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Introduction: The Significance of Latency

In any controlled environment, the objective of a controller is to keep a system
in the desired state. To accomplish this, the first task of the controlled is to monitor
the system's state and compare it to the desired state. If the comparison reveals no
difference, nothing needs to be done. If a difference is detected, then the controller
must apply a corrective force that attempts to restore the system to the desired state.

If the system performs inadequately in spite of the controller’s efforts, then the
controller must be improved. There are three, and only three, ways to do this:

1. Increase the size of the corrective forces used
2. Increase the frequency with which corrective forces are applied
3. Increase the accuracy with which corrective forces are applied

Fundamentally, a railroad control system is subject to the same principles. The
objective of the system is to keep trains running on time. If trains are not running on
time, a corrective force must be applied to bring the trains back on schedule.

In current practice, train operations on North American railroads are controlled
by several means. They range from verbal movement authorities issued by voice ra-
dio (for branch lines and lightly used through routes), to voice radio authorities
("track warrants” or similar terms) overlaid on an automatic block signal system
(ABS), to a full train control installation (" centralized traffic control” or "train con-
trol system") in which movement authorities are given by signal indication only and,
in theory, no voice radio trafficis required. In any of these systems, improving con-
trol by increasing the size of the corrective force applied is very difficult. In order to
keep the cost of operation reasonably low, North American railroads generally run
trains with low horsepower-to-trailing-ton ratios. Therefore, the size of the avail-
able corrective force isinherently small. If a train is beginning to run late, it is usually
next to impossible to make up the time through faster running.

Other corrective actions are possible, however. Most North American railroads
run on single track with sidings. Decisions on when and where to meet trains can re-
sultin large differences in line-haul running times for individual trains. Thus, a train
behind schedule can usually be expedited by forcing other trains to wait for it on sid-
ings. However, while a larger corrective force can be applied in this way, the time
saved for the one train is usually exceeded by the total delay to other trains on the
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railroad. Therefore, it seems reasonable to assert that corrective actions available to
North American train dispatchers are small.

In order to achieve on-time service, railroads must therefore rely on improving
the accuracy and frequency with which corrective actions can be taken. ARES pro-
vides this improved accuracy and frequency, by providing real-time information on
where trains are and what they are doing, via the digital data link. As a result, when
schedules are not being met, that information can be received and processed, and
new commands sent out, within two minutes. That time interval, called latency in
Ithis report, is at least six minutes with a conventional CTC system, and often much
onger.

ARES also improves the accuracy with which corrective forces are applied. This
is done through high-speed automatic processing of system state data in the control
office. This processing will be handled mostly be an element of ARES called the Tac-
tical Traffic Planner (TTP). The TTP will produce an optimal movement plan for train
on adispatcher's territory given a schedule and the relative value (priority) of each
train.

In an analysis of the benefits of the Advanced Railroad Electronics System
(ARES), carried out in 1988, the largest benefit of ARES was identified as its potential
forincreasing management control of rail operations (Smith and Resor, 1990). This
increased control could be used to produce improvements in line capacity, service

uality, and equipment utilization (Smith and Resor, 1991). However, a large part of
this benefit was found to depend upon the use of computer-aided dispatchin
(CAD). CAD, which is characterized by computer algorithms that maximize efficiency
of operations, can be used with existing train control systems, as well as with ARES
and other advanced train control systems. Since the ARES equipment is costly, an ob-
vious question arose: could some substantial part of the anticipated benefit be real-
ized by simply pairin% a CAD algorithm with existing train control tools? This analysis
attempts to answer that question.

The analysis presented here was carried out in 1990 for Burlington Northern
Railroad. Burlington Northern's routes contain examples of all these control sys-
tems. The most important difference between them, for the purposes of this analy-
sis, is their latency. This is the time lag between occurrence of a train delay or devi-
ation from schedule and transmission of revised movement instructions based on
thatinformation. The latency of a control system can be estimated in several ways.
In this analysis, latency was assumed to be half the average running time between
location reporting ("OS") points on the railroad (on average, that is how long it
takes to become aware of a train’s position). However, in track warrant territory la-
tency is assumed to be half the average time between issuance of movement au-
thorities by dispatchers. This is about 35 minutes on BN (examination of train sheets
indicates tY\at track warrants are issued about every 70 minutes). Latency for lanes
with traffic control systems varies according to the length of signal blocks.

To build and test a model in which latency of control systems could be varied,
data was required that reflected the results of dispatching the railroad under various
combinations of accuracy, size, and frequency of corrective forces. Comparative
data for existing operations and for operations under ARES were also needed. For
existing operations, actual train movement data on lines with a variety of signal sys-
tems was collected. For the ARES operation, simulations were carried out using the
Schedule Analyzer (SCAN), an optimization model developed at the University of
Pennsylvania (and described in other papers by the authors). The optimizations as-
sumed the headways and latency that would be typical of ARES.
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For the dependent variable in the analysis, train travel time was used as a mea-
sure of the efficiency of line-haul operations (the lower the travel time, all other
things being equal, the more efficient the operation of the railroad). Train travel
time on each studied route depended on:

1. The physical limitations of train and route

2. Speed limits

3. Delays unrelated to traffic (mechanical, signal, etc.)
4. Volume, type, and timing of other traffic on the line

For each train, the minimum travel time over the route (absent constraint num-
ber four above) was calculated using the Train Performance Simulator, or TPS (Smith
and Resor, 1990). This is called the Unobstructed Travel Time (UTT). For each train,
there is also an Actual Travel Time (ATT), defined as the actual observed runnin
time for each train in the data collected for this analysis. The dependent variable,
ca]I_IIgd dispatching effectiveness or n, is simply the sum of UTT divided by the sum of
ATT.

The independent variables are more difficult to define. What is called latency
here is the inverse of the frequency of application of a "restoring force"” to return
trains to schedule. Latency is the amount of time required for a response to occur
once a schedule deviation has occurred and corrective action has been taken. A de-
scription of how this variable is measured in each case is provided in the next section.

The second independent variable was originally intended to measure the dis-
gatcher's ability to make the best decision in each case. However, it proved impossi-
le to directly measure dispatcher ability or competence. A surrogate measure was

developed; this was essentially a measure of the difficulty of the problems facing a
dispatcher. It seemed obvious that, as the volume of traffic increased, the dispatch-
er's job became more complex. This would likely compromise the dispatcher's ability
to make the best decisions. Therefore, a traffic density variable, train minutes per
route mile, was used to measure dispatcher ability.

Finally, to measure the amount of "restoring force", the corrective action that
could be taken to return trains to schedule, horsepower per ton was initially used.
This proved unsatisfactory because horsepower per ton varies relatively little, even
across a railroad as large as Burlington Northern. Also, locations and numbers of
meet points are more important than train performance in defining the corrective
actions available to the dispatcher. Therefore, track miles per route mile (reflecting
the number of length of sidings) was used as a proxy for restoring force.

After definition of the variables, the shape of the function relating these vari-
ables to effectiveness was chosen. Intuitively, an exponential form seemed appropri-
ate. The value of dispatching effectiveness is likely to be asymptotic with respect to
the independent variables. For example, as traffic density increases, transit times
will increase exponentially with an infinite value occurring at the line’s jam density.
(Chen and Harker, 1989) Therefore, a log-log form was chosen for the regression
(Chatterjee and Price, 1977).

A cross-sectional logarithmic regression has been carried out to relate these
three variables to dispatching effectiveness. Actual train movement data for sixteen
lanes has been used in the regression, along with optimized movement data result-
ing from the application of a traffic planning algorithm to the actual movement
data. In the optimized cases, changes in the total running time for all trains are a re-
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sult of both the application of a traffic planning algorithm and a reduction in the la-
tency time. The coefficients derived in the regression analysis quantify the relative
importance of these factors, as well as physical track capacity, in determining overall
dispatching effectiveness.

The primary focus of this analysis is the quantification of the importance of la-
tency as a determinant of the effectiveness of train control systems. However, there
are other factors involved. One is the physical capacity of each route (as measured
by track miles per train mile). A second is the total traffic volume. A third is the com-
petence of the human dispatcher. The variable train-minutes per route mile address-
es these two factors, by capturing both volume and speed of traffic.

Additional sidings or double track, or more competent dispatchers, can in-
crease line capacity. In fact, the most effective -- and also the most expensive -- way
to increase line capacity is to add track miles. For a fixed volume of traffic, additional
track will increase the effectiveness of dispatching. Changes in traffic volume, ab-
sent any change in the type of control system, will also increase or decrease dispatch-
ing effectiveness. However, the quality and timeliness of the information provided
to dispatchers is also of mai'or importance. With inadequate information, even the
most skillful dispatcher will be ineffective.

If the latency of a train control system can be reduced, the timeliness and accu-
racy of information reaching dispatchers can be improved, and dispatching effec-
tiveness can be increased. Improved effectiveness equals increased line capacity.
The purpose of this analésis is to quantify the benefits of reduced latency in terms of
improved dispatching effectiveness and increased line capacity.

Description of Methodology

To quantify the relationship between latency, restoring force, and dispatching
effectiveness, an equation was constructed using the previously discussed analysis:

n =ya*vb/de

where, n = dispatching effectiveness
y = latency (feedback rate on train location)
v = traffic volume and flow (train-minutes per route mile)
d = capacity (track miles per route mile)

and a, b, and c are the exponents determined from analysis of train movement data.
The exponentsa,band ¢ > 0.

It follows from this equation thatn a 1/d, nay, and nav. The overall effective-
ness, as previously defined, of dispatching on any lane is expressed as:

n = X tcase/ L tres
[} ]

where, t = running time for train i,

TPS signifies the minimum feasible running time (as determined
by the Train Performance Simulator), and

CASE signifies the actual train performance on the lane.

The Schedule Analyzer (SCAN) model was used in the ARES benefits analysis to
determine the improvements over actual dispatching practice that could be achieved
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by meet/pass planning. SCAN was developed at the University of Pennsylvania as a
tool to determine the feasibility of proposed schedules (Harker, 1989). During the
ARES benefits analysis, SCAN was extensively modified to allow for simulation of rail-
road operations under ARES control, both with and without the constraint of exist-
ing block signals. In this analysis, SCAN was applied to actual train movement data
to produce a "best" dispatching plan for each lane, given train priorities and topol-
ogy. The difference between the TPS minimum running times and times taken in ac-
tual operation indicates the efficiency of dispatching in each case.

When SCAN was applied to actual train movement data, the result was a more
efficient dispatching plan (lower total running time for all trains). This was due in
part to a reduction in latency and in part to the use of an optimization algorithm.
Smaller latency values permit closer spacing of trains. In the SCAN optimization
minimum headways between following trains were set at five minutes. This separa-
tion was based on a 1.5 minute latency assumed for ARES, and a 3.5 minute separa-
tion to permit a following train to stop safely in the event of a derailment or other
accident to the leading train. The magnitude of the improvement calculated by
SCAN was a function of traffic density and route topology as well as the characteris-
tics of the trains (e.g. horsepower per ton).

A cross-sectional logarithmic regression was used to determine values for the
exponents a, b, and c¢. The regression was carried out over a total of thirty-two ob-
servations: sixteen with actual train performance and actual latency (as determined)
and sixteen for SCAN optimized performance and an assumed SCAN latency value.
Dispatching effectiveness in each case was expressed as the difference between the
sum of all train running times and the sum of the minimum feasible times (TPS times)
for all trains in each lane. Table 1 shows actual latencies for the sixteen lanes, deter-
mined from signal block length, timetables, and control system type.

Another sixteen observations were developed for an assumed ARES implemen-

TABLE 1. LATENCY BY LANE

Lane Latency (min) Lane Latency (min)
Galesburg - Creston 14.17 Glendive - Dickinson 8.54
[ Savanna - La Grosse 9.36 McCook - Denver 5.26
~ Creston - Pacific Jct 5.68 Denver - Sterling .28
Havre - Whitefish 6.86 Alliance - Edgemont 32.46
Whitetish - Yardley 4.85 Staples - Dilworth 67.77
. Spokane - Pasco 9.00 Dilworth - Jamestown 12.00
Ig. Scott - Tulsa 7.18 — Dilworth - Minot 9.22
Madill - irving 25.00 Superior - Northtown 9.76

tation. In these, restoring force remained the same, while latency was reduced to 1.5
minutes and minimum train headway was reduced to five minutesin all lanes. The 5
minute minimum headway allows sufficient time and distance for a train to stop if a
preceding train derails or otherwise comes to a rapid and unanticipated hait. As-
suming an average travel speed of 40 m.p.h and a 1.5 minute latency for ARES, there
will be 3.5 minutes available to stop a train, or about 2.5 miles of distance at 40
m.p.h. Emergency stopping distances for trains are generally about one mile from
initiation of braking.
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Performance of this iterative process at each latency level yielded a dispatching
effectiveness of 75% at a ten-minute latency. This was very close to the average base
case (non-ARES) effectiveness of 74%. At a latency of 1.5 minutes, effectiveness was
91%. Taking these two values as extremes, with 74% representing zero benefit from
reduced latency (base case) and 91% representing the maximum benefit (since laten-
cy cannot be further reduced), intermediate latency values were assigned percent-
ages of total benefits. As can be seen from the graph, half of the benefits of ARES
(in terms of dispatching effectiveness) are lost when latency increases only from 1.5
minutes to four minutes. Even a latency of four minutes may only be achievable
with ARES-type technology.

Figures 3 through 8 show the relationships between latency and effectiveness
for particular lanes. For consistency across all lanes, the longest latency shown is six
minutes. Depending on route topology and traffic levels, some benefits can obtain
even at longer latencies than this. Take, for examEle, Figure 8 which shows the
Madill to Irving lane. Part of this lane is now "dark" (unsignaled) territory, with a
very long latency. Also, traffic volume is relatively light. In this case, much of the
benefit of computer-aided dispatching can be realized even at relatively long laten-
cies, since current effectiveness is rather low. By contrast, the Alliance to Edgemont
lane is partially double track, is controlled by centralized traffic control, but is ve
heavily trafficked. Although base case latency is relatively low, the volume of traffic
results in a relatively low effectiveness level. Therefore, reduction of latency to 1.5
minutes can produce substantial benefits, and the benefits curve is very steep. In the
middle is a lane like Savanna to La Crosse (Figure 3). This lane is relatively heavily
trafficked, mostly double track. Here the benefits curve is shallower, since existing
capacity is high relative to traffic volume.

Conclusions

The purpose of the analysis presented here was to determine quantitativel
whether most or all of the benefits of computer-aided dispatching could be realized
with conventional train-control technology and conventional dispatcher interfaces.
The largest benefits of ARES were previously identified as having to do with " preci-
sion dispatching”. If this precision, or a large part of it, could in fact be provided
without an investment in ARES hardware, BN would have little reason to make the
capital outlays for full ARES.

Findings of the analysis are as follows:

1. Latency, train minutes per route mile, and track miles per route mile are
ood predictors of dispatching effectiveness. Other variables were tried, and were
ound not to enhance the statistical validity of the regression.

2. Use of a dispatching optimization algorithm produces a large reduction in
train minutes per mile on every lane, when it is used with a technolog?' which can re-
duce latency to low levels. When latency is long, especially when tratfic volumes are
heavy, dispatching optimization alone produces only minor benefits.

3. The low latency values typical of ARES produce a substantial increase in dis-
patching effectiveness, as shown in Figure 2. This increase in effectiveness equates
to anincrease in line capacity.

4. The large coefficient for track-miles per route mile indicates the importance
of the physical features of a railroad line (number of sidings, miles of double track) in
determining dispatcher effectiveness and line capacity. Per unit, additions to track
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mileage will increase capacity much more than reductions in latency. However, unit
costs are far higher for additional track miles than for investments in reducing the la-
tency of control systems.

5. The low latency value used here for ARES is only achievable with ARES or a
similar system. Itis simply impossible for human dispatchers, with existing technol-
ogy, to update themselves on train position and take corrective action as frequently
as once every 90 seconds. In fact, in track warrant territory the issuance of warrants
vwaas found (from examination of dispatchers' sheets) to occur only about once every
70 minutes.
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