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ABSTRACT

DEVELOPMENT AND APPLICATION OF LEAN RAILROADING
TO IMPROVE CLASSIFICATION TERMINAL PERFORMANCE

Jeremiah R. Dirnberger, M.S.
Department of Civil and Environmental Engineering
University of Illinois at Urbana-Champaign
Christopher P. L. Barkan, Ph.D., Advisor

Although much attention has been focused on the growth of intermodal traffic over the
past decade, manifest freight or carload traffic is a major revenue generator for railroads. In
2004, the top four commodity categories in terms of revenue per carload averaged $2,971 per
carload compared to an average of $770 for intermodal carloads. The high potential profitability
of carload traffic suggests that railroads should try to further grow this segment of traffic,
especially in an era of limited railway capacity. To do this, they must meet the increasing
logistical needs of their customers by providing more consistent, reliable service than has
previously been the case for carload traffic. The classification terminal is a key determinant in
the service reliability of manifest freight.

Terminal performance also impacts network efficiency. A regression analysis for six
Class I railroads showed a statistically significant relationship between average system-wide
terminal dwell and average manifest train speed. As average dwell time increased, average
manifest train speed decreased. The R’ values ranged from 20.7% to 34.7%. With demand for
rail transportation service expected to continue to grow, increasing network efficiency will be
vital to reliably handle the traffic.

Inadequate terminal capacity is viewed by many as a barrier to improved service

reliability and network efficiency. Because railroad classification terminals can be considered
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production systems, insight into the dynamics of a terminal system can be gained by adapting
production management tools that have led to significant performance improvement in
manufacturing. This work focused on utilizing the concepts of factory physics, lean, Theory of
Constraints (TOC) and Statistical Process Control (SPC) as part of a new approach to improving
terminal performance introduced here as “Lean Railroading.” By combining scheduled
railroading with a version of lean in their yards, Canadian Pacific Railway (CPR) reported
average terminal dwell fell from 30.4 hours in March 2005 to 21.7 hours in March 2006 while
average train speed rose 3.6 mph over the same period.

The most important manufacturing process analog to improving terminal capacity is the
bottleneck. Improving the performance of the bottleneck is the best way to improve the
performance of the entire terminal process. The train assembly (pull-down) process has been
identified as the bottleneck in a majority of classification yards. The macroscopic evaluation
method for determining pull-down capacity from Wong et al. (1981) is enhanced with additional
equations and each component of the pull-down process is discussed in detail. The potential
capacity improvement of several bottleneck management alternatives is discussed using
Bensenville Yard (CPR) as the example. The alternatives increased estimated capacity between
2.6% to 8.3% over the baseline case of 541 cars per day.

For Bensenville, pull-down capacity can be improved without large labor or capital
expenses through better management of the process and its interactions with the system. This
also means that multiple improvement options can be accomplished together resulting in a
capacity increase of 25% from the baseline case. One of the principal findings of this work is
that the humping process should be subordinate to the pull-down process because the latter is the

principal bottleneck in many yards. The hump should be managed and operated so that it
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provides the bottleneck exactly what it needs when it needs it. If a track is “dirty,” the pull-down
process will have to conduct additional work to remove the out-of-place cars. This reduces
capacity and can be eliminated through better sorting of the cars at the hump. A quality of sort
metric called the Bowl Condition Monitor (BCM) is developed to monitor this interaction.

The BCM is designed to fill the current gap in most terminal control systems regarding
the condition of the bowl and the performance of the pull-down process. It consists of two
components, the Dirty Track Counter (DTC) and the Incorrect Sort Rating (ISR). The DTC is
used to determine the expected capacity reduction for a given number of dirty tracks. The ISR is
used to measure adherence to a static track allocation plan if one is in place. It is shown that as
bowl volume increases, the number of incorrectly sorted cars as measured by the ISR also
increases. It also appears this effect is greater at higher volumes. A method for implementing

the ISR with front-line managers and operators using modified SPC control charts is presented.



To Becky,
“This world was never meant for one as beautiful as you.’

’
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CHAPTER 1: THE CLASSIFICATION TERMINAL AS PART OF THE RAILROAD
NETWORK

Manifest (or carload) traffic has traditionally been one of the major sources of revenue
for Class I railroads. Rail traffic consists of many commodity categories that I have grouped into
three revenue tiers (Table 1.1). Traffic from categories in the top tier moves almost entirely in
manifest trains. The same is true of traffic in the middle tier with the exception of grain, motor
vehicles and other farm products, which tend to be moved in unit trains although some is also
handled in manifest trains. The bottom tier includes coal, gravel and other bulk commodities as
well as “All other” which is the principal category for intermodal traffic. In spite of the low
average for intermodal traffic ($770 per carload), the industry has placed substantial focus on

that sector due to its substantial growth (ca. 40%) in the past ten years (AAR 2006a).

Table 1.1 U.S. Class | revenue per carload 2004 (from AAR 2005)

Average Revenue

AAR Line Traffic Category per Carload
586. Lumber and Wood Products $4,192
587. Pulp, Paper and Allied Products $2,587
588. Chemicals and Allied Products $2,567
589. Petroleum Products $2,537

Top Tier $2,971
590. Stone, Clay and Glass Products $2,225
592. Metals and Products $2,119
577. Grain (Including Soybeans) $2,098
593. Motor Vehicles and Equipment $2,094
584. Food and Kindred Products $2,075
578. Other Farm Products $2,027
583. Grain Mill Products $1,850

Middle Tier $2,070
594. Waste and Scrap Materials $1,319
591. Coke $1,264
580. Coal $1,185
595. Forwarder and Shipper Association $1,083
585. Primary Forest Products $992
579. Metallic Ores $935
582. Non-Metallic Minerals $869
596. All Other $770
581. Crushed Stone, Gravel and Sand $758

Bottom Tier $1,020



However, growth in carload traffic is also important, particularly in light of its
profitability. Norfolk Southern (NS) recently reported that 43% of its rail revenue is derived
from carload shipments and 18 of its top 50 customers are carload shippers (Bragman 2006).
The Union Pacific (UP) reports that manifest business already accounts for 41 to 45% of revenue
and it is their fastest growing business line (Gray 2006). A key operational distinction between
traffic that runs in unit trains versus traffic in manifest trains is that the later will frequently visit
several terminals between origin and destination. Service quality is thus determined as much by
terminal performance as over-the-road operations. To meet the logistical requirements of
shippers, railroads need to ensure reliable train connections and adequate terminal capacity

(Martland et al. 1992).

1.1 Manifest Freight, Terminals and Reliability

Martland et al. (1992) names the classification terminal as a key determinant in the
service reliability of general manifest (or carload) freight. “Cars spend most of their time in
terminals, and that’s where the service battle is won or lost for carload business” (Murray 2002).
For example, Logan (2006a) studied 35,000 car records from a major North American railroad
for October 2004 and reported a median value of 59% of transit time was spent in terminals
(Figure 1.1). For the first nine months of 2004 the Canadian Pacific Railway (CPR) reported that
the average freight car on its system spent 64% of the time in terminals (Figure 1.2) (CPR 2004).
“This suggests that the reliability of car movements can be improved by reducing the time spent
in those activities or by making them more reliable” (Kwon et al. 1995). The transition to
scheduled operations by all of North America’s Class I railroads has increased the interaction
between terminal performance and service reliability (Kraft 2002¢, 2002d) because “efficient

high-throughput classification yards are vital to scheduled railroading” (Ytuarte 2001).
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1.1.1 Defining Yards and Terminals

The terms yard and terminal are used throughout this thesis, so understanding their
definitions is important. Droege (1925) defines a yard as:

“A system of tracks within defined limits provided for making up trains, storing cars and

other purposes, over which movements not authorized by time table or by train order are

made, subject to prescribed signals, rules or special instructions.”

Closely related to yards are railroad terminals. A terminal is defined by Droege (1925) as:

“An assemblage of facilities provided by a railway at a terminus or at intermediate points
on its line for the purpose of assembling, assorting, classifying and relaying trains.”

While these two terms are often used interchangeably, a yard is considered the physical track
layout and a terminal usually consists of a major classification yard along with various support

yards and facilities.

1.2 Railroad Efficiency and Reliability

There are three principal factors that contribute to railroad freight transportation
efficiency:

1. The low coefficient of friction between the steel wheel and rail means low rolling
resistance

2. A fixed guide-way for the movement of motive power and rolling stock that permits
the operation of trains by a single operating crew

3. The strength of the infrastructure to support heavy loads permits economies of scale

The combination of these three factors allows railroads to spread their operating costs over a
large number of heavily loaded cars, pulled by a locomotive operated by a single crew, in the
form of a train (Armstrong 1998).

Railroads are a network industry serving and connecting customers spread over a wide
geographic area. In order to recoup the high costs of maintaining that network, railroads seek to

exploit the efficiencies afforded them by the three factors listed above. Running long trains as a



single unit from origin to destination is generally the most efficient way to operate a railroad.
However, many rail customers require carload rather than trainload quantities. In order to gain
the economies of running long trains when serving these customers, cars must be gathered and
consolidated into trains. This practice improves train operating efficiency, but it also tends to
increase car cycle time (Table 1.2) and transit time as well as reduce reliability compared to unit
train and intermodal service (Table 1.3).

Kwon et al. analyzed data from the Association of American Railroads’ (AAR) Car Cycle
Analysis System (CCAS) for a one-year time period: December 1989 to November 1990 for
boxcars, and 1991 for covered hoppers and intermodal cars (Tables 1.2 and 1.3). The authors
measured reliability in terms of the largest percentage of cars that arrived within a prescribed
time window (Table 1.3). They define this variable as “maximum n-day-%” where n equals

number of days. A higher n-day-% indicates more reliable service.

Table 1.2 Car cycle time for different train services in 1990 (from Kwon et al. 1995, p. 8)

Boxcar Covered hopper Double-stack

(carload) (unit train) (intermodal)

Loading time (days) 2.15 1.92 0.73
Loaded transit and yard time (days) 8.77 533 3.21
Unloading time (days) 1.48 1.27 0.22
Empty transit and yard time (days) 14.48 6.76 1.99
Total cycle time (days) 26.88 15.27 6.15



Table 1.3 Transit time and reliability performance of different train services in 1990
(from Kwon et al. 1995, p. 8)

Boxcar Covered hopper Double-stack

(carload) (unit train) (intermodal)

OD Pairs 477 102 20
Number of railroads traversed 2.11 1.42 n/a
Distance (miles) 788.1 831.0 n/a
Mean transit time (days) 7.16 5.25 2.53
Std dev of trip time (days) 2.62 2.04 0.50
Maximum 1-day-% 32.42% 41.90 89.20
Maximum 2-day-% 48.56% 60.95 n/a
Maximum 3-day-% 61.07% 73.21 n/a

1.3 Consolidation, Connections and Service Reliability

The lower level of service reliability for carload customers is due to the gathering and
consolidation process that is typical of how this type of traffic is handled by railroads. Unlike
unit trains or intermodal cars, a carload shipment does not move on one train directly between
origin and destination. Instead, it moves on a series of trains determined by a trip plan that is
generated when the shipment is ordered. The trip plan specifies the connections between trains
that the freight car must make in order to arrive at the receiver at the scheduled time. These
connections take place at classification terminals. To illustrate this process, a hypothetical
carload is tracked from origin to destination on the BNSF Railway (Figure 1.3). Coors Brewing
Company in Golden, Colorado, is the originator and a beverage distributor in Superior,
Wisconsin, is the receiver, or consignee.

The car is picked-up by the Golden local, along with other freight cars originating in
Golden, and taken to Denver, the nearest network hub (Figure 1.4). At Denver, the car is
consolidated with other freight cars whose next intermediate destination is Lincoln. At Lincoln,
the car is consolidated with other freight cars heading to Northtown (Minneapolis) where it is
consolidated with other cars bound for Superior. Once in Superior, the car is placed in a local

train and delivered to the consignee (Figure 1.5).
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Figure 1.3 Portion of BNSF manifest freight traffic network with hypothetical trip plan from
Golden, Colorado, to Superior, Wisconsin (network from Van Hattem 2004, pp 56-57)

Figure 1.4 Sequence of activities for carload from Golden to Northtown on BNSF
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Figure 1.5 Final sequence of activities for carload from Northtown to Superior

The shipment moves through a series of four links from Golden to Superior (Figure 1.6).
Assuming that the connection reliability is 90% for the first link and 85% for the remaining
links, the combined reliability is the product of the individual connection reliabilities (Kraft
2000a). This results in an overall reliability of 55.27% (0.9 x 0.85 x 0.85 x 0.85). In other
words, only about 55% of the shipments moving through this path will arrive on time. Of the
remainder, 35% can be expected to miss one connection, 8% two connections and 1%, three or

more connections (Figure 1.7).

Golden Denver Lincoln Northtown Superior

Q 0.90 @ 0.85 @ 0.85 0.85

Overall reliability = 55.27%

Figure 1.6 Four links in series with connection reliabilities for shipment example
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Figure 1.7 Arrival time distribution for shipment example

It is evident that the overall reliability of the system is considerably lower than that of any
individual link because if the car misses one of its planned connections, it will have to wait in the
classification yard until the next appropriate outbound train departs (usually 12-24 hours later).
In order to achieve a 95% likelihood of no missed connections over the entire journey, each
terminal would have to maintain a 98.7% level of reliability.

Contrast this to a typical truckload shipment. The truck carries one load per trip without
any connections. This results in higher labor, fuel and equipment expenses per load, but it also
results in high service reliability because the shipments do not interact and one delay does not
affect others. The railroad freight consolidation process achieves much lower labor, fuel and
equipment expenses per load than truck, but is inherently less reliable because of the need to
make connections and the much greater interaction between shipments for a variety of reasons.

Consequently, shipping by railroad is usually less expensive but has a lower level of service



reliability. The result is that rail shippers and receivers will have lower transportation charges
but higher total logistics costs because the higher variability in shipment arrival times means
additional inventory must be carried by railroad customers to maintain a fixed level of customer
service (Hopp & Spearman 2001, p. 88).

Extremely unreliable service will usually be more expensive to railroad customers than
conversion to another mode. Because manifest traffic generates higher margins than intermodal
traffic, this creates a necessity to deliver consistent, reliable service in order to keep the traffic on
the rails and support the level of pricing that permits reinvestment in the railroad (Murray 2002).
The trade off between high cost efficiency and reduced service quality is inherent to carload
railroad operations. Overcoming it is at the core of the potential freight market share increase

that will enable railroads to continue to grow this segment of their business.

1.4 The Importance of Terminals to Service Reliability and Network Efficiency

The railroad terminal and its interactions with the network is a complex system. Network
fluidity affects overall system efficiency and economics because of its effect on the utilization of
labor, equipment and infrastructure. It also affects service reliability which, in turn, affects
traffic mix and volume (Figure 1.8). This impacts rail freight rates and revenues. While many
activities affect either costs or income, service reliability affects both.

Sussman (1975) names the terminal as the key control point in the rail network and his
work was a part of a series of studies by the Center for Transportation Studies, Massachusetts
Institute of Technology (MIT), sponsored by the Federal Railroad Administration (FRA) and the
AAR in the 1970s and early 1980s. Martland et al. (1992) summarized the major findings of

these studies at the terminal level including:
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“Rail service was unreliable because of missed train connections. A significant
percentage of cars (10-30%) missed connections at each yard as a result of inbound train
delays, yard congestion, or inadequate outbound train capacity. Bad orders, misroutes,
and no-bills were relatively unimportant in their effect on connection reliability. . . While
there have been few more recent studies, they have tended to support these conclusions.”
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perception of state of
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Figure 1.8 System diagram (Sussman 1975, pg D-2) modified to reflect deregulation

At the network level, Kraft (1998) cites the estimates from Martland et al. (1994) of
which root-causes contributed the most delay in a sample of manifest traffic:

1. Power availability delays — include delays to trains due to locomotives not being in
position to move the required tonnage (24.4% of all train delays)

2. Terminal delays — including yard congestion, cars not switched in time, cars moved on
other than scheduled trains, etc. (20.2%)

3. Train delays — management decisions regarding which trains to run, and with what
resources, including maximum tonnage limits, trains annulled due to lack of traffic, train
consolidations, etc. (20%)

4. Mechanical delays — defects requiring repair of cars or locomotives (16%)
5. Line delays — track work, curfew, train meets, etc. (13.3%)

6. Other — derailments, unknown causes, no bills, etc. (6.1%)

11



Martland et al (1994) concluded that “even if the railroad had ‘perfect’ technology, only 30
percent of the delays would disappear; 65 percent of the delays required better management of
resources (terminal management, train management, and power distribution).” As the key
control points in the railroad network, terminal performance directly impacts all three of the
resource management areas. Therefore, the MIT studies established the importance of the
classification terminal to service reliability and demonstrated that reliability could be improved
through modifications to the terminal operating plan or improvements in the terminal control

system.

1.4.1 The Impact of Classification Terminal Operations on Network Efficiency

In addition to improving service reliability, better performing terminals result in more
efficient railroad networks. A common measurement of network efficiency is average train
speed. Train speed measures line haul movement between terminals and the average is
calculated by dividing train-miles by total hours operated, excluding yard and local trains,
passenger trains, maintenance of way trains, and terminal time (AAR 2006b). A higher system-
wide average train speed indicates a more fluid network because trains spend more time moving.
Therefore, fewer cars and locomotives are required to move the traffic because the equipment is
cycled faster. Network efficiency can be thought of as a cycle (Figure 1.9) with terminal dwell
linked directly to car velocity and indirectly linked to average train speed through a series of

events.
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Figure 1.9 The network efficiency cycle

One estimate of the impact of improved terminal performance on carload velocity is

provided by Logan (2006a). Every 15% reduction in system-wide average terminal dwell time

results in an approximate increase in carload velocity of 2 mph. The exact relationship between

terminal dwell and average train speed is more difficult to determine because of the complex

interactions between the factors in Figure 1.9. However, an idea of the relationship can be

obtained by analyzing performance measures for each railroad.

1.4.2 The Relationship between Terminal Dwell and Average Train Speed

In order to better understand the relationship between average terminal dwell and average

train speed, performance measurement data were analyzed for all of the Class I railroads except

Kansas City Southern (KCS). The data for BNSF, CSX, NS and UP were obtained from the

AAR’s (2006b) railroad performance measures website. The data for CPR and CN were
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obtained from their corporate websites (CPR 2006a and CN 2006). KCS was excluded because
their incorporation of the Texas Mexican Railway into their system during the analysis
timeframe may have skewed the results. For all of the railroads except CPR, average weekly
manifest (carload) train speed and corresponding average weekly terminal dwell for the entire
railroad was obtained for the weeks ending May 27, 2005 through May, 26, 2006 (53 weeks).
CPR’s website contained weekly averages for the weeks ending October 1, 2004, through May
26, 2006 (87 weeks). The Christmas week was excluded in each case because it created an
extreme outlier. A simple linear regression model (Irwin 2005) was applied to each railroad’s
data and hypothesis tests at a 95% level of significance were performed. A scatter plot for the
railroad with the most data, CPR, is shown in Figure 1.10. The scatter plots for the remaining
railroads are found in Appendix A. Table 1.4 summarizes the regression results for each

railroad.
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Figure 1.10 Scatter plot and regression results: CPR, weeks ending October 1, 2004 to May 26, 2006
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Table 1.4 Regression analysis results for the relationship between average weekly terminal dwell
(TD) and average weekly carload train speed (TS)

Railroad Regression Analysis Results Railroad Regression Analysis Results
CPR TS =28.006 -0.2895TD CSX TS =24.613 - 0.2064TD
t-stat 26.04 -6.64 t-stat 16.96 -3.91

)% <0.001 <0.001 V% <0.001 <0.001
R’ 0.347 R’ 0.234

CN TS =28.290 - 0.285TD NS TS=31.111 - 0.4579TD
t-stat 28.57 -3.61 t-stat 1540 -5.18

P <0.001 <0.001 V% <0.001 <0.001
R’ 0.207 R’ 0.349

BNSF TS =32.395 - 0.4943TD UP TS =24.829 - 0.1857TD
t-stat 11.56 -4.35 t-stat 15.32 -4.61

)% <0.001 <0.001 P <0.001 <0.001
R’ 0.275 R’ 0.2468

The potential network efficiency gain is seen in the regression results. For each railroad,
sample information indicates a statistically significant relationship between carload train speed
and terminal dwell. The R’ values range from 20.7% to 34.7% indicating that this amount of the
variation is explained by the models. The remaining variation in average train speed is explained
by other factors such as locomotive availability, mainline train speeds, meets and passes, signal
systems, weather, crew availability, line congestion, etc. Considering all of these other factors
affecting system performance, the percentage of variability accounted for by the single variable,
dwell time, may seem surprising. However, the high percentage of time that freight cars spend
in terminals (Figures 1.1 and 1.2) and the 65% of root-causes of delays related to terminal
management (Martland et al. 1994) point to the importance of terminal dwell time as a critical

factor affecting railroad network efficiency.
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1.4.3 Current Trends in Network Performance and Demand

For the weeks ending May 27, 2005 through May 26, 2006, (53 weeks) the weekly
average manifest train speed for the same six Class I railroads was plotted over time to determine
the current network performance trends (Figures 1.11 and 1.12). Four of the six railroads (CN,
BNSF, NS and UP) have been experiencing a slight downward trend in average manifest train
speed over the past year. CSX has been experiencing a slight upward trend while CPR saw a
sharp increase early in 2006 which has since leveled off. Demand for rail transportation,
measured in revenue ton-miles, has continued the growth that began in the early 1990’s (Figure
1.13). If demand continues to increase, as the indicators suggest (Leilich 2006), average train
speeds will continue to trend downward (for CN, BNSF, NS and UP) or level off (in the case of
CPR and CSX) unless the network resources are managed better. As shown in the previous
sections, the network resource that has one of the greatest impacts on network efficiency and

service reliability is the classification terminal.
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Figure 1.11 Weekly average manifest train speed trends for CN, CPR and BNSF
May 2005 to May 2006
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1.5 Increasing Terminal Capacity

Kraft (2000b) raises the issue of inadequate terminal capacity as a barrier to improved

service reliability.

“A very serious concern is the level of terminal congestion. Under the guise of operating
‘efficiency,” some carriers may have reduced terminal capacity too much. Apart from the
need to run trains on a reliable scheduled basis, the most important thing railroads can do
to improve reliability is to invest in adequate terminal capacity.”

In addition, the importance of terminals to network efficiency leads to the conclusion that
inadequate terminal space is also a barrier to improved network performance. However, the
availability of capital and physical space to expand some yards may be constrained. Therefore,
in addition to considering infrastructure expansion, railroads must also determine how to harness
as much capacity from extant infrastructure as possible. This creates the need for new

management and operational methods that will increase the capacity of existing facilities.

1.5.1 Problem Statement

Terminal capacity can be improved by reducing dwell time through the adoption of
methodologies that have been successfully applied at the production control level in
manufacturing such as elements of “Factory Physics,” developed by Hopp & Spearman (2001),
the Theory of Constraints (TOC), originally developed by Goldratt (1990), and Lean
Manufacturing (Womack & Jones 2003).

In my thesis research I consider the classification terminal as a production system in
order to utilize the production management methods referred to above and introduce the “Lean
Railroading” approach to improving classification terminal performance. To illustrate the
approach, I will demonstrate the theoretical importance of the bottleneck, identify the pull-down

process as the bottleneck in a majority of hump yards, and provide a detailed analysis of the pull-
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down process. After enhancing the macroscopic evaluation method for determining pull-down
process capacity first presented by Wong et al. (1981), I will compare several alternative
bottleneck management methods. Then, I will introduce a new metric that has been developed to
measure the performance of the sorting process because of its direct interaction with the pull-
down process.

Currently, the performance of hump controllers is measured primarily by the number of
cars humped per unit time (i.e. hour or shift). While management knows effective sorting is
important, they do not have a quantitative way to measure the quality of sorting. To address that
need and thereby better manage and understand the interaction between the pull-down process
and its immediate upstream process (the hump), a quality of sort metric is developed and its
relationship to bowl volume and pull-down throughput is established. These results will enable
terminal management to add a much needed quality measurement component to the hump
controller performance criteria that will facilitate an increase in pull-down process throughput

and, ultimately, increase capacity through a reduction in terminal dwell time.
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CHAPTER 2: PRODUCTION MANAGEMENT FOR RAILROAD CLASSIFICATION
TERMINALS

2.1 Introduction to Production Management

The science of production management developed as a result of the need to manage and
understand large manufacturing systems. These management tools and methods include time
and motion study, engineering economic analysis, quality control, operations research and
production/inventory management (Hicks 1994). These methods have been successfully applied
outside of manufacturing in industries ranging from health care to transportation (Sobek &
Jimmerson 2003, Paixao & Marlow 2003). A railroad transportation example is the study by
Mundy et al. (1992) in which Statistical Process Control (SPC) techniques were used to analyze
the performance of the Burlington Northern’s Tennessee Yard facility in Memphis. SPC is a
collection of quality tools that have been widely adopted in manufacturing and the work stems
from a more general interest in the application of SPC in service industries. Renewed interest in
improving terminal operations presents an opportunity for further use of production management

techniques.

2.1.1 The Hierarchy of Problems in Production Management

Brandimarte & Villa (1995, p. 10) describe a three-level hierarchy of problems:
production planning, production scheduling and production control. Each level in their hierarchy
has a characteristic time horizon and type of activities associated with it that can be adapted for
evaluation of railroad terminals (Table 2.1). The use of methods found in the production control
level to increase railroad terminal capacity is a principal objective of my research. In this
chapter I will use elements of the “science of manufacturing,” established by Hopp & Spearman

(2001) in Factory Physics, to consider the terminal as a production system and better understand
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its dynamics. The Theory of Constraints (TOC) approach, originally developed by Goldratt
(1990), and Lean Manufacturing (Womack & Jones 2003) provide practical guidance and tools
for improving production system performance. In Chapter 3, I will continue to build the
understanding of the “Science of Lean Manufacturing” provided by Factory Physics and describe
how to apply these techniques to railyard operations as part of the establishment of the Lean

Railroading approach.

Table 2.1 Production management hierarchy (Hopp & Spearman 2001, Kraft 1998,
Brandimarte & Villa 1995)

Level Time Horizon Manufacturing Decisions Rail Decisions
Production planning Long term (strategy) Financial decisions Financial decisions
Greater than 6 months Marketing strategies Marketing strategies
Product designs Service design
Process technology decisions Locomotive acquistion
Capacity decisions Line capacity expansion
Facility locations Terminal expansion
Supplier contracts Supplier contracts

Personnel development programs Personnel development programs
Plant control policies
Quality assurance policies

Production scheduling Intermediate term (tactics) Work scheduling Train routing
Less than 3-4 months Stafting assignments Classification policy
Preventative maintenance Train make-up policy
Sales promotions Traffic routing
Purchasing decisions
Production control Short term (operational)  Material flow control Train scheduling
Less than 1-2 weeks Worker assignments Locomotive distribution
Machine setup decisions Car scheduling
Process control Empty car distribution
Quality compliance decisions Crew scheduling
Emergency equipment repairs Terminal work plans

2.2 The Classification Terminal as a Production System

In order to successfully apply the necessary elements of the selected production
management methods, classification terminals can be considered as production systems. The
idea of comparing a terminal to a production system is not new. Ferguson (1980) used the

analogy to contrast local decisions versus system decisions in a terminal control system.
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“This situation is analogous to a manager of an automobile assembly plant . . . In
the railroad industry, the terminal superintendent is the plant manager and his
function is to assemble inbound trains or parts of trains into completed outbound
trains.”

Stated another way, classification terminals are factories that produce outbound trains by sorting
and properly assigning cars from various inbound trains. As such, they are subject to many of

the same relationships observed in manufacturing systems.

2.2.1 Defining a Terminal System

The precise definition of a manufacturing system is provided by Hopp & Spearman
(2001):

“A manufacturing system is an objective-oriented network of processes through
which entities flow.”

Because classification terminals are production systems, a precise definition for a terminal
system is possible by replacing the words “manufacturing system” with “railroad terminal
system.” The key words in the definition are italicized and are defined, in the terminal
environment, as:

1. The objective — “The ultimate objective of a yard is to sort cars, and connect them
reliably to the earliest possible candidate outbound train, while minimizing cost” (Barker
2005)

2. The network — The railroad terminal system is a network of interacting parts, often
subject to complex interactions

3. The processes — Comprised of the physical processes (receiving, classification, pull-
down, departure, etc.) and the support processes (crew assignment, switch list generation,
maintenance, car data entry, etc.)

4. The entities — Freight cars, locomotives and the information associated with both

5. The flow — The way in which the entities are processed through the system

Figure 2.1 provides a graphical representation of the railroad terminal as a production

system that transforms a set of inputs into the desired outputs. From this figure, the interaction
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between the terminal and the rest of the rail network can be seen and it serves as a starting point
for a production level control analysis. While this research focuses on applying select
production management techniques to hump yards because they more clearly resemble a factory-
type assembly line with distinct breaks between the production processes, the techniques can also
be applied to flat yards.

Inputs Outputs

Inbound trains
(locomotives, cars, crews, EOT)

Methods/procedures

: Outbound trains
(operating plan)

Information _
(waybills, manifest, EDI) Services
(car and locomotive repair,

car storage)

People
(management, o
crews, training) Classification

Terminal

Equipment Information
(yard engines, retarders,
switch machines)
Infrastructure
Paperwork

(receiving/departure yards,
class yard, hump, run-thru tracks)

Weather

Figure 2.1 The classification terminal as a production process

2.3 Terminal Operations Review

There are two types of classification yards in North America, flat yards and hump yards.
In 2003, of the 96 major classification yards in operation in North America, 39 were flat yards

and 57 were hump yards (Wegner 2003). Before the differences between the two can be
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explained, some terminology must be defined using the definitions from Daganzo et al. (1983),
modified where applicable.

1. Cut — Any set of cars that share a common destination track and, by chance or design, are
sequenced together in an arriving train.

2. Block — A set of cars that has been purposefully sequenced together in a departing train
because they share a common attribute (such as track destination). Within in any
departing train, cars will have been sorted into one or more blocks.

3. Switch — The operation that separates two adjacent sets of cars, and sends the sets to their
assigned classification tracks. Although every car must be sorted, not all require
switches.

2.3.1 Flat Yards

Flat yards have a relatively flat profile and locomotives sort cars either by flat switching

(Figure 2.2) or “kicking” (Figure 2.3).

Flat Switching

A. A brakeman typically rides the leading car to ensure there are no obstacles and to line switches as the
movement proceeds.

Cd
B. The brakeman steps down near the point where the cars are to be uncoupled. When the cars have
been placed and the train stops, the brakeman uncouples the cars. k

C. The switch engine reverses, leaving the cut of cars on the desired track.

T T Th

Figure 2.2 Flat switching cars in a flat yard (modified from Kraft 2002a, p. 52)
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Kicking Cars

A. First, the air brakes are released from all the cars. The locomotive shoves up against the cars putting
them in buff thereby enabling the brakeman to lift the uncoupling lever and then signals the engineer to
“kick” the cars.

< T

B. The engine accelerates rapidly while the brakeman runs beside the cars holding the uncoupling lever
until the desired uncoupling speed is reached. When the desired speed is reached, the brakeman gives
the signal to apply the locomotive brakes. The cars continue rolling toward the classification tracks.
Meanwhile, a second brakeman has lined the switches to route the cars into the desired track.

A

>-k—>
—<__ TTH.

C. By the time the locomotive and remaining cars have stopped, typically they have traveled several car
lengths. Periodically, the engine must pull the cars back to have enough room to continue switching.

A
S

Figure 2.3 “Kicking” cars in a flat yard (modified from Kraft 2002a, p. 52)

If flat switching is used, the cars near the engine are subject to several extra handlings as the
engine moves back-and-forth switching the cuts. “Kicking” attempts to reduce the amount of
these movements by uncoupling the cuts when the forward momentum is sufficient to keep the
cars rolling down the desired track. As shown in Figure 2.3, the engine must periodically back
up to have enough room to continue switching. “In flat yards a switch is required between every
pair of adjacent cuts, all cars in a cut being destined for the same classification track” (Daganzo
et al. 1983). Because of this, flat yards are more efficient for large cuts of cars because
switching single-car cuts creates the potential for many reverse movements before a car is placed

on its proper track, thereby wasting inertial energy.
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2.3.2 Hump Yards

Contrast this to a hump yard where inbound trains are shoved up a specially-built hill
known as a hump in order to store potential energy to aid in the sorting process. At the crest of
the hump, the cars are uncoupled and each car rolls into the proper track in the classification yard
(or bowl because of its saucer-shaped profile) by gravity (Kraft 2002c). The tracks in the
classification yard are often called class tracks or bowl tracks. Special braking devices, known
as retarders, are mounted to the tracks and control the speed of the cars as they roll down the
hump and into the bowl. There are two types of retarders: automatic and distributed piston.
Automatic retarders use electro-pneumatic valves controlled by a computer system to slow the
cars so they will couple at 4 mph or less (“walking speed”). Multiple retarders are needed to
precisely control the speed: a master retarder is located directly past the hump crest, group
retarders are located on the lead to each group of tracks and tangent-point retarders are located at

the entrance to each classification track (Figure 2.4).
RECEIVING YARD CLASSIFICATION YARD DEPARTURE YARD

MASTER
RETARDER

£ AN // \l
y AN
ya AN 1 N w4 N
N\ J ! / N\, 74
N\ 4 HUMP / N /
N S CREST AN /
/ Pull-down
GROUP
RETARDER end of yard

AANGENT-POENT

RETARDER

Direction of freight car
flow through the terminal

Figure 2.4 Hump yard schematic and processing sequence (Wong et al. 1981, Kraft 2002c)

A common type of distributed piston retarder is the Dowty retarder. Kraft (2002b, pp. 43-44)

describes how Dowty retarders work.
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“These retarders, named for the British company that first developed them, look like
mushrooms springing up next to the rails. A Dowty retarder consists of a hydraulic
piston-and-cylinder so positioned that a wheel flange depresses the piston as the car
passes over. A valve in the retarder slams shut if the cars speed exceeds a preset value,
forcing hydraulic fluid through a narrow orifice. That resists the downward pressure of
the wheel and slows the car. If the car is moving slower than the preset speed, the valve
remains open so the cylinder compresses without resistance.”
Adjustments to rolling speed are made by installing or removing retarder housing pairs during
maintenance windows. The time of year affects the number of retarder housings needed. For
example, yards with colder winter conditions will require fewer Dowty retarders because cars
tend to roll more slowly when it is cold.

Hump yards use automatic-power switches to route the cars to the appropriate track
(Wong et al. 1981). A hump controller supervises the classification operation and the switches
are controlled by a computer system. “In hump yards, a switch is generally required between
every pair of adjacent cars though it is possible to switch as many as eight cars at a time”

(Daganzo et al. 1983). Hump yards are better at sorting cars one-at-a-time (Kraft 2002c) and this

is the normal practice in North America.

2.3.3 Operating Costs versus Capital Costs

Wong et al. (1981) states, “In the case of a flat yard versus a hump yard, the economic
analysis involves a tradeoff of the higher operating expenses of the flat yard versus the higher
capital expenses of a hump yard.” Hump yards tend to be high-volume operations because of
their intensive capital requirements. Flat yards are more labor intensive; making them most
applicable to small and medium-sized classification operations, in which fewer than 1,000 cars
per day are processed (Wong et al. 1981). A hypothetical illustration of this tradeoff is shown in

Figure 2.5.
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Figure 2.5 Hypothetical per unit cost curves as a function of volume for flat and hump yards

The introduction of Remote Control Locomotive (RCL) technology in the late 1990’s and
early 2000’s has reduced the operating expenses for flat yards while the development of “mini-
hump” designs, pioneered by the Southern Pacific (Wong et al. 1981), has reduced the capital
expenses for small- and medium-sized yards. The availability of distributed piston retarders

further reduces the capital and maintenance expenses of the mini-hump designs.

2.3.4 Freight Car Flows through the Terminal

Figure 2.6 shows an example of freight car flow through a typical hump yard. From a
production standpoint, it supplies the flow of the entities (cars) between the primary processes
and the basic process interactions. The cars brought by the inbound trains are subject to three
different process flows. All cars go through the receiving process where they are inspected and

defects are flagged for repair.
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1. Run-through cars — Are usually found in unit trains that do not need to be classified en-
route. These trains use the terminal to swap power, re-crew and, when necessary, receive
the FRA mandated 1,000-mile inspection. Although they by-pass the classification and
pull-down processes, they still use terminal resources and impact other car flows.

2. Cars-to-be-swapped — Arrive in a solid block of sufficient volume and/or priority to
warrant bypassing the principal classification process altogether (known as “block
swapping”). By definition, these blocks are moved as a group directly from an inbound
train to the appropriate outbound train.

3. Cars-to-be-processed — Are the most prevalent in hump yards and are involved in the
most processes. They are individual or small groups of cars making connections from an
inbound train to an outbound train. Low priority cars, cars from small blocks, cars
lacking proper blocking instructions and cars needing repair are often subject to being
classified more than once (re-hump process).

Inbound trains Re-Hump Outbound trains
Process
Cars-to-be- . | Classification .| Pull-Down R
processed "1 Process "| Process "
Receiving Departure
__Cars-to-be- | Process T Process
swapped
__Run-through > >
cars

Figure 2.6 Freight car flows in hump yards

More detail for each of the processes in Figure 2.6 is found in the process flow charts in
Mundy et al. (1992) and Wong et al. (1981 pp. 9-12) that provide an excellent tutorial on
classification yards and their operations. The study of railroad transportation (Part II in Studies
in the Economics of Transportation) by Beckmann et al. (1955) contains a detailed description of
the differences between flat and hump yard operations and pioneering applications of Operations
Research models to railroad systems. The articles by Kraft (2002a, 2002b) provide a more
recent overview of yard operations, technologies, challenges and designs along with a good
history of their development. The inline receiving/inline departure design shown in Figure 2.4 is

one of several hump yard configurations (Figure 2.7).
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Inline Receiving/Inline Departure

Hump Class yard
< Receiving yard (bovzl) Departure yard >

Examples: Bailey Eastbound Yard, North Platte, NE (UP),
DeWitt Yard, Syracuse, NY (CSX)

Inline Receiving/Parallel Departure

< Departure yard \
Hump
< Receiving yard Class yard

(bowl)

Examples: Northtown Yard, Minneapolis, MN (BNSF), Barstow Yard, CA (BNSF),
Selkirk Yard, NY (CSX), Spencer Yard, Linwood, NC (NS)

Parallel Receiving/Parallel Departure

< Departure yard

Hulmp/ Class yard "\
TN (bowl) /
Receiving yard >

Examples: Centennial Yard, Fort Worth, TX (UP), Argentine Yard, Kansas City (BNSF),
Avon Yard, Indianapolis, IN (CSX), Bensenville Yard, Chicago (CPR)

Combined Parallel Receiving/Departure

Receiving/departure yard

Hulmp/ Class yard "\
FNL (bowl) /

Receiving/departure yard

Examples: Alyth Yard, Calgary, AB (CPR), Agincourt Yard, Toronto, ON (CPR)
Figure 2.7 Most common hump yard design options (Wong et al. 1981) and examples (Rhodes 2003)
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The inline receiving/inline departure and inline receiving/parallel departure designs are
used where there is primarily one direction of traffic; from the left in this case. Consequently,
very large terminals using these designs will most likely have one yard for each direction of
traffic with each yard operated independently. The parallel receiving/parallel departure and

combined parallel receiving/departure designs are used where traffic flows in both directions.

2.4 Production System Performance Measures

In order to effectively manage a production system, a set of measurements is needed to
gauge the performance of the system over time and respond to changes. Railroads track this base

set of production metrics at their classification terminals:

1. Volume — The standing car count in the terminal (or a sub-yard) at a particular point
in time, the synonymous manufacturing term is Work-In-Process (WIP) inventory.

2. Dwell time — The average time taken for freight cars to move through the terminal
(the time a car spends as part of the volume count), known as cycle time or
throughput time in manufacturing.

3. Throughput — The average number of cars processed by the terminal (or a sub-
process) per unit time (e.g., cars per day).

Because every car has a trip plan, there is also a quality aspect that must be considered
when defining terminal throughput. This is done in one of two ways: measuring the number of
cars whose dwell time was less than or equal to a standard established by the connection protocol
(e.g., percent under x hours) or the percentage of scheduled connections met. As railroads have
moved toward a scheduled operations approach these quality standards have become more

important.

2.4.1 Performance Measurement Relationships

One of the first steps that Hopp & Spearman (2001) accomplish in Factory Physics is the

establishment of fundamental relationships between the production system parameters. These
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relationships form the foundation for developing better production management methods.
Queuing theory has provided a means for establishing the fundamental relationships both in
manufacturing and in classification terminal operations. Petersen (1977a, 1977b) and Turnquist
& Daskin (1982) have used queuing theory to model throughput rates and classification and
connection delays. These models provide important insights about basic terminal dynamics, but
because of their complexity, they are not effective as front-line management tools. Furthermore,
some of the basic assumptions of queuing models do not apply in railroad terminal operations
(Martland 1982).

However, there is one queuing theory relationship that is sufficiently intuitive to be used
in a production control environment and it relates the three performance measures defined above:
volume, dwell time and throughput. Hopp & Spearman (2001) use it as their first “Factory
Physics” relationship. It is known as Little’s Law (named for the man who provided the

mathematical proof) and is written, using terminal performance measures, as:
Volume (car count) = Throughput (cars per day) x Dwell Time (days) (2.1)

Kraft (2002b) has graphed this relationship for terminals (Figure 2.8). Little’s Law holds for all
production systems over the long term, not just those with zero variability and it can be applied
to a single station, a line or an entire plant (Hopp & Spearman 2001). This means that a terminal
manager can use it at any level within the terminal, provided that all three quantities are
measured in consistent units. For example, if a terminal manager knows the processing capacity
of the terminal and the number of cars in the terminal, the expected average dwell time for those

cars can be calculated.
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Figure 2.8 Little’s law for terminals

2.5 Determining Capacity in a Production System

Capacity is defined as the upper limit on the throughput of a production process (Hopp &
Spearman 2001). Releasing work into the terminal system at or above the processing capacity
causes the terminal to experience unstable operations (i.e., build up volume above the standing
capacity). Because every classification terminal has different design characteristics, operating
practices and traffic mixes, it may be difficult to accurately determine a terminal’s processing
capacity. Experienced managers often have a relatively good understanding of the maximum
number of cars that their terminal can process per day using current methods. In order to
improve the processing capacity, managers need to better understand how capacity is determined

in a production system. Factory Physics provides a means to understand processing capacity and
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guidance in improving terminal performance at the production control level. Knowing terminal

processing capacity is a necessary part of effective terminal management.

2.5.1 The Theoretical Importance of the Bottleneck

Each process in a production system interacts with every other process in a variety of
ways. The interactions can be simple (process 1 feeds parts to process 2) or complex (variability
in train arrival times leads to a lack of motive power which leads to congestion in the departure
yard). Having multiple product lines that use each process differently increases the complexity
of the interactions. The science of production management provides insights that can increase
capacity by focusing on the processes that will have the greatest impact on the system’s
performance.

In a production system, the bottleneck occupies an important position. The bottleneck is
the process that limits the throughput of a production system. As such, the processing rate
(throughput) of the bottleneck process establishes the long-term processing capacity of the entire
system. The important relationship between the bottleneck rate and production system
performance provides key insight into where improvement initiatives should be targeted.
Because bottleneck rate and throughput have the same units (cars per day for terminals), Little’s

Law can be used to quantify the benefits of improving the bottleneck rate:

Volume (car count)
Dwell time (days) (2.2)

Bottleneck rate = Terminal throughput (cars per day) =

Increasing the bottleneck rate will reduce the dwell time for any given volume level in the

terminal (Figure 2.8). Knowing this, management can reduce the complexity of managing a
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complex production system by focusing on improving the bottleneck process. This will lead to a

reduction in terminal dwell time and a corresponding increase in terminal capacity.

2.5.2 The Estimated Benefits of Increasing Terminal Capacity

Little’s Law (Equation 2.2) was used to illustrate the potential benefits of increasing
capacity for each of the four yards most closely studied during this work. The average daily yard
volume and average terminal dwell time for 2004 were calculated. Daily volume numbers were
provided by railroad management (CPR 2005a, CN 2005a). The average terminal dwell for the
CPR yards was calculated using the weekly dwell time results from the railroad performance
measures (CPR 2006b). Average terminal dwell for MacMillan Yard was calculated using data
provided by CN (2005a). The capacity of each yard at the current level of volume and dwell
time was estimated using Equation 2.2 (Table 2.2). Then, volume was held constant while

capacity was increased and the resultant terminal dwell was plotted (Figure 2.9).

Table 2.2 Yard performance measurements, 2004

Average daily yard Average terminal Estimated average
Yard Railroad  volume (cars) dwell (hours) capacity (cars per day)
Alyth (Calgary, AB) CPR 1,988 339 1,407
Agincourt (Toronto, ON)  CPR 2,432 51.2 1,140
Bensenville (Chicago, IL) CPR 1,476 253 1,400
MacMillan (Toronto, ON) CN 4,509 28.1 3,851
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Figure 2.9 Estimated dwell time reduction as capacity is increased

In all cases, dwell time decreased as capacity was increased and the rate of change in
dwell time was nonlinear. An explanation for the different rates of decrease for the dwell time
curves can be understood by considering Figure 2.8. The starting dwell time and volume level
for each yard is at a different point on the curves in Figure 2.8; consequently, the rate of decrease
for each yard is also different. A 300 car per day capacity increase is estimated to reduce the
average dwell time at Alyth by 6.0 hours, Agincourt by 10.7 hours, Bensenville by 4.5 hours and
MacMillan by 2.0 hours. As discussed in Section 1.4.1, reductions in average system terminal
dwell time are correlated with average manifest train speed. Dwell time is reduced by increasing
capacity and increasing terminal capacity will also improve service reliability (Section 1.4).
Therefore, management should work to improve terminal capacity by better management of
resources by adapting production management methods. Chapter 3 presents a new approach for

this improvement initiative.
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CHAPTER 3: LEAN RAILROADING

In this chapter I introduce a new approach to improving terminal performance that
combines the concept that a terminal is a production system with the foundation laid by Factory
Physics and three production management methods: Lean Manufacturing, the Theory of
Constraints (TOC) and Statistical Process Control (SPC). None of these production management
methods are new, nor is their application to the transportation sector, as illustrated by the
previously cited application of SPC to classification yards by Mundy et al. (1992) and by the
concept of agile ports (Paixao & Marlow 2003).

“The implementation of agility in ports supports itself on the concepts of lean, flexibility,

just-in-time and business process redesign (or re-engineering) techniques (since their

implementation has contributed to the achievement of good results in the manufacturing

environment there is no reason to believe that the same results cannot be achieved in a

service sector, such as the port industry).” (Marlow & Casaca 2003, p. 190)
What is new is the documented, integrated application of these methods to classification terminal
systems in the railroad industry. At least two railroads (CPR and UP) have begun to apply the
principles of lean to improving classification terminal performance. GE Yard Solutions has
conducted lean terminal studies on the Belt Railway of Chicago, BNSF, NS and UP (Logan
2006b). BNSF has an active value engineering and “six sigma” (another term for SPC) group.
And many of the “precision railroading” principles that CN has used to improve their operating
performance can also be considered lean. In this chapter, I review this work by railroads and
develop a summary description of “Lean Railroading.”

The Lean Railroading approach to improving terminal performance will first be
developed by providing a brief history of lean in relation to other production management
systems and defined using Factory Physics. The tools used to identify and implement

improvement initiatives will be described and applied to the terminal system. Then, to illustrate

how to apply these concepts and tools, the TOC will be incorporated to provide guidance as to
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where the first improvement initiatives should be targeted. SPC methods and tools will be
incorporated into the detailed description of the pull-down process in Chapter 4 and the

development of the Quality of Sort metric in Chapters 5 and 6.

3.1 Lean Manufacturing

Lean Manufacturing has its roots in the Toyota Production System (TPS), an approach to
manufacturing pioneered by the Toyota Company after World War II. TPS enabled Toyota to
experience steady productivity and quality improvements throughout the 1970’s while U.S.
manufacturers were in the middle of the “MRP crusade” (Spearman 2002a). MRP (Material
Requirements Planning) and its successor, MRP II (Manufacturing Resources Planning), were
efforts to use computer software to control all aspects of material flow in a production system.

While sales of MRP continued to climb in the 1980’°s, many began to think MRP was a
mistake. Less than 10% of 1,100 firms who were interviewed in 1980 were able to recoup their
investment within two years (Hopp & Spearman 2001). U.S. automobile manufacturers, in an
effort to catch up to Toyota, adopted one aspect of TPS in the 1980’s, Just-In-Time (JIT). In
spite of the benefits experienced by JIT firms, a new version of business application software
emerged, Enterprise Resource Planning (ERP) that targeted all operations of a company. ERP
was more complex and much more expensive than MRP II. In spite of the high cost and a
growing number of “implementation horror stories” (see Hopp & Spearman 2001, p. 176),
companies installed ERP in an effort to more effectively control their entire enterprise.

At the same time, TPS continued to be studied and receive attention. The term “Lean
Production” was created by Womack et al. (1990) as part of the five-year study of automobile
production methods conducted by the International Motor Vehicle Program (IMVP) at MIT. The

study compared American, European, and Japanese automobile manufacturing techniques and
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concluded that the Japanese techniques, particularly those of Toyota, were superior (Spearman
2002a). JIT, along with other components of TPS, became Lean Manufacturing and companies
who studied, implemented and embraced it, soon outpaced their ERP counterparts. MRP, MRP
IT and ERP did provide important contributions to the body of manufacturing knowledge, but the
assumptions of infinite capacity and fixed lead times in the basic model underlying these systems
were flawed (Hopp & Spearman 2001, p. 145, 174). Womack & Jones (2003) describe the
application and results of the implementation of “Lean Thinking” at several manufacturers
around the world (including Toyota, Lantech, Wiremold, Porsche and Pratt & Whitney) and

explore possible applications outside of traditional manufacturing.

3.2 Defining Value for a Railroad Customer

The focus of lean is the identification and elimination of waste (known as muda in lean
terminology). Waste is defined as any step or process in a production system that, from the
standpoint of the customer, does not add value to the product (Rother & Shook 1999).

“The critical starting point for lean thinking is value. Value can only be defined by the
ultimate customer. And it’s only meaningful when expressed in terms of a specific
product (a good or a service, and often both at once) which meets the customer’s needs at
a specific price at a specific time.” (Womack & Jones 2003, p. 16)

A railroad customer wants to purchase the product of freight mobility. The first step in defining
value is to define the customer’s ideal product. In other words, specify the product that provides
the maximum value to the customer. For freight mobility, the ideal is:

1. Instantaneous delivery of the exact number and type of empty, clean and defect-free
railcars specified when ordered

Instantaneous pick-up of those railcars when loaded and released

Non-stop movement of those railcars from origin to destination without delay

No damage to the freight being transported

Exact, on-time delivery of every railcar shipped (100% service reliability)
Instantaneous removal of railcars once unloaded

All of this done with the maximum level of safety and for the minimum cost

Nowkwbd
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The purpose of defining the ideal product is to provide railroads with a concrete goal that
will enable a culture of continuous improvement to pervade the company. With that in mind,
waste is now defined as any activity or event that results in the ideal product not being provided.
On a railroad, waste occurs when:

A. The railroad cannot deliver the product (i.e. it must turn away business that would
otherwise help maximize profits)

There is a delay between order and delivery of empty railcars

The wrong number or type of empty railcars are delivered

The empty railcars are dirty or unusable because of defects

There is a delay between the release and pick-up of the loaded railcars

Anytime the railcars are not moving either in a train or in a terminal

A connection is missed

The railcar or the freight is damaged

There is a delay between the release of the unloaded cars and their removal

Any unsafe activity occurs

Any activity or asset that increases costs beyond the minimum required to deliver the
product (i.e. excessive fuel consumption, unnecessary labor cost, overpowered trains,
additional surge fleets of locomotives and freight cars, excessive or overbuilt
track/signal systems, etc.)

ATTEOQRIEHDAOW

Therefore, reducing the occurrence and/or magnitude of these activities must be a good thing.
Unfortunately, it is never that simple and Spearman (2002b) explains why.
“We seldom reduce any single type of waste . . . without increasing another. By reducing
lot sizes, we reduce inventory (a form of waste) but also increase both the amount of
material handling and the number of setups (also forms of waste). Likewise, the sign of
the waste equation is unclear when we add safety stock inventory (waste) to reduce lost
sales (also waste).”
A railroad could run shorter, more frequent trains to reduce yard inventory levels (and reduce
dwell, Figure 2.8) but this would create a need for additional locomotives, crews and effectively
reduce mainline capacity because of the fixed block length traffic control system typical of most

railroad signal systems (Pachl 2002). Additional railcars could be purchased or leased as a safety

stock (waste) to reduce lost sales (also waste).
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Recalling the importance of classification terminals to service reliability and network
efficiency discussed in Chapter 1, and the operations that occur in a terminal presented in
Chapter 2, it is apparent that terminal operations directly or indirectly have the potential to affect
nearly every type of waste in the railroad system. And because terminals can be considered
production systems, they present the best opportunity to apply and illustrate lean techniques to
railroaders. However, before the successful implementation of the concept of Lean Railroading
can occur, an understanding of the root cause of waste must be established. Again, use of

Factory Physics can provide this understanding.

3.2.1 The Root Cause of Waste

Naturally, some waste is the result of poor railroad practices. Unnecessary moves,
mistakes that require an operation to be repeated, badly designed track layout that leads to
excessive handling, inefficient dispatching, inadequate track maintenance and unsafe operations
are just a few examples of railroad practices that represent direct waste. Focusing on these is
important, but the goal of eliminating direct waste is as old as the railroad system itself.

Variability is a fundamentally different source of waste. Its importance is such that Hopp
& Spearman (2001, p. 295) state, as a Law of Manufacturing, that, “Increasing variability always
degrades the performance of a production system.” Railroad terminals are no different.

Consider what the perfect performance of a classification terminal system would look like.
Trains would always arrive on schedule, each process would operate at 100% utilization (no
wasted capacity) and would only work on processing railcars (i.e. no setup or down time). There
would be no trains waiting to leave the departure yard and there would be no waiting for trains to
be built (i.e. the mainline would ask for the train as soon as it was built). Similarly, there would

be no inbound trains waiting in the receiving yard and processes would finish “just-in-time” for
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the next process to begin. The only railcars in the yard would be the ones being processed and
there would be none waiting in a queue. No rework or car damage would ever occur.
“Obviously, because there is always some variability (some under our control, some not) perfect
performance is impossible” (Spearman 2002b).

While variability takes many forms, it can be divided into two classes: internal and
external (Spearman 2002b). Some examples of internal and external variability experienced by

terminals are presented in Tables 3.1 and 3.2 respectively.

Table 3.1 Examples of internal variability

Type Examples

Planned outages Weekly hump maintenance

Unplanned outages Locomotive failure, retarder failure, injuries, accidents
Variable process times (including setup times) Inspection, classification, pull-down

Rework Planned and unplanned rehumps

Car damage Broken knuckles, overspeed impacts

Sorting Block-to-track assignment, misroutes, block splits
Workplace variation Manager experience, methods, mentality

Crew variation Crew experience, cooperation, motivation

Table 3.2 Examples of external variability

Type Examples

Arrival variability Late inbound trains, early inbound trains

Weather Wind, rain, snow, cold

Mainline outage Derailment, grade crossing accident, washout, rockslide

Traffic volume Inbound trains of differing lengths, outbound trains exceeding capacity
Car damage Cars on inbound trains damaged

Traffic flow Shifts in directional flow of traffic

Yield management High-priority cars, service differentiation

Departure Bunching of depatures in plan, mainline blocked when train ready

Most of the examples of internal variability are true sources of waste and efforts should be taken
to eliminate or reduce their occurrence. Dealing with external variability is more challenging

because they can cause as much waste as internal sources but lie outside the control of the
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terminal. Eliminating these sources may be impossible (i.e. the weather) or dependent upon
other entities within the railroad system (i.e. arrival variability). Coordination with the outside
entities is imperative to reduce the waste caused by external sources, but many times the sources
should not be eliminated (i.e. yield management).

Another Law of Manufacturing from Factory Physics is “Variability in a production
system will be buffered by some combination of inventory, capacity and time” (Hopp &
Spearman 2001, p. 295). In a classification terminal, an inventory buffer is seen in the form of
railcars sitting in the arrival, classification or departure yards. A capacity buffer takes the form
of a process throughput greater than the process demand. A time buffer is the extra time built
into each car’s trip plan in order to ensure that the connection will be made and is reflected in the
terminal dwell time.

Spearman (2002b) states, “In many ways, the ‘waste’ discussed in Lean is the ‘buffer’ of
Factory Physics. However, this is not always the case. If external variability creates the need for
a buffer, is it waste?” Providing different service levels increases variability, but would the
railroad be better off if it were to only offer one service level? “The point is that while not all
variability is waste, all variability will lead to a buffer which indicates that /ogistical (but not
necessarily financial) performance has suffered” (Spearman 2002b). As long as the increase in
railroad revenue is greater than the increase in operating costs, profits will increase. Therefore, it
becomes the task of terminal management to reduce internal variability and the task of network
management to manage the external variability so that the bad sources (like arrival variability)

are reduced and the good sources (like service level differentiation) increase profit.
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3.3 Implementing Lean Railroading

Logan (2006a) suggests an integrated approach combining process (lean terminal

studies), technology (remote control locomotives, remote control switches, yard control systems)

and people (manager & yardmaster training, job manuals, on-the-job training) to improve

terminal performance and assumes that the benefits are additive. CPR advocates a similar

integrated approach combining people, technology, schedule adherence and proper metrics (CPR

2006b). These integrated approaches seek to ensure the effectiveness and sustainability of the

change initiatives required by Lean Railroading.

With the integrated approach in mind, the steps for implementing Lean Railroading in

terminals can be defined. The steps are adapted from Spearman (2002b) using the experiences of

CPR’s Yard Operations Performance Group (CPR 2006¢) and Logan (2006b).

0. Eliminate direct waste: Take a fresh look at the terminal system by drawing a Value
Stream Map (VSM) and try to eliminate obvious sources of waste. The list would
include (but is not limited to):

o ®

/o

c.

f.

g.

Rework

Accidents, injuries and other safety problems
Car damage

Unnecessary motion

Yard engine failure

Long setups

Unnecessary information collection

1. Swap buffers: Decrease the time buffer (dwell time) by reducing the idle time
between processes. This is synonymous to enabling continuous flow. In order to
accomplish this, develop a production control schedule based on the departure
schedule and set standards for each process. Then, stack the processes in a fashion
that compresses idle time. Increase the capacity buffer by focusing on improving the
performance of the bottleneck.

2. Reduce variability: This is done in several ways:

a.

By addressing problems in sorting, rework, car damage, down time and setups.
The reduced dwell time results in lower yard volume and this facilitates tracing
problems to their source. The time between “defect creation” and “defect
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detection” is reduced. Use of SPC or “six sigma” techniques is appropriate here
(see Mundy et al. 1992).

b. Implement standardized work plans to reduce variability in process cycle times.

c. Work with network management to increase the on-time reliability of inbound
trains. The yard must also do its part to ensure on-time departure of outbound
trains.

d. Fix the network operating plan to “schedule no more ‘core’ trains than the carrier
is committed to operate reliably every day” (Kraft 2002c, p. 94). This is the
approach that CN has adopted and it reduces variability in demand as seen by the
yard. Trains are never cancelled but extra trains can be added if the demand
warrants. Then, the planned workload of the yard can be spread out over the
entire day to minimize traffic peaks that exceed terminal processing capacity.

3. Continuous improvement: “Once variability is significantly reduced, we can reduce
the capacity buffer while continuing to identify and eliminate variability. Only at
this point do we begin to make real gains in productivity. If we do not reduce
variability, we will not be able to reduce the capacity buffer without hurting
customer responsiveness. The result is a system that continues to improve over
time” (Spearman 2002b, p. 5).

While Lean Railroading can be applied to any terminal, the implementation will be more
successful when scheduled operations are in place. The first Class I to fully adopt scheduled
railroading in the 1990°s was CN. Since then, the transition towards scheduled operations by all
of North America’s Class I railroads has resulted in additional capacity, increasing overall
velocity and tonnage (Gormick 2005) along with on-time deliveries and cost savings. Kraft
(2002c¢) explains why a scheduled railroad environment lays the foundation for improved

terminal performance.

“Operating trains closer to schedule is an important first step, since it helps terminal
managers plan and control their operations and, by promoting a smoother flow of traffic,
it may well reduce variability in traffic levels as well. But while a scheduled railroad
produces conditions under which terminal operations may be improved, it does not by
itself fundamentally change the nature of switching or car sorting within yards.”

Scheduled operations reduce the external variability, which enables managers to better focus on

eliminating direct waste, swapping buffers and reducing the internal variability.
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3.3.1 The Value Stream Map

Identifying and eliminating direct waste involves the use of Value Stream Mapping
techniques. A value stream is all of the actions required to bring a product through the three
critical management tasks of any business: the problem-solving task, the information
management task and the physical transformation task (Womack & Jones 2003). For railroads,
the problem-solving tasks are decisions on where to run trains, service frequency, routing,
blocking plan, what equipment to use, infrastructure requirements, etc. The information
management task involves the reservation/car ordering system and the operating schedule. The
physical transformation task is the actual operation of trains over specific routes, the
classification terminal operations and the required maintenance to support the daily operation.
As discussed above, terminals can be considered production systems; therefore, this level in the
total value stream (consisting of the loaded and empty value streams, Figure 3.1) is a good place

to begin the mapping and lean implementation effort.

LEVEL 1

LOADED CAR VALUE STREAM

Classification
Empty car Loaded car Local yard . || i . Local yard Loaded car
placement pick-up operations » Line haul —p» yarc > Line haul —» operations g delivery
operations
A
Classification
Local yard Line haul yard Line haul Local yard Empty car
operations ) operations pick-up
operations

EMPTY CAR VALUE STREA

Figure 3.1 Total value stream for freight mobility as provided by a railroad
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A VSM shows all of the processes and the related information flow that must occur in
order to get the finished product to the customer. All of the processes are classified as either
those that add value to the finished product (value-adding) or those that do not (non-value-
adding). The total time that a product spends in the system is compared to the time that value is
being added. Improvement efforts focus on reducing total processing time by reducing non-
value-added time. At least two major North American railroads are using versions of VSM as
part of their efforts to implement lean methods in their organizations (CPR and UP). Preparation
of'a VSM for a classification terminal enables one to focus on understanding the flow (Figure
3.2).

The current-state VSM allows for everyone on the team to see the entire value stream
being studied and agree on its current level of performance. It “helps managers envision the
initial flow kaizen needed to drastically compress the throughput time for the product, eliminate
wasted steps, and rectify quality, flexibility, availability, and adequacy problems” (Womack &
Jones 2003). Kaizen is a Japanese term meaning “continuous incremental improvement.”
Management then works in concert with the operators to develop the future-state VSM. The
future-state VSM is used by the value-stream manager to develop the implementation plan that
will enable the system to achieve the future-state. Follow-through initiatives are required to

sustain the cycle of continuous improvement.
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3.3.2 The Theory of Constraints (TOC)

TOC provides a structured approach to improving production system performance by
focusing on the system’s bottleneck. Goldratt (1990) has established the general process in the
TOC approach. For any production system, the TOC approach is:

Identify the system’s constraint
Decide how to exploit that constraint
Subordinate the remaining resources to the decision in the previous step

Elevate the system’s constraint
If in the previous steps the constraint has been overcome, go back to step one

Nk W=

Terminals have few actual constraints (although many more are often perceived) but must have
at least one. Step 1 means identifying the actual constraints and focusing improvement efforts on
the one that impacts the objective (or The Goal in TOC parlance) the most. From the Factory
Physics standpoint, the most important constraint is the bottleneck. Exploiting the bottleneck
(Step 2) means managing it in a way that maximizes its throughput. This goes hand-in-hand
with Step 3 since the remaining resources (the non-constraints) should be managed so that they
provide the bottleneck exactly what it needs and nothing more. Efforts should continually be
made to elevate the bottleneck (Step 4) until it is broken and a new constraint becomes the most
limiting to the system (Step 5). At this point, the process begins again at Step 1 as the new

system constraint is identified.

3.4 ldentifying a Terminal’s Bottleneck from the VSM

For this study, the TOC approach was used with the current-state VSM to identify the
bottleneck in the terminal system. The total terminal dwell time for this particular terminal
(43.23 hours) and the value-added time (9.78 hours) are located in the lower right corner of the
VSM (Figure 3.2). From the standpoint of the customer (the Network Operations Center), the

products are the outbound trains and the value-added time is the time that the cars and blocks
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spend in processes that are required to build the outbound trains. These times are located in the
lower sections of the timeline. Any other time spent in the terminal is non-value-adding (waste)
and these times are located in the upper portions of the timeline. For this example, it is clear that
a majority of time spent in this terminal (33.45 hours or 77.3%) is non-value-added idle time that
the cars and blocks spend waiting for the next process to begin. A more detailed time-in-motion
study by the GE Yard Solutions group of one classification yard provides a similar idle time
figure of 71% of the 28.2 hour dwell time (Figure 3.3) and Logan (2006a) estimates that focusing
on idle time reduction presents an opportunity for a 15-30% capacity improvement in terminals.

Average Terminal Process Cycle Time

2004 Time-In-Motion Study 28.2
018 oy
—
14.6 02 []
—
71%
2L =
1.9 — 20%
—
> a@ @ D 2 ¢ & @
R L & (J\\OQ RO\ O&Q \@\e o RN \@@\ Q}OQ & S \\o& z_\\@
> 2 > S & ¢ >\
N X Q Q)O\V\ S Y < Q}% & cﬁo
,\\ 6\ \\}Q Q 00 &b Q &
D NS Q}(f\} 8° <9 ] Work time (hrs)
\gbo \QG,Q ° Idle time (hrs)

Figure 3.3 Average terminal process cycle time from GE (Logan 2006a)

The largest portion of the idle time (12 hours in Figure 3.2 and 14.6 hours in Figure 3.3)
is spent in the classification yard (or bowl). A disproportionately long wait time immediately
upstream from a production process is a good indicator that process is the bottleneck of the
system (Sobek 2003). This suggests that the pull-down process is the bottleneck. This is
corroborated by previous studies (Petersen 1977a, Petersen 1977b, Kraft 2002c) and by railroad

management at several levels at CPR (2005b), CN (2005b) and UP (McClish 2005).
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CHAPTER 4: THE PULL-DOWN PROCESS

In spite of the theoretical importance of the bottleneck in production systems, relatively
little work has been done documenting and understanding the rail yard pull-down process in
detail. Identification of the best approaches to improve bottleneck performance requires a
thorough understanding of the process and the factors that determine its capacity. In this chapter
I consider the pertinent parts of previous yard and terminal studies and combine them with
information gathered during site visits to develop a detailed analysis of the steps required to
assemble blocks into trains. My own site visits to gain a general understanding of yard
operations were conducted at Champaign Yard (CN) in fall 2004, Decatur Yard (NS) in
September 2004 and Denver Yard (BNSF) in October 2004. More detailed visits focusing on
hump yard operations were conducted at Alyth Yard in Calgary (CPR) in March 2005, Agincourt
Yard in Toronto (CPR) in July 2005 and Roseville Yard (UP) in November 2005.

The first site visit in which I focused primarily on the pull-down process was at
MacMillan Yard in Toronto (CN) in July 2005. Most of the management and crew feed-back
and observational time study data were gathered at Bensenville Yard in Chicago (CPR) in the
spring of 2006. The insights of the Yard Operations Performance (YOP) group at CPR and

Prescott Logan of GE Yard Solutions also enhanced this portion of the research.

4.1 Process Overview

The pull-down process (also called “trimming” or train assembly) consists of blocks of
cars being pulled from the classification tracks (bowl) and placed together to form outbound
trains in the departure tracks. Every terminal has an operating plan that details the blocks that
comprise each outbound train and the order in which the blocks are to be placed in the train. A

sample taken from the Alyth Yard operating plan is presented in Figure 4.1. Train 274 is
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comprised of seven different blocks and operates seven days a week. The blocks are listed in
reverse order in the train (i.e. from rear to front) (Figure 4.2) and all of the blocks are built at
Alyth (no block swaps). The train is ordered at 15:00 and is scheduled to depart at 17:00 for a
total station time of 2:00 hours. The plan is frequently updated as the service planning
department changes block and train routings to meet changing network requirements. The pull-

down process follows the operating plan when assembling the outbound trains.

TRAIN 274 Operates: Order FROM REAR: Order (train): Departs: Station time:
Block name SMTWTES ClassCode 1500 1700 2 hr 00 min
Alliston empties 3410EA1 Lift

Toronto autos 3173FA1 Lift

Toronto manifest 3173MA1l Lift

Thunder Bay manifest 5002MA1 Lift

Winnipeg manifest 5200MA1l Lift

Regina manifest 6016 MA1 Lift

Figure 4.1 Train 274 block to train assignment from Alyth Yard operating plan (CPR 2005c)

< 6016MA1 5200MA1 5002MA1 3173MA1 3173FA1 3410EA1

Figure 4.2 Block order for Train 274

The pull-down process takes place at the pull-down (also called pull-out or trim) end of
the bowl (Figure 2.4) where the many tracks of the classification yard are funneled into a small
number of switch leads. For example, Alyth Yard has 48 tracks in the bowl and three leads for
use by pull-down jobs (Figure 4.3). As is the case with many yards, these pull-down leads also
double as arrival and departure tracks for trains entering and exiting the yard. Because of this,
interference among the pull-down jobs, and between those jobs and other trains, is a common

occurrence.
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Receiving/departure yard

Class tracks 25-48
(North Group)

-
-

Class tracks 11-24

(Central Group)

-«
-

Class tracks 1-10 (South Group)
-

Receiving/departure yard -

Figure 4.3 Pull-down area diagram for CPR’s Alyth Yard in Calgary (Middleton 2003)

4.1.1 Crew Requirements and Equipment

There are two types of equipment used for pull-down operations: conventional and
Remote Control Locomotive (RCL). In a conventional operation, each pull-down crew usually
consists of two people, a locomotive engineer and a switchman. Each crew is assigned a
switching locomotive that is operated by the engineer while the switchman handles all the work
on the ground. They communicate via radio and hand signals. Depending on the size of the
terminal and management preference, crews will either be directly supervised by a pull-down
coordinator from a tower at the pull-down end, or by a yardmaster in the yard office. The yard
office is usually located next to the hump. A General Yardmaster (GYM) coordinates all of the
traffic within the yard limits. In some yards, they are assisted by utility switchmen who are

assigned to an area of the yard or rove in vehicles to throw switches, spot cars and set hand
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brakes. Shifts are usually eight hours long and most major classification terminals will have
multiple crews working during each shift.

Operations involving RCL technology blur the craft lines of locomotive engineers and
switchman but have generally resulted in increased productivity, flexibility and safety (CN
2000). RCL is more accepted in Canada because the technology originated there and more
flexible labor union work rules enabled CN and CPR to use it in yards and terminals. However,
it is becoming the standard for a majority of yard and local switching work in the United States.
As of February 2005, there were an estimated 1,500 RCL systems in use by North American
carriers including 23 U.S. railroads (Luczak 2005). All the yards visited in Canada for this work
used RCL equipment for humping and pull-down switching operations. However, Bensenville
Yard, which was used for the work process flow diagrams and time studies, did not use RCL

when this study was conducted.

4.2 Determining Pull-Down Capacity

A macroscopic evaluation method is presented in Wong et al. (1981) for use designing
new yards or redesigning old yards. The method also serves as an excellent starting point for
evaluating the potential impact of different improvement strategies for existing yards. Equation
4.1, from Wong et al. (1981), estimates the capacity of the pull-down end for a parallel departure

yard design:

Ty Ng-N¢

C
i (Ty+ T, + Ny~ Tp) (1.0 + Cp) + T, @)

where: Cp = Capacity of the pull-down end (cars/day)
Ty = Productive crew time (min)
Ng = Number of pull-down engines
Nc¢ = Average number of cars per block pulled
Ty = Average travel time from the classification yard to the departure yard (min)
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T = Average travel time from the departure yard to the classification yard (min)
Np = Average number of doubling maneuvers to be made per pull
Tp = Average time required to complete a doubling maneuver (min)
Cr = Conflict coefficient
Tc = Average coupling time to couple an average size block (min)
This equation will be refined with additional detail to increase its robustness and used to evaluate

the effectiveness of several bottleneck management improvement options in Chapter 5.

4.2.1 Operational Methods

The two major activities performed by pull-down crews are coupling cars on the
classification tracks and pulling cars from the classification yard to the departure yard (Wong et
al. 1981, p. 146). Pull-down operational methods are closely related to the design of the pull-
down end of the yard and the orientation of the departure yard to the classification yard (Figure
2.7). In parallel departure yard designs, the method of making up trains can vary. The first
method involves an engine pulling the cars on one track directly to the departure yard and will be
referred to as "single pull". In the second method, engines pull cars from several tracks and then
move them as a group to the departure yard, which will be referred to as "multiple pull". In
inline design departure yards, trains are usually built using the multiple pull method.

“The engine usually pulls one block from a classification track, then without pulling that

block all the way to the departure track, shoves back to the next classification track with

the first block still intact, and then doubles the blocks. In this manner the engine doubles
all the blocks and makes up a train by doubling blocks in the trim-end area. After
finishing a complete train, the engine then pulls the entire train to the departure yard. The
trim engine travels back to the classification yard via an empty departure track.” (Wong

et al. 1981, p. 146)

In practice, railroads tend to use the method most appropriate to the current operational situation

at the yard. The yardmaster will decide what method or combination of the two (i.e. the crew on

engine 2026 builds Train 291 with multiple pull and the crews on engines 1543 and 4608 build
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Train 287 with single pulls) will be employed based on his or her preference, experience of the
pull-down crews, work load, track maintenance and potential interference on the switch leads.

The Conflict coefficient (Cr) in Equation 4.1 indicates the effect of pull-down-end
geometry on conflict between a pair of engine trips and was derived on the assumption that the
number of non-conflicting routes between the bowl and the departure yard is either one or two
(Wong et al. 1980, p. 149). Every additional engine beyond two increases Cg by 1.0. Itis
assumed here that increases less than 1.0 with no engines added can be used to represent the
impact of increased crew interference that may result from poor coordination.

A detailed analysis of the pull-down process was conducted at Bensenville Yard near
Chicago. Bensenville has a parallel departure yard design and both operational methods are
used. However, because single pull was the predominant method used, Np, (the average number
of doubling maneuvers to be made per pull) and Tp, (the average time required to complete a

doubling maneuver), can be used to reflect a similar activity, namely rework.

4.2.2 “Clean” and “Dirty” Tracks

99 ¢¢

The terms “rework,” “clean” track and “dirty” track need to be defined before the cycle
time components are described. The term “rework” is used because the pull-down process must
correct (rework) the sorting of the hump process. Rework occurs on the pull-down end when
tracks are “dirty”” because at least one car is out of place or does not belong on that track. Kraft
(2000b) defines a dirty track as one that has more separations than blocks, with a separation
defined as a group of cars in standing order having the same block. The number of separations is

determined by looking at standing order of cars on the track and counting the number of times

the block changes.
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A slight modification of Kraft's definition is used here because his term “separation”
might be confused with a gap between cars on the classification track so Daganzo et al’s (1983)
term “cut” (Section 2.3) is used instead. Cut is standard railroad terminology that can be used to
describe any situation where a set of cars that share a common destination track are sequenced
together. A cut is a set of cars in standing order all having the same block. When there are more
cuts than blocks, at least one car must be out of place on that track (Figure 4.4). Here, the term
switch is also used again. A switch is required between every cut. Because the pull-down
process is assembling blocks into trains, anytime there are more cuts than blocks, extra switches
will be required to accomplish the task of building a particular train. This is the same as
doubling a track, which is why Np and Tp can be used to reflect the impact of rework.
<¢— Hump

A “Clean” Track

o

# of cuts = 3; # of blocks = 3 — “clean”

A “Dirty” Track

}7
A e A —

# of cuts = 3; # of blocks = 2 — “dirty”

Figure 4.4 Modified definitions of “clean” and “dirty” tracks

4.3 Cycle Time Components

All of the time parameters in Equation 4.1 (Ty, Tw, Tr, Tp, Tc) need to be determined by
conducting time studies. The first, the productive crew time (Ty), is the time that the crew is
doing productive work. The maximum possible productive crew time is 1,440 minutes per day,
minus the total minutes for meals and breaks (Wong et al. 1981). However, this value should be
further refined to reflect real work conditions. Crews do not maintain a maximum pace every

minute of the work day because of interruptions, fatigue and unavoidable delay (Niebel &
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Freivalds 1999). Also, crews will exert different effort levels depending on a variety of factors
such as skill level, motivation and age. The result is a reduction in the productive crew time and
can be accounted for with Equation 4.2:
Ty = (1440 — Mp) - Pr (4.2)
where: Ty = Productive crew time (min)
Mpg = Total meal and break time (min)
Py = Performance factor
The remaining time parameters can be added together to calculate the cycle time of the pull-
down process (Equation 4.3). The cycle time is the time it takes to complete one cycle of the
process:
Cr=T,+Tc+ BrTp+Tu+ DrTp (4.3)
where: Ct = Average pull-down process cycle time (min)
Tp = Average travel time from the departure yard to the classification yard (min)
Tc = Average coupling time to couple an average size block (min)
Tp = Time required to complete a doubling maneuver (min)
Tu = Average travel time from the classification yard to the departure yard (min)
Br = Bowl rework occurrence integer (0 or 1)
D = Departure yard rework occurrence integer (0 or 1)
Br+Dr<1
For the pull-down process, the cycle time begins when the crew receives the switch list from the
yardmaster. It ends when the crew uncouples from the grouping of cars after placing them on the
required track in the departure yard. The high-level process flow diagram in Figure 4.5
illustrates this procedure and breaks it into five cycle time components: setup (T.), coupling
(T¢), bowl rework (Br-Tp), transport (Ty) and departure yard rework (Dr-Tp). It is assumed for

this model that rework will occur at most one time per pull; either in the bowl or in the departure

yard.
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4.3.1 Setup

The crew begins work when they obtain the switch list (Figure 4.6). The switch list is the
work order for the switchman. The upper left-hand corner tells him or her which track they will
pull and how many cars will be pulled. The car closest to the pull-down end is Line 1. Moving
from left to right, the switch list provides the identity of each car (reporting mark and number),
whether the car is loaded or empty, the classification code (block) and which track or tracks in
the departure yard the cars are to be placed. The final column gives the weight of each car in
thousands of pounds. Switch lists are printed by the yardmaster and a paper copy is given
directly to the switchman, transmitted to a printer or faxed for pick-up. The yardmaster in charge
of the pull-down process coordinates the work of the crews using the switch lists and the radio.
Figure 4.6 is an example switch list from Bensenville Yard and will be used to illustrate a typical
pull-down job using conventional switching equipment. RCL operations follow a similar work

flow but there are a few differences that will not be discussed in detail here.
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PULLB ENGINE WORKLIST PAGE 1 OF 1

01120 LEAD: P2 TRACK: CT30 MAR 19 2006 0219EST
LOW or EAST/SOUTH END

TOTAL CARS: 18 LOADS: EMPTIES: 18  TONS: 550 FEET: 1041

LNE EQUIPMENT LE CCODE TO TRACK LOCAL HAND WEIGHT PLATE
18 SOO 116437 E  4930EGl1 BDO08 031
17 ITLX 020023 E  4930EG1 BDO08 031
16 SOO 118909 E  4930EGl1 BDO08 031
15 SOO 119733 E  4930EGl1 BDO0S8 031
14 SOO 119517 E  4930EGl BDO0S8 031
13 SOO 122400 E  4930EGl1 BDO0S8 031
12 SOO 116477 E  4930EGl BDO0S8 031
11 NRLX 047302 E  4930EGl1 BDO0S8 032
10 SOO 122233 E  4930EGl1 BDO08 031
9 NRLX 047647 E  4930EGl1 BDO0S8 032
8 NAHX 053600 E  4930EGl1 BDO0S8 027
7 SOO 074543 E  4930EGl1 BDO0S8 031
6 SOO 115687 E  4930EGl1 BDO0S8 031
5 EEC 060752 E  4930EG1 BDO08 031
4 NRLX 100003 E  4930EG1 BDO8 032
3 GNWR 253288 E  4930EGl BDO08 031
2 NOKL 821592 E  4930EGl1 BDO0S8 031
1 NOKL 003120 E  4930EGl1 BDO0S8 032
*oE 497 gp32 Spot to west/air 2026

Figure 4.6 Example Bensenville Yard switch list, from March 19, 2006 (CPR 2006d)

In this case, the crew is assigned to pull 18 empty cars totaling 1,041 feet from track
CT30 and place them on track BDOS in the departure yard. All of the cars are from the same
block (4930EG1 = North Dakota empty grain) and destined for the same departure track (BD08):
Track CT30: #of cuts = 1, # of blocks = 1 — clean
Assuming there is enough space on track BDOS, the crew will be able to move all 18 cars from
CT30 to BDO8 without any rework or doubling movements. In Equation 4.3, this means Br and

Dr will both equal zero. Therefore, the total cycle time (Cr) to pull the clean track is:

CT=TL+ Tc+0'TD+ TH+0'TD—>CT= TL+ Tc+ TH
The time to complete the first component of the cycle time, setup (TL), is a function of the

location of the engine and crew after the previous job, the location of the track in the bowl that
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the crew will be working, the speed, the route and interference from other engines or trains.
Equation 4.4 can be used to calculate Ty:
T, =TT, + ST, + DT, (4.4)
where: TT, = Time spent moving from departure yard to required bowl track (min)

ST = Time spent throwing switches (min)
DTy = Time spent not moving due to interference (min)

4.3.2 Coupling

Once the crew has its orders to pull all 18 cars from class track CT30 to track BDOS in
the departure yard, they coordinate with the General Yardmaster (GYM) to move the engine to
CT30 (Figure 4.7). Before they can enter CT30, they must contact the humpmaster and request
that a block authority be placed on that track. A block authority is a safety measure built into the
hump control system that does not allow any car to be routed to a track that a pull-down crew is
working. Once the block authority has been granted, the crew couples the locomotive to the first
car on CT30 (NOKL 003120) and the switchman begins walking along the track comparing the
switch list to the standing order of the cars on the track.

Walking the track is necessary to ensure the cars that the crew has been instructed to pull
are actually on that track and that no other cars are mixed into the cut. If an out-of-place car
(sometimes called a “sleeper”) is discovered or a car on the switch list is missing, the GYM is
contacted to resolve the discrepancy (Figure 4.8). The other task to accomplish while walking
the track is to ensure all of the cars on the track are coupled together and that the “joints”
(couplings) are secure. Every few minutes while the switchman is walking the track, he or she
will radio the engineer (in a conventional operation) and request that the cars be “stretched” to
pull out the slack and test the joints. If a joint has not been properly made, the switchman will

inspect the coupler hardware to see if everything is in working order. If a drawbar appears to be
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“kinked” (out of alignment) the switchman will have the engineer pull back until there is at least

50 feet of separation between the cars and then request “3-point protection.” This will ensure

that the locomotive and the attached cars do not move while the switchman is centering the

drawbar(s). Once the switchman is ready and clear, he or she will have the engineer push

forward to “make the joint” (couple) and then continue walking the track.
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Continue coupling
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Figure 4.7 Detailed work process flow, setup component and first portion
of the coupling component
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Figure 4.8 Detailed work process flow, second portion of the coupling component

In this example, all 18 cars were coupled properly and there were no discrepancies
between the switch list and the standing order. When the switchman reaches the last car on the
track (SOO 116437), he or she decides to either walk back to the engine, or ride the last car
while the engine pulls the cars out of CT30. From a productivity standpoint, riding the last car
out is quicker and yard management prefers this option. However, if the switchman thinks it is
safer to walk back to the engine, he may do so. Equation 4.5 can be used to calculate the

coupling component (T¢):
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Tc=WTc+ CTc+ GTc+ ETc (45)
where: WT¢ = Time spent walking the track (min)
CT¢ = Time spent correcting switch list discrepancies (min)

GTc = Time spent closing gaps between cars (min)
ETc = Time spent exiting the track (min)

4.3.3 Transport

Because CT30 is a clean track, the crew will be able to complete the transport component
and end the current cycle since no rework is necessary. The transport component begins when
the grouping of cars has cleared the bowl track. At this point, the crew will radio the
humpmaster and release the block authority that was given to them in order to work the track
safely (Figure 4.9). The hump can now resume sending cars to CT30. The engine will continue
to pull the cars to a point where they will be able to line the switches into the departure yard.
Then the engine will push the cars into the departure yard, stopping when necessary to throw
switches and wait for any interference to clear. When the grouping of cars is properly located on
the departure track, the switchman sets the appropriate number of hand brakes and the engine
uncouples. No departure yard rework is necessary and the crew can now move on to the next
job. Equation 4.6 can be used to calculate the transport component of the cycle time (Ty).

Ty=TTy + STy + DTy + UTy (4.6)

where: TTy = Time spent moving from track to track (min)

STy = Time spent throwing switches (min)

DTy = Time spent not moving due to interference (min)
UTy = Time spent setting hand brakes and uncoupling (min)
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Figure 4.9 Final portion of work flow when track is clean

Using “six sigma” statistical techniques, Logan (2006b) determined that the time spent

throwing switches was the most significant factor in the transport component. For the yard

studied, every one minute increase in switch time resulted in a 5.36 minute increase in total

transport time. The number of cars transported was moderately significant with total transport

time increasing by 6.6 seconds for every additional car pulled from a track. Logan’s unpublished

study also analyzed the potential impact of installing remote control switches by conducting an
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experiment that simulated the remote control condition using a utility switchman who aligned
switches for the pull-down crews. The experiment showed that in the yard studied, remote
control switches would reduce transport time enough to cost-justify their installation. This is
consistent with one of the design specifications for an efficient hump yard found in Wetzel
(1985); power-operated switches between the classification and departure yards will often be
cost-effective. Cost-effectiveness is dependent on the volume of traffic handled at the yard.
Bensenville did not have remote control switches installed at the time of this study; however, to
improve throughput and efficiency they did use a utility switchman dedicated to throwing

switches between the classification and departure yards.

4.3.4 Rework

Based on Logan’s study, it is reasonable to assume that time spent throwing switches will
significantly impact total time spent in other portions of the pull-down process. There are two
primary causes of extra switches being thrown: “cherry-picking” high-priority cars and rework.
Cherry-picking is the pulling of high-priority cars located behind other cars on a bowl track
(Kraft 2002c). Kraft (2000b, 2002¢, 2002d) has extensively analyzed priority car classification
and how to avoid cherry-picking. All of his solutions (prioritizing inbound trains, re-humping
and rescheduling low-priority cars) follow the TOC approach by subordinating the upstream
processes to the bottleneck and eliminating the need to cherry-pick cars, effectively increasing
the capacity of the pull-down process.

The other cause of throwing additional switches is rework. If the track is dirty, the crew
will have to double tracks thereby reducing efficiency. To illustrate the additional work that
must be performed when a track is dirty, the switch list from the previous example was modified

(Figure 4.10). The CCODE (class-code or block) of lines 8 and 9 were changed to indicate three
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cuts on the track, instead of one. CT30 is now dirty because the number of cuts (3) is greater
than the number of blocks (2). The additional switching that is required when a track is dirty is
similar to the work required when cherry-picking (Figure 4.11). Rework can occur in two
locations: the bowl or the departure yard. In this case, the switch list instructs the crew to place
the two cars from block 5600PO1 (Brandon Grain) on track CT28 in the bowl. This block is not
needed for any outbound trains currently being built. If the cars were from a block that is
currently being assembled into an outbound train, the rework of the track would occur in the

departure yard. Figure 4.12 details the general bowl rework procedure.

PULLB ENGINE WORKLIST PAGE 1OF 1

01120 LEAD: P2 TRACK: CT30 MAR 19 2006 0219EST
LOW or EAST/SOUTH END

TOTAL CARS: 18 LOADS: EMPTIES: 18 TONS: 550 FEET: 1041

LNE EQUIPMENT LE CCODE TO TRACK LOCAL HAND WEIGHT PLATE
18 SOO 116437 E 4930EG1 BDOS 031
17 ITLX 020023 E 4930EG1 BDOS8 031
16 SOO 118909 E 4930EG1 BDOS 031
15 SOO 119733 E 4930EG1 BDOS 031
14 SO0 119517 E 4930EG1 BDOS 031
13 SOO 122400 E 4930EG1 BDOS 031
12 SOO 116477 E 4930EG1 BDOS8 031
11 NRLX 047302 E 4930EG1 BDO08 032
10 SOO 122233 E 4930EG1 BDOS 031
9 NRLX 047647 E 5600PO1 CT28 032
8 NAHX 053600 E 5600PO1 CT28 027
7 SOO 074543 E 4930EG1 BDOS8 031
6 SOO 115687 E 4930EG1 BDOS 031
5 EEC 060752 E 4930EG1 BDOS 031
4 NRLX 100003 E 4930EG1 BDOS8 032
3 GNWR 253288 E 4930EG1 BDOS 031
2 NOKL 821592 E 4930EG1 BDOS 031
1 NOKL 003120 E 4930EG1 BDO08 032
ok 497 gp32 Spot to west/air 2026

Figure 4.10 Modified switch list from Figure 4.6, track CT30 is now dirty
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(1)

CT29 lclclc|lc|c|c]|c]c}l—
TS isfefe]e}—
Lead to other bowl tracks

(1) The current outbound train needs all of the cars from block A, the cars from block B on
the upper track must be removed or “dug” out and placed on CT28

3)

Lead to other bowl tracks

(2) The out-of-place cars are moved to CT28 but the lead is blocked during this move,
which can cause interference for other pull-down crews and slow them down

CcT29 clc|c|c|lc|clc|c}—
TS [(e[efeefef=] ~

Lead to other bowl tracks

(3) The crew moves the cars from block A back to CT30 and couples to the last
cars; only now can all cars from block A be pulled from the bowl

Figure 4.11 “Digging” out a car from a dirty track; the cars from block B on CT30 are out-of-place
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Figure 4.12 Detailed work process flow, bowl rework component

As shown in Section 4.2.2, the time required to complete the rework (Tp) will depend on

the number of switching (doubling) movements during one pull (NDp). NDp is equal to the

difference between the number of blocks and the number of cuts (Equation 4.7). The times to

complete each movement are summed together to calculate the total time for bowl rework

(Equation 4.8):
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NDp=C—-B (4.7)

where: C = Number of cuts on the track
B = Number of blocks on the track

ND,
T, = ZI(TTD + 8Ty, + UTp + DTy,
"o (4.8)

where: TTp = Time spent moving from track to track (min)
STp = Time spent throwing switches (min)
UTp = Time spent releasing hand brakes, setting hand brakes, coupling and
uncoupling (min)
DTp= Time spent not moving due to interference (min)

For the switch list in Figure 4.10, NDp = 1. To calculate the total cycle time for the bowl rework

case, the bowl rework occurrence integer (Bgr) is set to 1 in Equation 4.3:

Cr=T1+Tc+1Tp+Ty+0Tp—>Cr=T1T,+Tc+Tp+ Ty

The additional time component, Tp, means that the cycle time for a pull down job with rework

will be greater than a job without rework. As will be shown in Chapter 5, this reduces the

capacity of the pull-down process. The procedure for departure yard rework is the same except

that it occurs in the departure yard area (Figure 4.13). The departure yard rework occurrence

integer (Dg) is set to 1 in Equation 4.3 and the cycle time for the departure yard rework case is

also greater than the case without rework:

CT=TL+Tc+0'TD+TH+]'TD—>CT=TL+Tc+TH+TD
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Figure 4.13 Detailed work process flow, departure yard rework component

4.4 Estimated Capacity using Current Operating Practices

Pull-down time studies were conducted at Bensenville over a four-day-period in March

2006. The time of day that the observations were gathered was different each day. A total of

fifteen complete cycles were observed during the available time period. These data were used,

along with other yard measurement data normally tracked by CPR, to calculate the parameters
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for Equations 4.2 and 4.3 (Table 4.1). This allowed Equation 4.1 to be used to estimate the

capacity of the pull-down process for a baseline case.

Table 4.1 Calculated parameters for the baseline case, Bensenville Yard

Paramter

Value

Notes

Mg = Total meal and break time (min)

Py = Performance factor

Ty = Productive crew time (min)

Cr = Average pull-down process cycle time (min) (no rework)

Cr = Average pull-down process cycle time (min) (with rework)

T = Average travel time from the departure yard to the classification yard (min)

T = Average coupling time to couple an average size block (min)

Tp = Time required to complete a doubling maneuver (min) = rework

Ty = Average travel time from the classification yard to the departure yard (min)
Ng = Number of pull-down engines

N¢ = Average number of cars in a cut of a block (cars)

Np = Average number of doubling maneuvers to be made per pull

Cp. = Conflict coefficient

135
0.85
1,109
79

98

10
48

19
21

3
22

0.17

1.55

30 min lunch, 15 min breaks, 3 shifts
85% is the standard (Logan 2006b)
Ty = (1440 — Mp) - Py

Net travel time, no conflicts

Net travel time, no conflicts

Net travel time, no conflicts
Calculated using bowl authority logs,
Dec. 26 to Jan. 2, for 22 cars

Net travel time, no conflicts

Net travel time, no conflicts

Three crews per shift on average
Dec. 24, 2005 to Jan. 10, 2006 average

Over 4 day period, average of 17% dirty
tracks pulled per day

from Wong et al. (/8) pg. 149,
Configuration 1 with 3 engines

The baseline case has an estimated capacity of 541 cars per day. To check the accuracy

of the estimate, the average daily process car count for 2004 was calculated. CPR defines

process cars as those that go through all yard processes: arrival, classification, pull-down and

departure. The average throughput was 521 cars per day. Average throughput should be less

than theoretical capacity (Hopp & Spearman 2001); therefore, the estimate is acceptable. From

the baseline case, the estimated capacity increase of several bottleneck management options will

be discussed in Chapter 5.
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CHAPTER 5: IMPROVING BOTTLENECK PERFORMANCE

The physical design of the pull-down end of a yard imposes a limit on the number of
pull-down engines that can operate simultaneously, and the length of these moves. Adding new
pull-down leads, lengthening existing leads and rearranging the track layout all may be useful,
but are also expensive capital projects. Furthermore, they may be limited by geographic and
environmental constraints adjacent to the yard (e.g. the Bow River in Figure 4.3). As TOC
implies, developing management methods that exploit the bottleneck and subordinating other
resources to cost-effectively improve operating efficiency should be undertaken before investing
capital to expand infrastructure. In this chapter, several methods to improve bottleneck
performance are considered and Equation 4.1 is used to estimate the capacity increase for each

onc.

5.1 Bottleneck Management Improvement Alternatives

Starting with the baseline case presented at the end of Chapter 4, individual parameters,
and combinations of parameters, were modified to determine the potential capacity increase for
each alternative (Table 5.1). The following parameters were modified:

Add one engine with crew at the pull-down end

Use hump engine to build trains when it would otherwise be idle
Increase performance factor (Pr) by 5%

Eliminate rework and “cherry-picking”

Reduce the interference between the pull-down engines

Reduce the component cycle times for Ty, Ti. and Tp by one minute each

N kWD -

Reduce the coupling cycle time (T¢) by five minutes

The boxes in each column highlight the parameters that were changed from the baseline. The
last row, Cp, gives the estimated capacity for each alternative. The following sections describe

each parameter change in detail.
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Table 5.1 Effect of various bottleneck improvement alternatives on estimated capacity;
boxes indicate the parameters changed from the baseline for each alternative

(1) Add Engine (2) Use hump (3) Increase (5) Reduce (6) Cycle times  (7) Coupling
Parameter Baseline  at pull-down engine when idle Pr by 5% (4) No rework interference 1 min less time 5 min less
Ty = 1,109 1,109 1,109 1,174| 1,109 1,109 1,109 1,109
N = 3 4] 3.25 3 3 3 3 3
Nc = 22 22 22 22 22 22 22 22
Ty= 21 21 21 21 21 21 20 21
T, = 10 10 10 10 10 10 9 10
Np = 0.17 0.17 0.17 017l 0.17 0.17 0.17
Tp= 19 19 19 19 19 19 18' 19
Cp= 1ss[ 255 1.55 1.55 1.55] 1.45 1.55 1.55
Tc= 48 48 48 48 48 48 48| 43|
Cp= 541 576 586 573 576 555 564 562
% increase in Cp= N/A 6.5% 8.3% 5.9% 6.5% 2.6% 4.3% 3.8%

where:

Ty = Productive crew time (min) = 1305-Py

Py = Performance factor

Ng = Number of pull-down engines

N¢ = Average number of cars per block pulled

Ty = Average travel time from the classification yard to the departure yard (min)
T = Average travel time from the departure yard to the classification yard (min)
Np = Average number of doubling maneuvers to be made per pull

Tp = Average time required to complete a doubling maneuver (min)

Cr = Conflict coefficient

T = Average coupling time to couple an average size block (min)

Cp = Capacity of the pull-down end (cars/day)



5.1.1 Add a Pull-Down Engine

One option to increase capacity at the pull-down end is to add another engine. This was
the first alternative tested and it resulted in a capacity of 576 cars per day, a 6.5% increase
compared to the baseline. The limiting factor when adding another engine is the increased
conflict coefficient (2.55 vs. 1.55). Other yard designs may have higher conflict coefficients that
will further limit effectiveness. While this option results in the one of the highest capacity levels,

it is also the most expensive because of the additional engine and labor cost.

5.1.2 Pull from the Hump End when Idle

At Agincourt Yard (CPR) in Toronto, an option has been implemented that increases
capacity without increasing interference or engine and labor costs. The hump engine is used to
build trains when the hump is idle. This is done by placing the hump in trim mode (disabling the
retarders), allowing the engine to enter the bowl and pull blocks from the hump end (Figure 5.1).
Agincourt, like Bensenville, has parallel receiving and departure yards. Although quite effective,

this solution would not be practical for yards with in-line designs.

Add 1 job Recelvmg/departure yard
when hump
is idle 2 jobs max
Hump/ Class yard \
\ (bowl)

Receiving/departure yard

Figure 5.1 Adding pull-down capacity at the hump end of the yard schematic

This solution is consistent with the TOC approach; having identified the system’s
constraint, yard management was able to exploit the pull-down process by subordinating one of

the other resources in the yard (the hump) to it. This is possible because hump productivity is
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generally governed by the number of cars available for sorting. “Productivity is usually less than
the capacity of the hump” (Wetzel 1985, p. 38). At Agincourt, for the first six months of 2005,
the highest monthly average hump utilization was approximately 56% (Table 5.2). Due to this
low utilization rate, the hump could be used in trim mode part of the time and still be able to sort
all of the required cars. If Bensenville, with a daily average hump utilization of 49% (CPR
2006¢), implemented a similar solution, capacity would increase to 586 cars per day, an 8%
increase. Because of the commitment to humping and other trim operations, it is assumed that

using the hump engine would increase the number of engines to 3.25.

Table 5.2 Daily average hump statistics for Agincourt Yard, January to June 2005 (CPR 2005d)

Hump time Idle time Trim time Hump count Hump count
Month (percentage) (percentage) (percentage) (cars) (feet)
January 47.06 5.23 47.66 756 49,537
February 50.05 2.44 47.51 807 53,057
March 52.60 3.47 4331 866 56,356
April 55.49 3.56 40.66 884 57,703
May 53.55 9.06 37.35 864 56,330
June 55.64 10.00 33.95 889 58,629

5.1.3 Increase the Crew Performance Factor

Workers with higher motivation tend to work harder. The third alternative reflects this
by increasing the performance factor by 5%. This results in an increase of productive work time
by 65 minutes and a capacity increase of almost 6% to 573 cars per day. Achieving this is non-
trivial but management should explore means of increasing crew productivity because of the

potential to increase capacity without capital or operational expense.

5.1.4 Eliminate Rework and “Cherry-Picking”

At Bensenville, over the four-day period the time studies where conducted, an average of

17% of the tracks pulled per day were dirty and required rework (Table 5.3). Therefore, for the
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baseline case, it is assumed that the average number of doubling moves made per pull (Np) is
0.17. If tracks are kept clean, no rework will have to be performed (Np = 0). This means crews
will not have to dig cars out of tracks when they are assembling trains and capacity would
increase to 576 cars per day, which is the equivalent of adding an engine on the pull-down end.

Keeping the tracks clean requires analyzing the interaction between the hump and the pull-down

Processces.

Table 5.3 Dirty vs. clean tracks pulled at Bensenville Yard during observation period

Date Dirty tracks pulled Clean tracks pulled  Total pulled % dirty
March 7, 2006 5 14 19 26%
March 21, 2006 4 18 22 18%
March 22, 2006 2 20 22 9%
March 23, 2006 4 24 28 14%
Average 3.75 19 22.75 16.97%

Cherry-picking is the most commonly accepted method of protecting connections that are
in danger of being missed when outbound train capacity is exceeded. It “exacerbates the
capacity bottleneck which already exists there, and reduces the throughput of the whole facility”
(Kraft 2002c). Kraft has extensively studied the issue of connection-priority. He reported that
time and budgetary constraints prevented the development of quantitative metrics on the
performance of the algorithms resulting in conclusions based primarily on the subjective
assessments of the author and the implementation team (Kraft 2002d, p. 117).

As explained in Chapter 4, the additional switching required for rework and cherry-
picking is similar. Therefore, | was able to quantify some of the parameters needed to assess the
impact of Kraft’s proposed solutions on pull-down capacity by modifying Np. If it is assumed
that cherry-picking occurs in 10% of the pulls, then Np = 0.27 for the baseline case (0.17 for

rework, 0.10 for cherry-picking) and capacity is 522 cars per day. Eliminating cherry-picking
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would increase capacity 3.6% to 541 cars per day. In addition to the capacity increase, this will

also improve connection performance.

5.1.5 Reduce Interference among Pull-Down Engines

Better coordination of the pull-down engines would reduce interference and reduce the
conflict coefficient in Equation 4.1. This might be accomplished by having a dedicated pull-
down yardmaster. Reducing the coefficient by 0.10 is estimated to increase capacity to 555 cars

per day, a 2.6% increase.

5.1.6 Decrease Component Cycle Times

Faster cycle times result in increased process throughput. Cycle times can be reduced by
eliminating unnecessary moves, throwing fewer switches, increasing engine speed, preventing
engine breakdown, using experienced crews, etc. For this alternative, it was assumed that the
average travel times from the bowl to departure yard (Ty) and departure yard to bowl (Tr) as
well as the average time for rework (Tp) were all reduced by 1 minute. This would increase

capacity approximately 4% to 564 cars per day.

5.1.7 Decrease Coupling Time

Several factors affect the time it takes to couple the cars on the bowl track, including
walking speed, number of cars on the track, switch-list discrepancies and the number, spacing
and location of gaps between cars. At Bensenville, crews also have the option of walking back
to the engine or riding the last car out. In this analysis, I assumed that crews walked out of the

bowl. There are several options available to decrease coupling time, including:

1. Eliminate gaps between cars — Anytime there is a gap between cars, the switchman will
have to walk further to accomplish the same amount of work. It also means that the crew
must couple the cars. Gaps can be reduced by better retarder control, humping multiple-
car cuts when possible and taking time to push cars down the tracks from the hump end.
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2. Better track inventory control — Discrepancies from the switch list slow the crew down
while they contact the GYM and determine a course of action. This causes the actual
cycle time to be longer than the planned time and introduces variability into the process.
More accurate track inventory control can be achieved through better use of Automatic
Equipment Identification (AEI) scanners and the inventory control system itself.

3. Quicker correction of out-of-alignment drawbars — Sometimes cars do not couple when
they impact each other. This is often the result of the drawbars being out of alignment.
Equipment exists to help the crew align the drawbars more quickly. Ensuring that all
engines carry this equipment will make it easier for the crew to correct out-of-alignment
drawbars and speed up the coupling component.

To illustrate the impact of incorporating these options, average coupling time was decreased 5

minutes. The resultant capacity increase was 21 cars per day, an improvement of just under 4%.

5.1.8 Comparing Improvement Alternatives

The estimated capacity improvements range from 2.6% to 8.3% over the baseline case of
541 cars per day. Some alternatives will be more cost-effective than others. Reducing
interference by adding a yardmaster may only result in a 2.6% increase. Adding another engine
at the pull-down end increases capacity by 6.5% but labor as well as equipment and maintenance
costs will probably keep this solution from being cost-justified. However, eliminating rework
results in the same 6.5% increase and using the hump engine when it is idle provides the largest
individual increase of 8.3%. Better management of the process and its interactions with other
processes will result in capacity gains without large labor or capital expenses. This also means
that multiple improvement options can be accomplished together. If the hump engine is used,
rework eliminated and cycle times are reduced in accordance with Table 5.1, capacity would
increase by 25% to 678 cars per day.

Reducing cycle times can be accomplished without any additional crews by studying the
process to improve the work flow. Chapter 4 can serve as a starting point for a cycle time

reduction project. Section 5.1.2 explains how and why the hump engine can be used to increase
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pull-down capacity using the practice at Agincourt Yard as the example. The next section
discusses the alternative that provides the same capacity increase as adding an engine and crew,

eliminating rework.

5.2 Reducing the Occurrence of Rework

Because a classification yard is a system, managing the interactions between the
processes is just as important as managing the individual processes. All but two of the options
above improve only the pull-down process. Those involving the interaction between the pull-
down and the hump (Alternatives 2 and 4) result in greater capacity increases. This is consistent
with the Theory of Constraints.

One of the principal findings of this work is that the humping process should be
subordinate to the pull-down process. Because the pull-down is the bottleneck, the hump should
be managed and operated so that it provides the bottleneck exactly what it needs when it needs it.
The practice of measuring hump performance based only on number of cars processed can, and
often does, contribute to poor pull-down performance because it can lead to incorrectly sorted
cars. In order to better manage the interaction between the hump and the pull-down processes, a
measurement of how well the cars are being sorted is needed. The first step to develop a
measurement is to better understand the interaction between the hump and the pull-down

processes.

5.2.1 Understanding the Humping Process

The hump is the immediate process upstream from the pull-down (Figure 2.6). As
discussed in Section 2.3, the purpose of the hump is to sort (classify) cars from inbound trains

into blocks.
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“Trains arriving at a railroad classification yard consist of cars intended for many
destinations, but each departing train carries cars going only to a few destinations. Thus,
there is a need for sorting. In railroad jargon, sorting classifications are called blocks;
blocks correspond to a final car destination, or to another yard serving several final
destinations. A departing train is defined by the blocks it carries. To minimize the need
for further sorting at other yards, blocks within a departing train are usually arranged in a
specific order.” (Daganzo 1986, p. 189)

Cars can also be sorted by contents, empty cars awaiting distribution instructions or mechanical
defects so they are separated from the blocks departing on scheduled trains. The sorting problem
has two levels: the block to track assignment and the number of sorting stages. There are two
types of block to track assignment: static and dynamic. A static plan permanently assigns each
block to a particular classification track (Daganzo 1987).
“In most railroad yards, however, static blocking strategies are not used because most of
the time tracks would then contain blocks that do not leave in the immediate future, and
classification space would not be effectively utilized. In order to free some space on the
classification tracks, cars are often classified only for a short time before their block is
scheduled to depart. Ifa car does not arrive during this time interval, it is set aside for
later sorting. Blocking strategies like these are called dynamic, because the blocks
assigned to the classification tracks change with time. Dynamic blocking strategies
require fewer classification tracks, but more switches than their static counterparts.”
(Daganzo 1987, p. 3)
Of the five hump yards visited during the course of this study, four (Alyth, Agincourt,
MacMillan and Roseville) had static assignment plans in place. Bensenville did not have a
written plan in place, so it could be considered dynamic; however, certain tracks were static.

Table 5.4 summarizes the use of the classification tracks at each yard and the number of assigned

blocks.
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Table 5.4 Bowl track assignment characteristics
(CPR 2005e, CPR 2005f, CPR 2006f, CN 2005c, UP 2005)

Bowl Class  Assigned Mechanical Re-hump Assignment
Yard Railroad tracks tracks blocks tracks tracks Plan
Agincourt (Toronto) CPR 72 60 51 11 1 Static
Alyth (Calgary) CPR 48 42 44 4 2 Static
Bensenville (Chicago) CPR 34 31 40 2 1 Dynamic
MacMillan (Toronto) CN 75 71 60 3 1 Static
Roseville UP 55 52 60 2 1 Static

The observed practices at these yards appear to contradict Daganzo’s claim that static
strategies are not used in most yards. However, having designated re-hump tracks is a simple
dynamic technique used to set aside cars for later sorting. If the number of different blocks
classified at the yard is greater than the number of tracks in the bowl, multistage sorting
strategies must be used. These strategies include sorting-by-train, sorting-by-block, triangular
and geometric (see Daganzo et al. 1983 and Daganzo 1986). However, these strategies were not
observed in any of the yards listed in Table 5.4, most likely because the number of available
tracks was greater than or very close to the number of assigned blocks.

Static plans have the advantage of being easier for the operators to manage. They also
have the potential to reduce process time variability in pull-down cycle times for individual
trains because the crews would go to the same tracks each time the train is built. The variability
reduction effect may be greater with the multiple pull operational method. From a Lean
Railroading standpoint, the potential to reduce variability should be explored. The tradeoff is
that they may not use track space as efficiently. This is only a major problem when volume at
the yard nears capacity. Then, the actual block assignment will start to be more dynamic as cars
are sent to other tracks because their designated tracks are full. The process of temporarily
moving block assignments to other tracks is known as “swinging.” For every car humped, there

are three tracks that the system records:
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Assigned track — The track that the car is assigned to based on the block to track plan.

Destination track — The track that the car will be sent to when it reaches the crest of the
hump. If the destination track is different than the assigned track, a swing has been
entered in the computer for that car’s block.

Actual track — The track that the car actually ended up on when it entered the bowl. If the
actual track is different from the destination track, a misroute has occurred.

A misroute is the result of built-in safety features that are in place to prevent accidents during the

sorting process. Some of the more common causes of misroutes are:

1.

3.
4.

Fouling protection — A car stalls on a track circuit or a presence detector senses a car
crossing the fouling point on a classification track. The next car routed into that circuit
will be misrouted.

Cornering protection — A car catches up to the previous car in a switching area. “Catch-
ups are caused by cars with wide variance in rolling resistance (usually an easy-rolling
car requiring heavy retardation followed by a hard rolling car requiring no retardation).”
(Wetzel 1985, p. 38)

Block authority protection — The destination track for a car has a block authority in place.

Escape route protection — An escape route for an engine working in the bowl has been
entered and sending the car to its destination track would foul the route.

Misroutes cause the actual track to become dirty. If a misroute occurs, the operator must now

decide whether or not to put the hump into trim mode and have the hump engine move the

misrouted car to its destination track.

5.2.2 The Interaction between the Hump and the Pull-Down

At Bensenville, a total of 3,539 misroutes occurred during the period of January 1, 2005,

to April 10, 2006 for an average of 7.6 times per day. Figure 5.2 shows the probability density

of the number of misroutes per day for that time period with a distribution fitted to the data. The

blue solid bars are the sample data frequency density and the red lines are the fitted distribution.

Palisade’s BestFit™ software (Palisade 2006) was used to determine the distribution that best fit
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the data. BestFit™ uses Goodness-of-Fit (GOF) algorithms to test up to 28 distributions on the

selected data. The chi-squared test is used to rank the distributions’ fit to the data.
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Figure 5.2 Bar chart with best fit distribution — Number of misroutes per day, Bensenville Yard,
period of January 1, 2005 through April 10, 2006

I found that the Negative Binomial (x, p) distribution with parameters x =3 and p =
0.28273, where x is the quantile or number of failures (misroutes) and p is the probability of a
failure (Evans et al. 2000) the best fit to the data. The default method used by BestFit™ for
defining the bins used in the chi-squared test is to adjust the bin sizes based on the fitted
distribution so that each bin has an equal amount of probability. For discrete data, the bins are
only approximately equal and for the misroute per day data, this resulted in 15 bins and 14
degrees of freedom. Ata 0.05 level of significance, the chi-squared critical value is 23.685. The

observed chi-squared value is 22.72, which is slightly less than 23.685. Although, we cannot
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reject the hypothesis that the Negative Binomial (3, 0.28273) distribution fits the observed data,
there are some discrepancies. However, examination of the residuals did not indicate any
consistent pattern of deviations.

If a misroute is left on the track, the track will become dirty when additional cars from
the first block are sent there (Figure 5.3). This will cause the pull-down process to have to

conduct rework when that track is pulled and will lead to a reduction in capacity.

N
Hump .
—]
<—TJclclclelc}—{clcleclc[c e} cne
S~ > CT25
h (alalafafal
~ _Y~_ p— CT26
(1) A car on CT24 is fouling the circuit and blocking access to CT23. The next car is
destined for CT23, but the system misroutes the car to CT26
N
Hump

CT24

CT25
CT26

(2) The next two cars are destined for CT26. If the misroute is left on CT26, the track
becomes dirty when the next two cars from Block A arrive.

Figure 5.3 How misroutes can cause dirty tracks

5.2.3 Eliminate Dirty Tracks when they occur

The lower average utilization rate of the hump enables the hump engine to be used to
correct misroutes when they occur. Each day, the hump control system at Bensenville reports
the time spent in each of the following modes: hump, trim and idle. From December 1, 2005, to
April 10, 2006, the system spent an average of 700 minutes per day in hump mode, 418 minutes

per day in trim mode and 310 minutes per day in idle mode. Because Bensenville has already
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adopted a policy of trying to correct misroutes when they occur, it can be assumed that a portion
of the trim mode time is spent correcting misroutes. The rest of the time in trim mode is spent in
three ways: removing stalled cars, eliminating gaps and creating room at the hump end by
pushing cars down the classification tracks, or idle. The idle time is the result of controllers
leaving the hump in trim mode after the trimming has been completed if there are no more cars
to hump.

Assuming that the time to trim is the same as the average time for rework (19 min), the
7.6 misroutes per day would take just over 144 minutes to correct. The maximum number of
misroutes observed in a day, 30, would take 570 minutes to correct. This is still below the total
available time if the average idle time of 310 minutes is included. On average, the hump has the
time available to correct all misroutes when they occur and still be able to meet its sorting

requirements.

5.2.4 Other Causes of Dirty Tracks

Dirty tracks can also be the result of poor sorting by the hump controller. However, there
is no measurement of how well the cars are being sorted. In order to better manage the
interaction between the hump and the pull-down process (particularly during periods of high
yard congestion), a sorting measurement was needed. The term “quality of sort metric” is

introduced here to serve as a general title for measurements of this type.

5.3 A Quality of Sort Metric

The metric is called the Bowl Composition Monitor (BCM) and has two components: the
Incorrect Sort Rating (ISR) and the Dirty Track Counter (DTC). The purpose of the ISR is to
measure the adherence to a static assignment plan if one is in place. The DTC measures the

number of dirty tracks and their heterogeneity. The DTC can be applied in yards that use either
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static or dynamic track assignment plans. The ISR applies only to yards using a static
assignment plan. Separating the metric into two components increases its utility and results in a

clearer understanding of the dynamics of bowl composition.

5.3.1 The Dirty Track Counter

The DTC measures the impact of dirty tracks on the capacity of the pull-down process.
The higher the DTC, the more doubling moves are required. I used equation 4.1 to conduct a
sensitivity analysis of the effect of the number of doubling moves on yard capacity using the
Bensenville baseline case (Table 4.4). All of the parameters were kept constant except for the
average number of doubling moves per pull (Np) and I assumed that the maximum number
tracks pulled per day is 24. The solid line in Figure 5.4 represents the reduction in capacity as
Np increases and the dashed line shows the impact of increasing interference as the result of
additional rework; with Cr increasing 0.02 for each additional doubling move made. The light
gray lines represent the decrease in the number of tracks pulled using the average of 22 cars per
pull from Table 4.4. Thus, the figure can be used to determine the expected reduction in pull-

down capacity as a result of increased rework.
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Figure 5.4 Estimated pull-down capacity vs. number of doubling moves for Bensenville Yard
The DTC is equal to the minimum number of doubling moves that will occur as a result
of the current state of the sorting in the bowl. This value is the sum of the NDp, values for each
track (Equation 5.1).
DTC =3 NDp for all tracks except special tracks (5.1)

where: DTC= Dirty Track Counter
NDp =C - B (where: C = number of cuts, B = number of blocks) (Equation 4.7)

For example, if there are four dirty tracks in the bowl, and NDp = 1 for each dirty track, then the
DTC =4. This means at least four doubling moves will be required when those tracks are pulled
resulting in a reduction in capacity of 34 cars per day, due to rework alone, and 45 cars per day,
when additional interference is accounted for as well (Figure 5.4). Yard management should
expect to be able to pull two fewer tracks during the shift when those tracks are to be pulled. If
any additional doubling moves are required because of the rework, additional capacity will be

lost.
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5.3.2 The Incorrect Sort Rating

The second component of the BMC measures the adherence to a static block to track
assignment plan. The ISR is measured in number of cars and a low ISR indicates fewer
incorrectly sorted cars. Every car that is humped into the bowl receives two ratings (Equation
5.1):

ISR = RT + RG s.t. RT=0o0ro; RG=0orp;

a+p=1 (5.1)
The first rating (RT) in Equation 5.1 is called Right Car-Right Track and it records if the car was
sent to its assigned track. The second rating (RG) recognizes the need for flexibility of the static
track allocation scheme and is called Right Car-Right Group. Yard management has the option
of weighting each rating so that the desired level of flexibility is achieved. If stricter adherence
to the static plan is the goal, a will be larger than 3 to emphasize the importance of placing cars
on the correct tracks.

An example from Alyth Yard will be used to illustrate Equation 5.1. Car ICE 70512 has
classification code 4850MA1 (St. Paul Manifest Block) and that block is assigned to track CT12
(Central Group) in the bowl. CT12 is the destination track. If the actual track that ICE 70512 is
humped to equals the destination track (CT12), then RT=0 and RG=0. If actual track does not
equal destination track, then RT=a and RG=O0 if the actual track is in the Central Group;
otherwise, RG=.

The ISR is measured on three levels: car, track and bowl. Equation 5.1 provides the ISR
value for each car. At the track level, the individual ISR values are summed together (Equation
5.2). A higher Track ISR indicates that more cars on that track are not on the correct track or in

the correct group:
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C
Track ISR = Z ISR,
i=1

(5.2)

where: C = number of cars on track n

The Track ISR value for designated mechanical and re-hump tracks is not calculated because the

cars on those tracks will be out of place. Including them would artificially inflate the Bowl ISR.
The Bowl ISR is the highest level and reflects the overall performance of the hump

controller in maintaining a “clean” bowl. The Bowl ISR is the sum of the Track ISR values for

every track in the bowl except the designated mechanical and re-hump tracks (Equation 5.3):

T
Bowl ISR = Z Track ISR,
i=1

(5.3)

where: T = number of classification tracks (excluding mechanical and re-hump)

Before the Bowl ISR can be used to gauge a hump controller’s performance and better manage
the adherence to a static allocation plan, the expected Bowl ISR over a range of bowl volume
levels needs to be known. In order to understand this relationship, a Bowl Replay program was
developed to analyze yard event data. The development and details of the program are found in
Appendix A. Alyth Yard was the primary yard used during the development of the program.
The versions for Bensenville were built during the detailed time study period that provided the
data used in the capacity calculations in Section 5.1. The final version of the program used event
data from the yard control system to calculate and track the components of BCM and volume
levels over several time periods for both yards. The output of the program is used to understand
the relationships between bowl volume, DTC, ISR and capacity and provide insight into the
implementation options for the metric. The relationships and implementation options are

presented in Chapter 6.

91



CHAPTER 6: IMPLEMENTING THE QUALITY OF SORT METRIC

The BCM serves a dual role in the Lean Railroading implementation steps presented in
Section 3.3. First, the DTC is part of the effort to exchange the time buffer for a capacity buffer
by increasing the capacity of the bottleneck using the Theory of Constraints. As shown in
Chapter 5, reducing the occurrence of rework through better management of the process
interactions will increase the capacity of the pull-down process. Second, the purpose of the ISR
is to reduce variability in the sorting process by tracking the adherence to a static track allocation
plan. The BCM can also serve as part of the process of continuous improvement by providing

performance feedback to hump controllers.

6.1 The Role of the BCM in a Terminal Control System

The BCM is designed to be incorporated into a terminal control system (Figure 6.1).
Specifically, it can be used as part of the Terminal Performance Measurement System (TPMS) to

enhance the planning and evaluation loop between the TPMS and the terminal superintendent

and staff.
Transportation
Department - _I
\ 4 I
— Terminal
r Superintendent & Staff |
[}
I Planning
I & evaluation
\ 4
Planning Operating Plan
& evaluation P 9

A\ 4

I Terminal Performance
Measurement System

Figure 6.1 Components of a terminal control system (from Ferguson 1980, p. 13)
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The role of the TPMS within a detailed existing control system is shown in Figure 6.2.
The TPMS uses data from the yard management system to determine dwell times, connection
performance, volume levels and throughput. The hump control system provides the TPMS with
hump statistics such as number of cars humped, time in each mode (hump, trim, idle), number

and type of misroutes, rolling speeds, etc.
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Figure 6.2 Detailed existing terminal control system
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Notice the lack of information flow to the TPMS regarding the bowl condition and the

pull-down process in Figure 6.2. The yard management system provides some of this

information, but it is limited and usually requires an additional level of interpretation before it

can be used. As the bottleneck, the performance of the pull-down process needs to be monitored

on a regular basis. In addition, the importance of the interaction between the pull-down process

and the hump process requires that the condition of the bowl also be known. Figure 6.3 shows a

portion of a proposed terminal control system that incorporates the two new information flows

into the TPMS: the BCM and pull-down cycle times. It also shows the new planning and

evaluation flows (dashed lines): sorting performance feedback to the hump controller, a real-time

bowl “picture” for use by the hump controller and performance feedback for the pull-down
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Figure 6.3 Terminal control system with proposed information, planning and evaluation flows
(below the General Yardmaster level)
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6.2 Implementing the Proposed Terminal Control System

This chapter will address the implementation issues associated with the proposed
terminal control system. As the stand-alone component of the BCM, an implementation strategy
for the DTC will be discussed first. For any quality measurement to be effectively used in a
production system, it must be presented to both the operators and management in a manner that
allows for quick assimilation of the information. The bowl “picture” is presented as a means to
accomplish this using a visual interface. Once the DTC is implemented, the ISR will be
calibrated to ensure that it accurately reflects the expected behavior of the sorting procedure.
Statistical Process Control (SPC) concepts will be described and control charts that can be used
with the ISR will be presented. The planning, evaluation and sorting performance flows will use
SPC concepts and control charts. Finally, some options for gathering pull-down cycle times will

be described.

6.2.1 Using the Dirty Track Counter and Bowl Picture

Yard inventory and event information from the existing yard management system is fed
into the TPMS. This information is used to determine the current composition of the bowl,
calculate the DTC and ISR (if necessary) and create the bowl picture. The Bowl Replay program
described in Appendix A was used to simulate this procedure and serves as a proof-of-concept
for it. The outputs include the DTC tracking screen (Figure 6.4) and the bowl picture (Figure

6.5).
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Figure 6.4 DTC tracking screen example for Bensenville Yard — March 7, 2006 0:00 to 12:00

Based on the capacity relationship information contained in Figure 5.4, yard management
should set an allowable threshold level for the DTC. This level should be determined based on
the yard’s operating plan so that all of the required trains are still able to be built on time. In
Figure 6.4, the DTC Limit is set at four which results in approximately two fewer tracks pulled
per day. Any time that the DTC exceeds four, the dirty tracks must be identified and their
composition analyzed. The bowl picture in Figure 6.5 can be used to quickly determine the
composition of each track and the entire bowl. The coloring scheme is based upon the
previously described dirty vs. clean track definition (Figure 4.4) and allows for quick
identification of the cuts on each track. The first car on every track is colored green and every
additional car from the same block on that track is also colored green. When a car from a
different block is placed on that track, it is colored red. Any other cars from that second block

are colored red. Cars from a third block are colored blue and so on.
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There are five dirty tracks shown in Figure 6.5: CT04, CT11, CT12, CT27 and CT31.
Each track has one more cut than block. The events that caused the dirty tracks occurred up to
24 hours earlier. Therefore, the impact of the increased DTC will not be felt until those tracks
are pulled. Depending on their compositions and when the tracks are to be pulled, the most
appropriate corrective action should be taken. At least one track should be cleaned; otherwise
the yard’s ability to meet its production schedule will be jeopardized during a later shift.
Reviewing the event data provides details about the causes of the increases in the DTC. Figure
6.5 represents the situation at 06:41. The DTC exceeded the limit at 04:38 and at 06:02. In both

cases, the subsequent reductions in DTC were the result of rework at the pull-down end.

6.3 Adding the ISR when a Static Track Allocation Plan is in Place

As part of their Lean Railroading improvement initiatives, the YOP group at CPR
implemented a static track allocation plan at Alyth. The purpose of the plan is to reduce
variability in the sorting process by assigning each block to a bowl track. Therefore, Alyth can
serve as the implementation example for yards with similar static plans in place such as
Agincourt Yard (CPR), MacMillan Yard (CN) and Roseville Yard (UP). The first step in this

process is to ensure that the metric reflects the expected behavior of the sorting process.

6.3.1 The Expected Behavior of the Sorting Process

It is the opinion of several terminal and network managers that higher bowl volume
results in a “dirtier bowl” (CPR 2005g, Barker 2005, UP 2005). A bowl with more cars has less
room to put the cars that need to be classified. It becomes harder to maintain the block to track
assignment plan, because it becomes more difficult to find track assignments with enough
capacity to start new train blocks. Therefore, blocks tend to be split onto more than one

classification track when a yard is congested (Kraft 2002d). If a static assignment plan is in
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place, it will be harder to keep all cars on their assigned tracks. Therefore, in order for the metric
to provide useful feedback on the performance of the hump controller, it is necessary to know the
relationship between bowl ISR and bowl volume. This will help establish reasonable
performance goals based on the condition of the yard and verify that the metric can be used in

the proposed terminal control system.

6.3.2 The Relationship between Bowl Volume and Bowl ISR

To test if the metric was formatted correctly and to aid with program development,
weighted values were assigned to the ISR ratings. The wrong track and wrong group ratings
were rated equally with a and B assigned values of 0.50. When cars are pulled from the bowl,
their ISR values are removed from the totals. The impact of rework and trim events are also
reflected in the ISR subject to the two ratings. Bowl rework cars have an added penalty for the
extra work. Cars trimmed at the hump end also have a penalty built in, but it is smaller than the
bowl rework penalty because the hump has a lower utilization and can take the time to correct
sorting errors. The program records the bowl volume and bowl ISR every time a car is humped
and when the last car of a cut being pulled leaves the bowl. Each time a car is humped, there are
three possible outcomes:

1. Right track and right group — The car is sent to the right track according to the static
plan; therefore, it is automatically in the right group and ISR = 0.

2. Wrong track and right group — The car is sent to the wrong track but it is still in the right
group; ISR =0.5.

3. Wrong track and wrong group — The car is sent to the wrong track and the wrong group;
ISR=1.

To develop the first relationship presented here, a bowl replay was developed for Alyth
Yard, using event data for a five-day period. A total of 5,060 observations of bowl volume and

corresponding ISR were recorded. The observations were grouped by volume level and any
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volume level with less than ten observations was discarded. Averages for the remaining
observations were calculated and plotted (Figure 6.7). A second group of event data for a two-
day period was also analyzed. In the second case, 2,563 observations were recorded and volume
levels with less than ten observations were discarded. Averages for the remaining observations
were calculated and plotted (Figure 6.8). A linear trend line was fitted to the data in both figures
to develop equations for the relationships. In both cases, the expected trend of a higher volume
resulting in a “dirtier” bowl is observed. In Figure 6.7, the volume level ranges from 388 to 605
cars and the slope of the line is 0.1969. In Figure 6.8, the volume level ranges from 557 to 691
and the slope is 0.3741. Therefore, it appears that a higher volume levels, the ISR tends to
increase faster. This is the behavior predicted by railroad management (Barker 2005, CPR

2005g, 2006¢) but further analysis is required before this behavior can be confirmed.

100



120 -

100 y =0.1969x - 51.781
R?=0.9434

80 -
60 -
40 -

20 -

Average Bowl ISR (number of cars)

y:

0 T T T T T T T 1
350 400 450 500 550 600 650 700 750

x = Bowl volume (number of cars)

Figure 6.7 Average ISR vs. bowl volume for Alyth Yard, September 13 to 17, 2005
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Figure 6.8 Average ISR vs. bowl volume for Alyth Yard, November 19 to 20, 2005
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6.3.3 Interpretation and Potential Use of the Results

The results of the relationships can be used to measure controller performance. For
example, if bowl volume is at 600 cars, the expected Bowl ISR is 66.36 cars in Figure 6.7. If the
actual Bowl ISR is 55 cars, then the operator has kept the ISR below the expected ISR at that
volume level. Therefore, the operator has done an acceptable job of sorting. However, this
would only be applicable during the week that the data were collected. If Figure 6.8 is used, the
expected Bowl ISR is 51.04 cars and an actual Bowl ISR of 55 cars is above the expected value.
Another difficulty in this method is the high amount of variation in the ISR values at each
volume level. One of the problems with using the average ISR for each volume level is that it
assumes that the error is the same at every point. While the results do provide insights into the
expected behavior of the sorting process as bowl volume increases, they may not be useful to
front-line managers and operators on a per shift basis. Because there is variation in the output,
and a need to track the metric over time, concepts adapted from Statistical Process Control (SPC)

may be a more effective way to implement this metric in the terminal environment.

6.4 Adapting SPC Charts to Control and Improve the Sorting Process

As cited in Section 2.1, Mundy et al. (1992) studied the applicability of SPC methods in
classification yards. Using the Burlington Northern’s Tennessee Yard in Memphis as their case
study, they first developed flowcharts for the processes being studied. Control charts were then
created for the weekly percentages of cars over the connection standard of 24 hours. The third
technique applied was Pareto analysis, which is the assignment of causes to failures. This allows
the root causes to be identified so that improvement efforts can be focused on their elimination.
Notice that SPC was used to help identify the causes of problems, not to solve the problems.

This is why SPC requires a management team committed to the philosophy of continuous,
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gradual improvement (Mundy et al. 1992) such as the Lean Railroading approach presented in
Chapter 3.

“To use statistics, one must have both something to measure and a means of
measurement. The something should be thought of as the output of a process” (Mundy et al.
1992, p. 54). Here, we are measuring the output of the sorting process using the ISR. The
impact of bowl volume is accounted for by dividing each Bowl ISR value by the corresponding
bowl volume to obtain the percentage of incorrectly sorted cars (%-ISR). SPC assumes that the
sample means of the process tend to follow a normal distribution. However, the %-ISR values
do not follow a normal distribution and this prevents the complete SPC approach from being
used. But, the concepts and process of SPC still provide valuable insight into the planning and

evaluation methods needed in the proposed terminal control system.

6.4.1 Adapting the Process of SPC

The implementation process of SPC can be explained using the classical feedback control
system perspective (Figure 6.9). The feedback control system perspective is not unique to SPC;
therefore, it can be used with the ISR. Each of the stages in the control loop will be explained
and details for each stage are found in the next section, with the sorting process and ISR as the

example.
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Figure 6.9 Classical control system view of SPC implementation (from DeVor et al. 1992, p. 134)

1. Observation — The first aspect of observation is determining what to observe and how to
observe it. The second aspect is the statistical sampling issue of how many
measurements to take, how often, etc.

2. Evaluation — A chart is needed that shows us how the process should look if it is in
control. The data are compared to the model to identify the “signals,” which may tell us
that a specific opportunity for improvement exists.

3. Diagnosis — This stage is identified by DeVor et al. (1992) as the most crucial because
“being able to move from comparison to diagnosis marks the difference between making
charts and solving problems.” The key is to be able to associate an out-of-control signal
with the physical state(s) of the system. Some of the fault diagnosis aids include Pareto
charts, cause-and-effect diagrams and decision trees for failure modes effects analysis.

4. Decision — Once the root cause of the fault is found, determine the appropriate action to
eliminate the fault.

5. Implementation — Define the specific means to make the correction happen. Study the
full implications of the action on the entire system to ensure that the action taken will be
lasting. “Holding the gains over the long term requires that the system truly accept the
total value of the action.” (DeVor et al. 1992, p. 135)

6.4.2 Using SPC Concepts with the ISR

The first aspect of the observation stage has already been accomplished by identifying the
bottleneck in the terminal, applying the Theory of Constraints to better understand the interaction
between the pull-down process and the sorting process, and developing a quality of sort metric
and Bowl Replay program to observe the relationship. The second aspect, the statistical
sampling issue, involves the design and collection of the samples or subgroups. In this case, the

type of control charts used will be modifications of the X and moving range (R, charts. The X
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and Ry, charts are used for individual measurements where X is the value of the individual
measurement and Ry, is the range of a group of n consecutive individual measurements combined
to form a subgroup of size n (DeVor et al. 1992, p. 347). In traditional SPC control charts, an
Upper Control Limit (UCL) and a Lower Control Limit (LCL) are calculated at +3 standard
deviations from the mean. These are used to identify when special causes of variability have
entered the system. Since the goal is to keep the %-ISR as low as possible, and because the data
are not normally distributed, there is no need for a LCL. The UCL is kept to illustrate the use of
an upper limit on the acceptable ISR. We are most concerned with large increases in ISR
between samples and these are shown in the modified control charts (Figure 6.10). The same
data from the Bowl Replay program used in the previous section is used to construct the control
charts. The charts are constructed for one shift and each shift lasts 12 hours. To construct the
control charts for the 0530 to 1730 shift on September 13, 2005, %-ISR measurements were
taken every 15 minutes for a total of 49 observations. A size of n =2 is used to calculate the
moving ranges. The steps for constructing the X and R, control charts are found in DeVor et al.
(1992, pp. 348-349).

In Figure 6.10, large increases between sample points indicate that a higher percentage of
cars in the yard are incorrectly sorted according to the ISR. The moving range chart shows the
relative size of the increases and decreases. In Figure 6.10, ISR exceeded the upper limit from
09:00 to 16:45 with extreme moving range increase at 07:45. From this evaluation, the event
data from the yard management system can be reviewed with the hump controller to diagnose the
cause of the %-ISR increase and a decision can be made to prevent the situation from occurring
again. The solid black line indicates the average %-ISR value for the shift, which can also be

used to gauge the controller’s performance.
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6.5 Measuring Pull-Down Performance

Several options have already been presented for improving the performance of the pull-
down process. However, the ability of most yards to gather and record the cycle times for the
components of Equation 4.3 is limited. For this research, direct observation was used to gather
the component cycle times but this solution is not practical for gathering large amounts of data.
There are also safety concerns with having an extra person in an active switching area as well as
labor and management workload issues. Most yard managers do not have the time to spend
gathering time-study data. Bringing in outside consultants is a possibility, but they come with a
cost and are not permanent. On the labor side, most workers are reluctant to have a manager
watching their every move with a stopwatch. Initial studies can be conducted in this manner, but
long-term performance tracking for use in planning and evaluation requires a more automated
approach.

The existing hump control system offers a means to gather one component of the pull-
down cycle time. In Section 4.3.2, the method for pull-down crews to obtain a block authority is
described. Whenever a crew is working on a bowl track, a block authority must be in place to
prevent any cars from being humped to that track. The hump control system records the time the
block was placed and the time it was released. This can be used as a reasonable approximation
for the time spent in the coupling component. To calculate the remaining components (setup,
transport and rework), additional systems must be installed. One possibility is using Global
Positioning System (GPS) units to track the movement of engines, cars or crews as they go
through the pull-down process. The cycle times for each component can be extrapolated from
the time the GPS unit spends in each area: the bowl, lead tracks and departure yard. These data

can then be used to evaluate the performance of the pull-down process. It can also be used with
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the event data, DTC and bowl picture to more accurately calculate the capacity reduction caused
by dirty tracks.

Once a system is in place to gather and analyze the pull-down cycle times, the proposed
terminal control system will be complete. The system will eliminate an information gap in the
current systems regarding the performance of the pull-down process, the interaction between the
pull-down and the sorting process and the condition of the bowl. As the bottleneck in the
system, proactive monitoring of the pull-down process and its interactions is necessary to help

increase overall terminal capacity as part of the Lean Railroading approach.

108



CHAPTER 7: FURTHER RESEARCH AND CONCLUSIONS

In the course of this research, several topics were identified as potential areas for further
research. These areas include:
1. Updated car cycle time analysis — The study conducted by Kwon et al. 1995 used data
from 1990 and 1991 to analyze the reliability for three types of rail service. An update to
this study using current data would be a necessary precursor to several other studies in

this list.

2. Better understanding of the impact of various factors on network efficiency — A more
detailed statistical analysis of the relationship between network efficiency, as measured
by average train speed or another measurement, and the components in Figure 1.9 would

help identify the best areas to target improvement efforts.

3. More accurate calculation of terminal capacity — The complex interactions between a
terminal and the rest of the rail network, as well as the dynamics of the process
interactions within the terminal, make determining the actual capacity difficult. The
insight gained from factory physics provide a rough estimate of terminal capacity.
Further refinement of the capacity calculation may help the network planning and

recovery problems.

4. The impact of new technology on terminal operations and design — Remote Control
Locomotive (RCL) technology has reduced labor costs and increased productivity for
many types of switching operations including classification at flat yards, pull-down in
both hump and flat yards, and has been used with hump engines in certain locations.
Remote switch machines have also increased crew productivity. This has shifted the

hypothetical cost curves in Figure 2.5 and made flat yards more economical for higher
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5.

volumes. At the same time, the advent of inert retarders has made “mini-hump” designs
more feasible for lower volumes. Full development of the cost curves in Figure 2.5 as
well as a curve for “mini-humps” would enable better decision-making regarding use of

the appropriate designs and technology to improve the efficiency of particular yards.

More extensive pull-down time studies — Chapter 4 should only serve as the beginning of
a larger effort to document and understand the pull-down process. Because the pull-
down is the most common bottleneck, increases in pull-down capacity generally will
have the greatest impact on overall terminal capacity. A larger-scale project should be
undertaken to conduct time studies at several terminals to build averages and expected
variance for each component of pull-down cycle time. This information can be used to
develop the most appropriate improvement options by identifying the “bottleneck within
the bottleneck™ (Logan 2006b). Cost-benefit analyses for each alternative can also be

conducted.

Terminal simulation models — Several companies including Simul8 and TranSystems
have developed simulation models and templates for hump yards (Dronzek 2006). CN
has also provided the University of Illinois with copies of several yard simulation models.
These models could be used to conduct sensitivity analyses on bottleneck management

methods or to develop better understanding of the process interactions.

“Dynamic use” of block to track allocation plans — Algorithms for dynamic assignment
plans and multiple-stage sorting techniques have been around since the 1980’s (see
Daganzo et al. 1983, Daganzo 1986, Daganzo 1987). However, it appears that these
plans are not regularly used. If a yard is dynamic (like Bensenville), it is because it does

not have a static plan in place. The blocks are dynamically assigned by the operator on a
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short term basis, not as part of a larger plan. With the technology available to implement
the algorithms, the time has come to study how to best implement dynamic assignment
plans and multiple-stage sorting techniques as a function of yard volume, inbound traffic

flow and pull-down capacity.

8. Optimization methods for use with the BCM — The BCM was designed to help the hump
controller make better decisions during the sorting process. A natural extension would be
decision support tools based on the BCM that would tell the operator the best track to
send a car based on the current condition of the bowl. A more advanced version could

integrate the dynamic track assignment plan or multi-stage sorting techniques.

7.1 Conclusions

The importance of railroad classification terminals to service reliability is well
established (Martland et al. 1992, Martland et al. 1994, Kwon et al. 1995). Although the impact
on network efficiency is more challenging to quantify because of complex interactions in the
railroad network, estimates have been calculated. For example, Logan (2006a) estimated that
every 15% reduction in system-wide average terminal dwell time results in an increase in carload
velocity of approximately 2 mph. In Section 1.4.2, I provide an estimate of the relationship
between system-wide average terminal dwell time and average manifest train speed for six Class
I railroads. For each railroad, there was a statistically significant relationship between average
terminal dwell time and average manifest train speed. The R’ values ranged from 20.7% to
34.7% indicating that this amount of the variation is explained by the models. Considering all of
the factors affecting system performance, the percentage of variability accounted for by the
single variable of dwell time further underscores the importance of terminal performance on

network efficiency and the potential benefits of improvements in terminal operations.
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Inadequate terminal capacity is viewed by many to be impeding the ability of the
railroads to increase their service reliability and network efficiency (Martland et al. 1992, Kraft
2000b, Barker 2006, CPR 2005g, Logan 2006a). However, methods to increase terminal
capacity should be thoroughly explored in parallel with consideration of infrastructure
investment. In Chapter 2, it was shown that classification terminals can be considered
production systems and additional insight into their operations can be gained through the use of
Factory Physics. This allows application of a new approach to terminal performance
improvement called Lean Railroading. Lean Railroading is the adaptation of proven
manufacturing management methodologies including lean, Theory of Constraints and Statistical
Process Control as discussed in Chapter 3.

The most important manufacturing process analog to improving yard capacity is the
bottleneck. In a production system the bottleneck is the process that limits its throughput. As
such, the processing rate of the bottleneck sets the rate for the entire system. Improving the
performance of the bottleneck is the best way to improve the performance of the entire terminal
process. The train assembly (pull-down) process has been identified as the bottleneck in a
majority of classification yards. Chapter 4 provides a detailed analysis of the pull-down process
using SPC flowcharts and enhancing the macroscopic evaluation method for the pull-down
process (Wong et al. 1981). The pull-down process was broken into five components and cycle
time equations were developed for each one. Time studies at Bensenville Yard were used to
establish a baseline capacity level of 541 cars per day. The potential capacity improvement of
several bottleneck management alternatives over the baseline case was discussed in Chapter 5.

Of the bottleneck management alternatives discussed, the two that exploited the

interaction between the hump and the pull-down process resulted in the greatest capacity
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improvements. This is consistent with the Theory of Constraints. For Bensenville Yard, the first
method, using the hump engine to build trains when it would otherwise be idle, would result in
an estimated 8.3% capacity increase. The second, eliminating rework at the pull-down end,
would result in an estimated 6.5% pull-down capacity increase; the same as adding another pull-
down engine. Other yards could expect to obtain similar results.

Production systems often focus too much on quantity and not enough on quality and
hump yards are no exception. Hump controllers are rated primarily on the number of cars
humped during their shift with little emphasis placed on how well they have sorted those cars.
This is because no measurement of sorting performance was available. A quality of sort metric
called the Bowl Condition Monitor (BCM) was developed and presented in Chapter 5. The
BCM consists of two components: the Dirty Track Counter (DTC), which seeks to measure the
number of dirty tracks and their heterogeneity, and the Incorrect Sort Rating (ISR), used to
measure adherence to a static track allocation plan if one is in place. The DTC can be used in
any yard while the ISR can only be used in yards with static allocation plans. Chapter 6
described how the BCM would fit into an existing terminal control system and presented charts
and methods for implementing the DTC and the ISR. Sustaining this quality emphasis will
require management focus to shift from the hump to the pull-down process. Finally, the need for
better pull-down performance monitoring was discussed with GPS proposed as a possible
solution.

Pull-down capacity at Bensenville Yard can be increased an estimated 25% by improving
the process and its interactions without adding any engine or labor expense. The lean emphasis
on reducing idle time between all yard processes will further increase capacity. By combining

scheduled railroading with a version of Lean Manufacturing in their yards, CPR reported average
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terminal dwell fell from 30.4 hours in March 2005 to 21.7 hours in March 2006 (CPR 2006a).
Assuming a constant terminal volume of 1,500 cars, this results in an estimated average terminal
capacity increase of 475 cars per day (Equation 2.1), a 40% increase. Over the same time period,

average train speed increased 3.6 mph.
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APPENDIX A: REGRESSION RESULTS FOR CN, BNSF, CSX, NS and UP
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Figure A.1 Scatter plot and regression results: CN, weeks ending May 27, 2005, to May 26, 2006
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Figure A.2 Scatter plot and regression results: BNSF, weeks ending May 27, 2005, to May 26, 2006

121



27

©
(0D}
(]
&
o 25-
©
ks 237 y = -0.2064x + 24.613
S - R? = 0.2339
e
€3 21
>£ .
X L4 **, .
D) * . * -
S 19- T ~e—e et L. .
() * ¢ * 4
(@) s - *
E * * . *
17 ¢
<
1l
> 15 T T T T T T 1
24 25 26 27 28 29 30 31

X = Average weekly terminal dwell (hours)

Figure A.3 Scatter plot and regression results: CSX, weeks ending May 27, 2005, to May 26, 2006
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Figure A.4 Scatter plot and regression results: NS, weeks ending May 27, 2005, to May 26, 2006
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APPENDIX B: THE BOWL REPLAY PROGRAM

The Bowl Replay program was developed to fill a specialized need not met by the yard
simulation models currently available. While it might have been possible to adapt an existing
simulation model, writing a specialized program resulted in more efficient data analysis based on
the objectives of the program, which were:

1. Use existing yard event data, already captured by yard control systems, to accurately
replay the events that occur in the bowl of a hump yard

2. Automatically calculate and track the ISR at the three levels (car, track and bowl)
throughout the run-time of the program

3. Automatically record the bowl volume and the corresponding Bowl ISR for use in
development of that relationship

4. Explore effective ways to present bowl status and ISR values to yard management

The program is not a simulation because no attempt is made to extrapolate the future state of the
bowl. It only seeks to analyze past events in order to gather enough information about the

dynamics of the bowl to model the impact on the pull-down workload.

B.1 Program Overview

The Bowl Replay Program is an Excel VBA program that uses event data normally
captured by the terminal control systems of CPR combined with operational information
gathered during site visits. The program works by recording the starting location of every car in
the bowl at midnight on the day in question and the program runs for the number of events as
entered by the user (Figure B.1). Excel VBA was chosen because the Excel spreadsheet format
would allow for the relatively easy display of a graphical representation of the bowl. The main
interface screen (Figure B.2) shows the current state of the bowl with each row representing a
track and each colored cell representing a car in the bowl. The coloring scheme is based upon

the previously described dirty vs. clean track definition (Figure 4.4) and allows for quick
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identification of the separations on each track. CN uses a similar coloring scheme for the bowl
integrity screen in its SMARTYARD system (CN 2005c). For the Bowl Replay, the first car on
every track is colored green and every additional car from the same block on that track is also
colored green. When a car from a different block is placed on that track, it is colored red. Any
other cars from that second block are colored red. Cars from a third block are colored blue and
SO on.

Cars added Cars moved in bow!

(Hump events) (Trim events)

Record the location of
all cars in the bowl as of ‘ Bowl “picture” over time
0001 mm/dd/yyyy

Cars removed
(Pulled events)

Figure B.1 Bowl Replay program event flow
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Figure B.2 Screenshot of main interface screen for the Bowl Replay program, Version 3.2.6, Alyth Yard
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Macros were written to read the event data and execute a series of commands that would
calculate the Car ISR, number of blocks on a track, number of groups on a track and update the
“bowl picture” based on the type of event. The program is discrete-event with seven different
event types:

Hump (H) — The car is humped into the bowl
Pulled (P) — The car is removed from the bowl at the pull-down end

Hump-end trim move (Y) — The car is moved from one track to another at the hump end

b=

Pull-down-end trim move (T) — The car is moved from one track to another at the pull-
down end

5. Pull-down-end replacement (S) — The car is placed on the same track that it was
previously removed from at the pull-down end

6. Hump-end pulled (D) — The car is removed from the bowl at the hump end

7. Hump-end replacement (R) — The car is placed on the same track it was previously
removed from at the hump end

The hump, pulled, hump-end trim move and pull-down-end trim move events come directly from
the TYES data. The other events are added manually to reflect movements not captured by

TYES.

B.2 Program Event Data

By utilizing data that are normally captured by current yard control systems, the event
data could be acquired without any modifications to the computer systems and would not create
an additional burden for local yard management. The Yard Operations Performance (YOP)
group at CPR provided starting bowl count and car location, hump, pull-down and class track-to-
class track movement event data from the Train Yard Enterprise System (TYES). TYES is the
yard management system that manages shipment connections from train to train within a

terminal. It was originally developed by NS, who then sold a version of it to CPR. CPR
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completed implementation of TYES in 2005. The YOP group queried the central TYES
mainframe in Calgary and e-mailed the necessary event data in Excel spreadsheet form.

TYES obtains the hump event data from the PROY ARD™ process control system
(Figure B.3). PROYARD™ is marketed by GE Transportation and is used to automate
classification yards. It is used by nearly every Class I railroad in North America (GE 2006). The
system identifies and measures railcars as they roll over the hump, automatically routes them to
the appropriate classification track and controls railcar speed to a target of 4.5 mph (“walking
speed”) for coupling (GE 2006). There is an approximate delay of 2-4 minutes from the actual
time a car went over the hump to the time the event is recorded in TYES. The Bowl Replay

program used the time stamp from TYES.

TYES
Receiving yard
track inventory

TYES Bowl
track inventory

Display Hump event
board data

Pin-puller
instructions

AEIl
Scanner Hump tower
I (controller) |

WEB [ SV e GuAl
H Expected car order of \

cut being humped (controller input)

Swings, blocked + Retarders’,
tracks Discrepancies in car order, automatic
Actual order of track space remaining, switches in
cut being humped misroute warnings, car weight, bowl
speed during roll-in

Control/routing
insturctions
PROYARD™
computer
A Track occupanc!
) occupancy, Sensors in
switch position, misroutes,
overspeeds, weather bowl

1. Only applicable in yards with automatic retarders (i.e. Alyth, Agincourt). Dowty retarders (used in Bensenville) have no computer control.

Figure B.3 Example CPR TYES/PROYARD™ hump control system data flow
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The pulled events are the result of a controller moving cars from a bowl track inventory
to a departure track inventory in TYES after the pull-down crews have physically moved the
cars. The class track-to-track events are the result of a similar manual procedure. Possibly as a
result of this manual procedure, TYES orders a cut of cars pulled together alphabetically by
reporting marks then by car number, not by standing order on the track. This presented some

challenges while validating the event data during the program development.

B.3 Program Development

The first two versions of the program utilized hump event data obtained from the hump
control system at MacMillan Yard (CN) in Toronto. CN only provided hump event data.
Subsequent versions of the program utilized the CPR event data described in the previous
section. Version 3.2.3 was the first fully-functional, bug-free version of the program. Version
3.2.6 was the final version. Table B.1 summarizes the development of the program.

Alyth Yard was the primary yard used during the development of the program. The
versions for Bensenville were built during the detailed time study period that provided the data
used in the capacity calculations in Section 5.1. Version 3.2.6 was used to provide the necessary
data to understand the relationships between bowl volume, ISR and capacity. It also provided
insight into the implementation options for the metric. The relationships and implementation

options are presented in Chapter 6.
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Table B.1 Bowl Replay program development summary

Coloring
Version Yard(s) RR New Features Car label scheme  Bugs
1.0 MacMillan CN  Hump events only, Block and car Destination  Blue- Track block
counters for each track, Bowl volume track Yellow  coloring/count macro
counter, 1st version of track coloring coloring function
macro incorrect
2.0 MacMillan CN  Coloring function corrected, Hump Destination  Light Blue Track block
events only, No starting car location in  track Pink coloring/count macro
bowl or pulled events provided unable to go past
column Z
3.0 Alyth CPR Starting car location (Reset Bowl Destination Light Blue Track block
macro), hump and pulled events (H, P)  track Pink coloring/count macro
unable to go past
column Z
3.1 Alyth CPR Track car capacity estimator Destination ~ Light Blue Track block
track Pink coloring/count macro
unable to go past
column Z
32 Alyth CPR Replace track car capacity estimator with Destination =~ Green-Red Track block
track length remaining, Car event track coloring/count macro
hyperlinks, (2) Class track-to-class track unable to go past
events (Y, T, S) added column Z
3.2.1 Alyth CPR Macro buttons on bowl replay sheet, (1)ClassCode, Green-Red Track block
Screen updating off (2)Destination coloring/count macro
track unable to go past
column Z
322 Alyth CPR Screen updating improved (event-by- Destination Green-Red Track block
event on bowl picture) track coloring/count macro
unable to go past
column Z
323 Alyth CPR Screen updating further improved, Track Destination  Green-Red
ISR added, Bowl volume and bowl ISR track
continually recorded
324 Alyth CPR User determined continuous screen Train block  Green-Red
updating
325 (1)Alyth, CPR Track space remaining continually Train block  Green-Red
(2)Bensenville recorded, Additional hump end events
(D, R) added
32.6  (1)Alyth, CPR Final version of Track ISR, Groupings  Hybrid Green-Red
(2)Bensenville counter added (ClassCode
with Local
Train Blocks)
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