines can
have knock-on effects far beyond the immediateléoca

Performance Allowance <Triangle Time>or “Pad”: Time inserted upon approach to major
stations whose purpose is to absorb unanticipatedute delays not explicitly allowed for in
Square and Circle times, like individual variationglriver performance (i.e. operating
techniques and skills of different locomotive erggirs), e.g. experienced operators typically shut
off power and coast at an earlier point if appraagimajor terminals with allowance to spare.

Published departure-to-arrival times are the su@llaippropriate station-to-station times plus any
Square, Circle, and Triangle times inserted enerdiigure 2(j)). Taken together, en-route adjusiise
should account for all operational and infrastruetiactors discussed in this paper’s first hatfis |
impossible to back-out en-route adjustments frolipischedules without access to rail industry
documentation. Fortunately, U.K. Network Rail's Wog Timetables (WTT) are published for all to
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see B86). However, the U.S. passenger rail industry daggyenerally publish en-route adjustments in
schedule documents, not even in Employee Timetalfldgustments are typically domains of railroad
scheduling departments and are known under nakeessichedule skeleton.” In some cases, these
bases for running times are carried in individuadt®n scheduler’'s heads and never written down.

Understanding scheduling rationale and reasonihghdeeach adjustment requires either interviewing
the section scheduler when the timetable was writiedetermining all contemporaneous constraints
schedulers should have taken into consideratiomwleéermining the published running time.

Station Dwell Times

En-route adjustment do not cover time requiredstation work, typically defined as the period betwe
time when a train is fully berthed in station (véheels stop moving), to time when doors are cl@set
“okay to go” is given.

Dwell times are open to debate even amongst tdiadiilers because they can include time requined fo
passengers to make transfer connections, to saraios at major terminals (typically, food and
baggage, more rarely, fuel, water, change of gatliggge of host railroad, etc.), required extratfor
hand-off between incoming and relief crews, contignor separating a train’s different sections. On
commuter lines it also accounts for platform cotigesand passengers holding doors. On mixed
freight-and-passenger trains it can include regluir@e for switching freight cars. Fraile$7)

discusses North American passenger train switobfrggations extensively, including W.E. Deming’s
landmark study for the Burlington Northern.

Fortunately, station times are easier to understidney are often published in public timetables for
major terminals. However, suburban carriers datyytally publish dwell times at intermediate stop
and may even have flag stops or situations (egniag outbound drop-offs) where trains are permhitte
to operate ahead of published schedule. Theylsarba hidden, as mixed freight-and-passengerstrain
can make freight stops with unpublicized dwell timand trains often have unadvertised operational
stops requiring dwell times—even on commuter lirgsployee stops or time required to receive train
orders are omitted from public schedules.

FORENSICS OFRUNNING TIME DEGRADATIONS

Research has thus far established that modifiatiopublic timetable running times result from
changes taking place in these general categories:

Track design geometry, maintenance, layout, andiapsork
Infrastructure factors like structures, signal, poyand grade crossings
Wheel-rail interaction issues like cant deficiency
Vehicle factors like tractive effort and brakindgea
Operating rules, practices, and ongoing projectehabilitate infrastructure
Maximum authorized speeds per Timetable (from alwovestraints)
Scheduler’s decisions:

1. Train performance modelling

2. En-route adjustments

3. Station dwell times
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It follows, therefore, to fully understatwthat Happened to Speéd, specifics of what changed in each
category during the study period for the serviceguestion should be examined. Although public
timetables offer a general sense of where senffegimgs were trending, they cannot tell us whether
these changes resulted from schedulers’ decisfongither marketing or operational reasons),
deterioration of physical infrastructure, ongoingjpcts to restore the plant, or permanent system
upgrades. Indeed some factors counteract oneemothindicate completely opposite industry trends
For instance, deferred track maintenance and iseseia track rehabilitation both lead to lengthened
journey times, and passengers would be none ther.wis

It is possible for published journey times to remstiatic after substantial upgrades increasing MAS,
schedulers elect to utilize upgraded capabilitbeisriprove reliability or provide additional dwelirte

for connections at intermediate stations. Trip8roapabilities could be improved even while physica
plant is deteriorating by changing operating prasj or reduce congestion by reprioritizing and
cancelling trains.

Although advertised trip times and the industryésilth may not be all that correlated, longitudinal
analysis of journey times can be a high-level suregtool to identify corridors of interest where i
depth forensic analysis could reveal reasons beahiniiime changes. Secondary sources written by
contemporary observers (e.§8)) can sometimes provide helpful insight into maeragnt actions and
decision rationales.

THIS HAPPENED TO SPEED: CASE STUDY OF PENN CENTRAL’SMOHAWK AND BUFFALO DIVISIONS

Exploring this hypothesis a little further, we exama case study utilizing some sources discussed
above. It provides a more specific (but still ingaete) explanation as tehy public timetables were
revised during the study timeframe. Limited to tblener Penn Central (PC) Northeastern Region, this
methodology can be applied to any corridor of iesér

When correlating passenger corridor performanch infrastructure investment, three dimensions
should be considered: service speed, capacity¢tp@r day operated at design speed), and retyabili
(probability that planned timing is actually acheel. In service design of mixed traffic corridors,
published service speeds often results from trdf$eatong these dimensions. MAS and resulting SRTs
are practically the only elements where infrastiteiowners exercise complete control.

The20th Century Limitedh 1966 ran 14% faster (16:00) th@hicagoan(18:30), chiefly because of
shorter scheduled dwell times (0:35 versus 1:48)tatmediate stations. Today’'s westboluatte
Shore(19:05) has less dwell time (1:22) built intosthedule, even when marshalling time at Albany is
included, but nonetheless takes 3% longer than’$¥&ticagoan

Scheduled Dwell Time

Figure 3(a) shows dwell times in the Region of Wweshd New York-Chicago trains leaving Grand
Central Terminal in late eveninGkicagoan PC#63 Lake Shorg corralled from contemporary public
and employee timetable87139-42. A few unpublished times were estimated. Beigignn 1961,
dwell times mushroomed, especially during Penn @ésatera. Amtrak stopped this in 1971, “making
trains worth riding again.” Dwell time growth begagain at Albany in 1979; however, it was
minimized at other locations.

Figure 3(b) shows that N.Y. Central assigned dwmks quite deliberately and methodically, with
overnight trains having longer dwell times. In B96ll trains had extra time at Buffalo, even intpat
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trains like20th Century Limitedvere booked for eleven minutes. Significant dviete was also
included at intermediate points like Utica and Rasthbr.

Dwell times have critical impacts on train operaio When delays occur outside the operators’ obntr
(e.g. weather, passenger action, etc.), extra dinatl can help absorb impacts. Typically, schedule
use average running time, but recovery time at ntejminals can be derived from 95th-percentile
time. Departing westbound, by maximizing the ptolg of leaving Buffalo on-time (95th-percentile
ensures trains leaving Buffalo have only 5% charfdateness), it minimizes downstream impacts by
not having trains operate out of slot.

Amtrak added extra recovery time at stations whesd railroad change is necessary (e.g. Cleveland),
crew change points (e.g. Toledo), to allow timeursgg for coordination between different dispatchin
offices and relief paperwork.

Sectional Running Times

Figure 3(c) presents a rather complex picture a$éhsame trains’ SRTs. Relative periods of stgbili
existed 1983~1997, but gentle upwards trends nolesthexisted, likely contributing to the perception
that trains were getting slower. Marked deteriorabccurred 1968~1971, adding 35 minutes (12%) of
runtime. Another turbulent period arose 1999~2(0&8ly associated with the Conrail split when major
operational changes occurred on the Chicago Ligpassenger train performance became political at
the Federal level circa 2008, public timetablesabee more of a contractual commitment, rather than a
reflection of infrastructure capabilities or a gtietive description of operational intent.

During 1976~1980 SRTs were abnormally long and ikt entirely due to deterioration of
infrastructure. Relevant special instructiof®) (states:

“AMTRAK Engines, Class SDP-40F, in number serie® 51649, are restricted as follows--trains witle @DP-
40F Unit alone [...] must not exceed 40 MPH on egref 1 degree 30 minutes or greater.” (PCRR RU& 451b)

It then lists 45 and 22 such curves on Mohawk anffiaB Divisions respectively. These 67 severe
speed restrictions applying to passenger traintypatplain increased running times.

Interestingly, introduction of RoadRailers in 1988d cancellation of Amtrak Mail in 2004 and

ExpressTrak in 2006 did not have noticable impantscheduled times—at least not in this Region.
Since mid-2000s, Amtrak has utilized TPC to depuee run time and produced standardized schedules.
Different categories of scheduled time allowanaesexplicitly documented internally.

Changes in Infrastructure

Figure 3(d) shows histograms of MASes for passetigars. In October 1970, despite rail industry
issues in the Northeast, significant portions ofrMane were available for 75-80 mph operationghwi
almost 40 miles qualified for 85 mph primarily we$tSeneca River2{). However, infrastructure was
degrading fast during the first years of Penn Gdistbankruptcy:

“Applies in Buffalo Division: Passenger Trains--itfph over the entire Division.” (PC GO 407 (aa),/11)
“Intermittent inductive Automatic Train Stop [ATSlystem on the entire region, out of service.” (FC 49 (a),
2/1/71)

ATS was deactivated as a maintenance cost-saviagure By February 1971, numerous TSRs had
noticeably increased slow orders in 30, 50, anchp@l categories3@). ESRs may have been even more
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numerous. By 1978, the de-facto speed limit omdree Region was 75 mph. As infrastructure slowly
returned to a state-of-good repair, speed profilestly returned to normal by February 1997, along
with substantial new segments of 90, 100, and 140 mnning. Higher-speed running, which requires
cab signals and higher superelevation on curvesiroed east of CP-169 where passenger traffic
dominates. West of CP-169, where heavy freiglmsriom Alfred E. Perlman Yard joins the Main
Line, the highest MAS was 79 mph.

Figure 3(e) shows simplified TPC runs using timedlASes, indicating infrastructure speed
capabilities indeed did degrade beginning in 197d. r@ached a low point in 1978, but recovered by
1997. This correlates nicely with the SRT findinds.0 mph running contributed 3 minutes’ savings
between Albany and Schenectady, but Figure 3(fjysitone was lost en-route to Utica due to new or
more severe restrictions.

Nothing Happened to Speed (at Least not Around Here

This is not a definitive history of train speedstba Mohawk and Buffalo Divisions, but it demongtsa
some factors already discussed. Passenger ttedsing is a complex discipline and a multitude of
issues are at work, all of which affect public ttalde end-to-end trip times. Financial ramificasand
difficult public sentiments are consequences opjprapriate advertised running times.

Over a 50+ year study period, runtimes have bdgioanained at about 4:45 from Albany to Buffalo,
punctuated by periods when specific technical isgaely some of which are known from this analysis)
have elongated travel times followed by recovergeoissues were addressed. One can either rejoice i
the successful achievement of state-of-good-repanegret that no true speed improvements were
evident from this data.

IT"SNOT ABOUT SPEED: CASE STUDY OF METRO-NORTH’SNEW HAVEN LINE

Scheduling is a delicate balancing act. Here, @tébghind the scenes a little to understand detssio
and analytics supporting these actions performedyeday in railroad scheduling offices nationwide.

The Long View: 1940~2009

Figure 4(a) shows running times for one New Havee learly morning express train (Grand Central
arrival at ~08:30) over the last 75 years. Joutmags did not change from 1940 to 1970, excepting
one minor revision in stopping pattern between 18&d@ 1955. Ownership and sponsorship of
commuter services turned over to the public semtoDctober 27, 1970 under a purchase-of-service
contract, leading to dramatic changes. Train pfaiimeerly serving intercity clientele originatingpn
far as Springfield, Mass. were truncated to Newétaw>onn. and saw extra stops added for
commuters’ benefit. In 1973, new ‘Metropolitan’ Rlelectric multiple unit equipment with better
acceleration and top speed was introduced, togetitiethigh-level platforms, which enabled additibna
stops to be added while triptime was further reducBmings remained relatively stable until 2009,
although increasing customer demand and expectiiagervice reliability caused slight upward
trends. Nonetheless, express trains were stiddidied 14% faster in 2009 versus 1940.

Service Reliability: 1983~2012

Customer demands and operational achievementsdi reliable service is borne out in Figure 4(b).
From 1983~2012, trade-offs moved towards schedlinger running times to assure better reliability
and to account for expected delays due to tracgestion. This was a period of tremendous growth in
train volumes and ridership, particularly duringhithours at Mott Haven Junction in the Bronx (MO)
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which came to be operated near design capacitgpiizeMO having been rebuilt in a new layout with
higher-speed switches and CTC cutover in June If83nained a flat junction. Figure 4(c) showls al
trains approaching MO from all three lines duriggital morning peak. Higher throughputs required
more precision in operations (because each tratm&s now open for a shorter time-window), which
translated into incremental needs for additionabvery time on the approach to MO, adding two
minutes. Schedulers carefully balanced triptina@acity, and reliability but it resulted in a ltl
runtime elongation.

Impacts of Extraordinary Incidents: 2013

Figure 4(d) shows impacts of three major incidem®013. In May, a joint-bar failure resulted in
changes to track inspection procedures, which requnore on-track timel(); in July, a freight-train
derailment resulted in an emergency four-month Enogto eliminate “mud spots” within a busy track
section, which introduced TSRs and impacted rditgbiln December, an overspeed accident resulted
in FRA Emergency Order (EO) 29 requiring a secosaldend crewmember at braking distance from
where MAS decreases by more than 20 mph unledssped protection via cab signal modifications
were in place.

Impacts of these changes are best visualized ur&iye), a colour-chart of minimum observed (i.e.
best-case achieved) inbound running times. InoBEeki(before May), peak trains had correct SRTs to
maintain reliable service. During Period 3, whe8RE and track outages were in effect for
infrastructure remediation, normal recovery timesensimply insufficient to absorb delays incurred
particularly near MO during morning rush. Theresvagbrief reprise during Period 4 after work
completion, but during Period 5 due to operatiam@nges required by EO29, actual running times
lengthened again. These impacts were not refleotpdblic timetables due to their varying nature.

Addressing the Maintenance/Operation Balance: 20@®16

Figure 4(f) shows differential SRT analysis fromn@ol Point (CP) to CP drawn from recent operating
schedules. We discussed rationale behind eaclyelvaith section schedulers responsible for the
territory. Two changes (green) relate to permaimdrdstructure change (two new stations opendd); t
blue change accounts for EO29 cab signal modi6oatto provide civil speed protection; and two
changes (orange) relate to colour-chart work (Fgl(e)) that identified increasing congestion atbun
Stamford for which insufficient SRT were previousljocated. Majority of triptime increases (red@ a
due to planned temporary construction conditiortsclvare restored when maintenance work was
complete.

Main reasons behind apparent cumulative increastptimes were in fact specific changes happening
at accelerated pace due to simultaneous New Hawenitfrastructure improvements taking place.
Many projects—Iike catenary replacement, track esiance, bridge reconstruction, drainage
improvement, and PTC installation—are absolutelgl\to state-of-good-repair and usually invisilde t
commuter ridership. Combination of constructiofunaee and train frequency simply got to the point
where moving the few available minutes of enginegallowance around was insufficient to cover all
work required, resulting in net journey time ines.

THE NUANCES OF SPEED ON THE RAILROAD

Through technical material presented and caseestudie have seen that right-of-way, track,
infrastructure, vehicle characteristics, and opeggpractices can all affect scheduled times. To
properly understand all speed constraints, timetapécial instructions, general orders, bulletoecs,
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and potentially even specific train orders showdstudied. When constructing timetables, we add
engineering, routing, and performance allowanced,séation dwell times to pure run time to arriv@aa
realistic schedule. Therefore, it is impossibléenfer what was happening on the railroad by reg@in
public timetable.

Speed, Capacity, and Reliability Trade-Off

Figure 4(g) represents one way to consider thesess To maximize system performance, train
operators must balance trip-time, capacity, andbgity subject to an overarching constraint diesa
operations. Minimizing advertised journey timenesmore of an appropriate goal for the passengler ra
industry than maximizing trains-per-hour or on-tiperformance. Infrastructure investments, when
complete, can typically improve all three variahlesbsolute terms, but when projects seek to
“maximize” one variable, they typically do so aéthxpense of the other two equally important servic
attributes.

The authors hope that complex relationships betweélished journey time and state of the industry i
better understood in the public sphere from comattns outlined in this paper.
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FIGURE 1 Tools for speed research: (a) Conrail track ctiarh the vicinity of Herkimer, N.Y.; (b)
Sketch curve radius measurements in the vicinitgefin, Conn.; (c) Speed impacts of junction latgou
(43); (d) Special timetables issued by railroads shgvgpecifically journey time impacts of
rehabilitation projects.

FIGURE 2 Operating documents relating to railway speetticti®ns. Permanent speed restrictions: (a)
Schedule pages from New York Central Railroad Tabkt Mohawk-Syracuse-Buffalo Divisions No.
19, p.53, effective 1966-04-24; (b) Penn Centrangportation Company (PCRR) Northeastern Region
Timetable No.6, pp.188-189, effective 1972-10-29rd_Epeeds; (c) Civil Speed Restrictions; (d)
Equipment Restrictions. Temporary speed restnsti¢e) Penn Central Transportation Company
(PCRR) Northeastern Region General Order No.6@d¢tie 1972-12-26; (f) PCRR Northeastern
Region, Buffalo Division Bulletin Order No. 6-18&ffective 1974-02-20; (g) PCRR Train Order
(“Form 19”) advising southbound trains of a traddstuction at Milepost 113-114; (h) PCRR Manual
for Construction and Maintenance of Track (MW-4daileng speed restrictions for each type of track
defect. Schedule detail resulting from permanedttamporary speed restrictions: (j) Railtrack
Working Timetable showing use of Square, Circlel &nangle times and Consist-based Timing Loads
on the East Coast Mainline in Scotland.

FIGURE 3 Longitudinal Analysis of Schedules and SpeedtherPenn Central Northeastern Region,
Mohawk and Buffalo Divisions, 1956-2010: (sgke Shore Limite®well Time Analysis; (b) 1963
NY Central Railroad Dwell Time by Train; (c) Sectad Running Time Analysis; (d) Maximum
Authorized Speeds; (e) Train Performance Curve fAdibany to Utica; (f) Minimum Achievable
Running Time per Simplified Train Performance Cédtaor.

FIGURE 4 Case Study of Schedules and On-Time Performad€®@) on the Metro-North New Haven
Line: (a) Express train running times by line seght940~2016; (b) OTP history 1983~2016; (c) Train
tracker showing peak utilization at around 7:45 mdekdays; (d) Monthly OTP in 2013; (e) “Heat
maps” showing OTP by train by location in 2013;Rf)nning time revisions 2002~2016 with reasons
for changes; (g) Maximizing system performance megurain operators to balance trip-time, capacity
and reliability subject to overarching constraihtafe operations.
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FIGURE 2 Operating documents relating to permanent spestdations: (a) Schedule pages from New York
Central Railroad Timetable Mohawk-Syracuse-Buffaleisions No. 19, p.53, effective 1966-04-24; (l@niA
Central Transportation Company (PCRR) Northead®egion Timetable No.6, pp.188-189, effective 1902-1
29—1Line Speeds; (c) Civil Speed Restrictions; (duiement Restrictions.
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() (b)

(© (d)

FIGURE 2 (CONTINUED) Operating documents relating to temporary spesttictions: (e) Penn Central
Transportation Company (PCRR) Northeastern Regieme@l Order No.604, effective 1972-12-26; (f) PCRR
Northeastern Region, Buffalo Division Bulletin Ordéo. 6-185, effective 1974-02-20; (g) PCRR Trairl€&
(“Form 19”) advising southbound trains of a traddsuction at Milepost 113-114; (h) PCRR Manual for
Construction and Maintenance of Track (MW-4) detgilspeed restrictions for each type of track defec
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FIGURE 2 (CONTINUED) Operating document showing schedule detail: §jtRack Working Timetable showing
use of Square, Circle, and Triangle times and Goiisised Timing Loads on the East Coast Mainlirfecotland.
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FIGURE 3 Longitudinal Analysis of Schedules and SpeedtherPenn Central Northeastern Region, Mohawk
and Buffalo Divisions, 1956-2010: (Aake Shore Limite®@well Time Analysis; (b) 1963 NY Central Railroad
Dwell Time by Train; (c) Sectional Running Time Aysis; (d) Maximum Authorized Speeds; (e) Train
Performance Curve from Albany to Utica; (f) Minimukehievable Running Time per Simplified Train
Performance Calculator.
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FIGURE 4 Case Study of Schedules and On-Time Performa@€f) on the Metro-North New Haven Line: (a) Exprias running times by line
segment 1940~2016; (b) OTP history 1983~2016; ainTtracker showing peak utilization at arounds7AM weekdays; (d) Monthly OTP in 2013.
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Effective Date
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10/27/02 10/01/06 10K.8/09 |04/07/13 07/01 /13 11/{7/13

05/11/14 11/09/14;

%/@

10/02/16

Train # 1527 27 1527 1527 1523 1523 1523

N.H.-CP 271 3 3 3 3 3
CP 271-CP 266 5 5 (27 +1) 7] 7 7
CP 266-CP 261 5 (+1) 6 6 6 6 6 7
CP 261-CP 257 5 (+1)7 7 (-2) +2) 7| 7] (+2)9 (-2) 7]
CP 257-CP 255 4 +1)5 5 1) 4 4 4 4
CP 255-CP 248 6 (+1) 7, 7 7 7 7 7
CP 248-CP 244 4 4 4 4 | 4] (+1)5 5 5 5
CP 244-CP 241 3 (+1)4  (+2)6 (-3)3 3 3] (14 4 4 4
CP 241-CP 234 10 10 (1)9 (-2) 8| 8  (+2) 10 (-1)9 9 9 9
CP 234-CP 229 8 17 7 7 7 (+1)8 8 8 (+1)9 9
CP 229-CP 223 6 6 6 6 6 (+1)7 7 7 7
CP 223-CP 217 7 16 6 6[ 6  (+1)7 (-1) 6] 6 6 (+1)7
CP 217-CP 215 1 2 2 2 2 2
CP 215-CP 212 3 3 3 3 (+1)4
CP 212-CP 112 2 2 2 2 2
CP 112-MO 8 8| (+2) 10 8 8 8
MO-G.C.T. 16 6| (+2)18 i 15 15
Total Trip Time 96 , 103 107 107
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FIGURE 4 (CONTINUED) Case Study of Schedules and On-Time
Performance (OTP) on the Metro-North New Haven L{e¢ “Heat
maps” showing OTP by train by location in 2013;R)nning time
revisions 2002~2016 with reasons for changes; @jiMizing systen
performance requires train operators to balanpditrie, capacity, an
reliability subject to overarching constraint ofesaperations.
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