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PREFACE

This work was performed as part of an ongoing research program at the U. S. Department of
Transportation's (USDOT's) John A. Volpe National Transportation Systems Center in
collaboration with the Human-Machine Systems Laboratory at theMassachusetts Institute of
Technology. It is supported by the USDOT's Federal Railroad Administration (FRA) Office of
Research and Development as part of its comprehensive effort todevelop the technical
information necessary for regulating the safety ofhigh-speed guided ground transportation.

As vehicle speed increases, the "speed" of human information processing remains constant.
High speed, onthe onehand, increases demand on the locomotive engineer's information
processing per unit time and, onthe other hand, decreases allowable response time. These
effectsof high speed necessitate a locomotive engineer-cab system that is well "human factored."
To thisend, thecaband signaling systemdesign has to consider the role of the human. Two
approaches to design can be identified to compensate for thediscrepancy between vehicle and
operator "speed": an increase in automation and the provision of information processing or
sensory aids to help operators cope with greater demands.

This report focuses on the human factors issues associated with introducing information
processing and sensory aids to the cabwhilekeeping the locomotive engineer fully in control of
the vehicle. (A parallel effort investigating the impact of increasing automation on locomotive
engineers will be reported separately.)

in
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ABBREVIATIONS AND TERMINOLOGY

Alert system An onboard safety system, also called a "deadman system," that
generates a warning at random periods tocall for the locomotive
engineer's attention. Once the warning isactive, a mechanism should
betouched orpressed bythe locomotive engineer to acknowledge and
silence it. Thepurpose of such an alertsystem is to monitor whether
the locomotive engineer is alive andmobile during theoperation of the
train. In this research, a keyboard key is pressed to acknowledge the
alert system.

ATP Automatic Train Protection. In general rail terminology, it is the
portion ofanautomatic train control system that ensures safe train
movement by a combination of train detection, train separation,
overspeed protection, and route interlocking. In the context of this
report, it specifically refers to the portion of itsfunction that prevents
movement at speeds in excessof allowed limits.

Automatic interlocking Aninterlocking controlled bycircuit logic so thatchanges or
movements of signals, signal appliances, and track switches follow each
other inproper sequence without need for manual control, thus
permitting train movements along routes only if safe conditions exist.

Block

Block signal

Box plot

A length of track of defined limits, theuse of which bytrains and
engines is governed by block signals, cabsignals, or both.

A fixed signal at the entrance ofa block togovern movement of trains
entering andusing thatblock. Thissignal conveys automatic block
aspects (color combinations ofsignal lights) to train operators, thereby
indicating allowed speeds.

Aplot showing the distribution of the data. Itconsists ofa rectangular
box with vertical "whiskers"attached to the top and the bottom of the
box. The top ofthe box corresponds tothe 75* percentile, and the
bottomof the box corresponds to the 25th percentile of the data. The
whisker from the top (75'" percentile) extends to the maximum, and the
whisker from the bottom (25'" percentile) extends to the minimum of the

t Rail terminology adapted from (Luedeke, 1992; Sheridan et al., 1994).
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Cab

Cab signal

Civil speed

Dispatcher

Dynamic braking

Emergency

Emergency braking

Emergency braking
distanced

Emergency stop

External environment

data. The bar inside thebox is at the 50lh percentile, orthe median of
the data.

The section of the powercarof a trainset wherethe locomotive engineer
works.

A signal located in the engine controlcompartmentor cab indicating a
condition affecting the movement of a train or engine andused in
connection both with interlocking signals and with, or in lieu of, block
signals.

The maximum speed allowed in a specified section of trackor
guideway as determined by physical limitations of the trackor
guideway structure, train design, and passenger comfort.

The person who monitors andcontrols the routing (meets, passes, and
so on) of trains.

A method of braking, in which the motor is used as a generator andthe
kineticenergy of the apparatus is employed asthe actuating meansof
exerting a retarding force.

A condition which couldcause bodily harmor severephysical injury to
persons, or seriousdamage to equipment, or both.

Irrevocable open-loop braking to a complete stop, at the maximum safe
braking rate for the system (typically a higher rate than that obtained
with a service brake application).

The distance on any portion of a railroad in which a train operating
at its current speed will travel during an application of the emergency
brakes. It is measured from the point where emergency braking is
initiatedto the point where the train comes to a stop.

The stoppingof a trainby an emergency brake application which, after
initiated, cannot be released until the train has stopped.

Anything external to a given trainset (e.g., wayside signal, object on
track, heavy wind, and so on).

tt Item defined by the author.
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Failure

Full-service braking

Full-service braking
distance

Grade crossing

Guideway

High-speed

High-speed rail

Interlocking

KP"

Maglev

Overspeed

The inability of a systemor componentto performits required
functions within specifiedperformancerequirements.

The maximum amountof non-emergency braking thatcan be applied to
the train.

The distance on any portion of a railroad in which a trainoperating
at itscurrent speed will travel during a full-service application of the
brakes. It is the distancefrom the point wherefull-service braking is
initiated to the point where the train comes to a stop.

A combinationof two or more highways, railroad tracks, pedestrian
walkways, or otherfixed guideways intersecting at the same level.

The surface or track,and the supporting structure, in or on which
vehicles travel and which provides lateral control.

Velocity of at least 198km/h (125 mph).

A railtransportation system which operates at speeds inexcess of 198
km/h (125 mph).

Anarrangement of signals and signal appliances so interconnected that
their movements must succeed each other in proper sequence and for
which interlocking rulesare in effect. It may be operated manually or
automatically.

Kilometer post. Thecounter of distance from theorigin station in
kilometers.

Magnetic levitation. Levitation of vehicles by magnetic force; it may
be eitherby magnetic attraction or repulsion. The termis usually used
to describe a guided transportation system using magnetic levitation and
guidance.

In excess of maximum allowable safe command speed.

TT Item defined by the author.
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Regenerative braking

Service braking

Shinkanseritt

Simulator

Speed Control

Speed profile^

Switch

TGV

Wayside signal

A form ofdynamic braking in which the kinetic energy of the motor
and driven machinery is returned to the power-supply system.

Any non-emergency brake application of the braking system.

Japanesehigh-speed train.

A device, computer program, or system that behaves or operates like a
given system when provided a set of controlled inputs.

The function of adjusting the instantaneous vehicle speedto a given
speed level.

A plot of speed against distance traveled.

A pairof switch points with fastenings and operating rods which
provides the means for changing a route from one track to another.

Train a GrandeVitesse (French high-speed train).

A signal of fixed location along the track right-of-way.
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EXECUTIVE SUMMARY

This report describes the design and evaluation ofcomputer-based decision aids to compensate
for limits in signal detection and information processing capacity experienced by locomotive
engineers ofhigh-speed trains. Three concepts ofaiding, referred to as preview aiding,
predictive aiding, and advisory aiding, were proposed based ona system analysis of tasks of
train operation.

The intent ofpreview aiding is tocompensate for human visual limitations by providing, inside
the locomotive cab, necessary information (speed limits, signals, etc.) for a distance spanning
farther than thetrain's longest stopping distance. The preview aiding should bedesigned to
provide not only advance notice of signals butalso visual saliency inorder to achieve proper
attention to relevant information and fast reaction times to unexpected events.

The principle of predictiveaiding is to use a computer model to generate more accurate
predictions on the consequences of control actions than the humanoperators could by
themselves. This would help them to build a better mental model and improve their manual
operation. Therefore, predictive aiding should explicitlydisplay to the locomotiveengineer, the
future speeds (i.e., instant prediction of the control outcome) in order for the locomotive engineer
to take corrective actions much earlier than would be possible otherwise. Two types of
predictive aiding were recommended to relieve the locomotive engineer's mental load and aid his
or her control decision making. One type answers the question of what would be the speed
profilefor the nextperiod oftime ifthe currentforce application is maintained; the other type of

predictive information answers the question of what would be thespeedprofile ifeitherthefull-
service braking or theemergency braking werequickly appliednow.

The advisory aiding presents a computer-generated optimal speedprofile—optimal in termsof
total cost(energy consumption plusa weighted schedule deviation) under theconstraints of
schedule, speed limits, passenger ride quality, and train propulsion and braking capacities. If the
human operator kept precisely to such a profile, he or she would have a better speed-control
performance than by mentally (and therefore imprecisely) performing the various calculations
required for reaching theoptimal control decisions.

Natural questions regarding the three proposed concepts ofaiding are how to provide the
proposed aiding and whether displaying all this aiding would provide too much information and
overload the locomotive engineer. To answer these questions, the proposed individual aids were
integrated into two displays, each containing different levels of aiding: the predictor display
contained only the preview and the predictive aiding, and the advisor display contained the
preview, the predictive and the advisory aiding. Aconventional high-speed train cab
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environment was also implementedas a baseline for comparison purposes and is referred to as
the basic display.

The advanced displays were expected to: (1) improve the locomotiveengineer's situation
awareness because the advance signals provide salient preview and, thus, attract the locomotive
engineer's attention and enableanticipation as well as timely response; (2) reduce the
locomotive engineer'svisual workload—there should be littleor no need for the locomotive
engineerto intenselyscan the fast movingfield of view to search for signals or signs since they
are displayed inside the cab; (3) reduce the locomotive engineer's reliance on memory of track
details—thepreviewed informationon speed limits, track geometry, and so on should help to
reduce the locomotiveengineer's mental workload of memory retrieval; and (4) reduce mental
effort in exercising his or her mental model of the train dynamics and, thus, improve the quality
of decision-making on speed control. Unnecessary use of emergency braking would be expected
to decrease with the use of the predicted speed profiles (the predictive aiding). Without the
predictive aiding, the locomotive engineer would have to estimate the braking distance in order
to make a proper judgment as to the use of emergency braking. The advisor display was also
expected to reduce the total cost of a trip.

A preliminaryand a main experiment were conducted on a distributed interactive high-speed rail
simulation which was developed by us at the Center for Transportation Human Factors Research
of the Volpe NationalTransportation Systems Center. The experimental subjects were
university students who have the advantage of having equal exposure to all experimental
conditions. One disadvantage of using "naive"subjects is the lack of feedback from professional
locomotive engineers on the operational validity of the experiments.

Results show that the predictor and theadvisor displays were able to increase safety by
improving situation awareness as manifested through both the reduction of subjects' mean
reaction time to an unexpected signal change from 8.6 seconds to 1.4seconds and the avoidance
ofexcessive use ofemergency braking. Schedule adherence and station-stopping accuracy were
found to improve with both advanced displays and the improvements with the advisor display
were statistically significant. Ride quality appeared to degrade with the increase in aiding level,
which, however, was notfound to bestatistically significant.

The advisor display reduced total cost (energy consumption plus a weighted schedule-deviation)
by up to 11%, the predictor display 5%, with respect to the basic display on asimple
experimental track. On real tracks, where the speed limits and track geometry are more varied,
the reduction of total cost by the advisor display with respect to the basic display, is expected to
be greater than that demonstrated in the main experiment.

To address the concern that increased aiding might induce higher visual workload, several
measures of workload and subjects' preference rankings of the displays were obtained. First,
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although increasing "head-down" time, the advisor display was not found to overload subjects
because the spare visual capacities associated with the displays, measured via subjects'
performance on a secondary task, were not significantly different across displays. Second,
subjective ratings on time pressure, mental effort, and stress for the predictor and the advisor
displays were lower than those for the basic display for routine speed control and emergency
handling. Third, a retrospective and relative questionnaire revealed a significant decrement of
overall workload with the increase in display aiding. Fourth, there was asignificant preference
for the advanced displays over the basic display: the higher the display level (progressing from
the basic to the advisor display), the more itwas liked by the subjects.

Ahigh-speed train locomotive engineer model was also developed and applied to evaluate the
proposed aiding via model-in-the-loop simulation. The model combined two normative rule-
based train control strategies integrated together via a parameter characterizing locomotive
engineer behavior in reaction tounexpected signal events. The parameter that described such a
behavior was obtained from a human-in-the-loop experiment. As analternative method of
evaluating decision aids proposed for future high-speed trains, a simulation with the model in the
loop was conducted under a scenario in which a lead moving train unexpectedly appeared ahead
of the model-operated train. The simulation results support the finding ofthe human-in-the-loop
experiment thattheproposed aiding is capable of improving safety in terms of speed compliance
and reducing energy consumption and scheduledelay.

The results of this investigation suggest thattheadvisor display used in this study (including
both previewand predictive aiding) is a promising level of aiding. Although the display tends to
shift the locomotive engineer's attention from outside the window to inside the cab, the shift of

attention may not be a concern if all important or necessary information is provided inside the
cab, especially during high-speed enroute operations.

Before putting the advisor display into service, more research is needed to take advantage of the
proposed aids while eliminating any potential negative effects. The divergence between the
objective (via secondary task performance) and the subjective measures of workload found in
this research, although not significant, shows the importanceof such an investigation. For
example, different methods of workload measurement may be necessary to obtainfurther
insights on workload associated with the proposed displays. Further, an experiment with
professional locomotive engineers would beable to provide more insight on the use of and
potential improvement of the proposed aids.

Practical issues associated with implementing theadvisor display on a high-speed train include:
(1) what on-board computing capability isrequired to allow updates ofthe optimal speed profile
en route (note that the present research was restricted topresenting an optimal profile for the
whole trip before departure and without en route updates)? (2) how accurate should the
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"optimal" profile be in order to retain the benefit of cost saving? (3) how should the previewed
signals be transmitted into the cab in order to display them in the advanced displays?

As discussed in our earlier report, generally there are two options in aiding the locomotive
engineer: more decision aids like those presented in this research, or more automation (Sheridan
et al., 1994). Although the direction of this research has been in decision aiding, maybe a
combination of the decision aids presented here with some automation could be abetter
locomotive engineer-cab system design. For example, since station stopping was found to be
significantly more demanding of visual attention than en route control, it may be worth
investigating automated station stopping (e.g., programmed stopping) in connection with the use
of the advisor display.
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1. INTRODUCTION

The public's desire for faster transportation, advanced technology, and the success ofexisting
high-speed rail systems have propelled train speeds to ahigh level, currently in the range of 200
to320 km/h (124 to 199 mph), and the speeds continue toincrease. Several countries have
already experimented with Maglev systems with potential speeds far greater than conventional
wheel-on-rail systems (up to500 km/h, or311 mph).

As train speed increases, however, the "speed" ofhuman information processing remains
constant. High speed affects the human locomotive engineer in two ways: increased demand on
the locomotive engineer's information processing per unit time and decreased allowable reaction
time. Effects of high speed on demands on the locomotive engineer's information processing are
two fold. First, as speed increases, the locomotive engineer is exposed to increasing sensory load
because the locomotive engineer must scan the track and its fast-flowing vicinity with increasing
intensity todetect signals and dangerous situations. Therefore, high speed increases the
difficulty for the locomotive engineer to filter out the relevant information because the same
amount of information is being processed in a decreased amount of time. Asa result,
identification of wayside signals by a locomotive engineer increases indifficulty asspeed
increases. In practice, 220 km/h is regarded as the maximum speed for correct interpretation ofa
signal in poorweather (forregular size signals); with falling snow, thespeed is naturally lower
(Gruere, 1992). Second, the processof information retrieval from the locomotive engineer's
memory becomes increasingly intensive. Train operation relies on a continuous retrieval of
information of trackcharacteristics, landmarks, the DailyOperating Bulletin(whichindicates
temporary speed restrictions and the working area of track maintenance crews, among other
things), operation rules, and so on. Therefore, as speed increases, the workload of information
retrieval from memory increases.

High speed reduces the allowable response time for unexpected dangerous situations, such as
sudden appearance of an obstacle because of the train's long stopping distances—at least 4 to 5
kilometers (2.5 to 3.1 miles) for operation at 300 km/h (186 mph) (DOT/FRA, 1991). Hence,
accomplishing complete accidentprevention and collision avoidance increases in difficulty.

Theseeffectsof highspeednecessitate a locomotive engineer-cab system that is well "human
factored." Two approaches can be identified in designing such locomotive engineer-cab
systems. More automation isone option. The human operator then becomes a supervisor of the
automatic system by monitoring the automation for failures and fault diagnosis. An alternative
tothis machine-in-charge approach is tocompensate for the sensory, perceptual and cognitive
limitations of the human operator with various in-cab aids, while keeping the human incontrol.
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Both ofthe above approaches have potential problems. Amajor concern associated with
increasing automation is possible loss ofsituation awareness (Endsley and Kiris, 1995). In
highly automated systems, operators are likely to be out-of-the-loop and handicapped in their
ability to take over manual control when automation fails or in the event ofan incident. In
contrast, the problem with increasing sensory, memory, and decision aids is that at some point
operators may be overloaded and "killed with kindness." They would not be able to allocate
their attention appropriately among all ofthe information sources and the task athand. As a
result, their performance in signal detection and decision making may deteriorate.

The objectives of this research were (1) to develop computer-based decision aids for control of
high-speed trains where the locomotive engineer remains fully in control and (2) to investigate
the impacts of these aids on safety and operational efficiency. In particular, this research sought
to design and evaluate decision aids to compensate for limits in signal detection and information
processing capacity experienced by locomotive engineers ofhigh-speed trains. Under this
objective, three concepts ofaiding—preview, predictive, and advisory aiding—were proposed.

The idea ofpreview aiding is to compensate for human visual limitations by providing, inside the
locomotive cab, necessary information (speed limits, signals, etc.) for a distance spanning farther
than thetrain's longest stopping distance. Thepreview aiding should bedesigned to provide not
only advance notice ofsignals but also visual saliency in order toachieve proper attention to
relevant information and fast reaction times to unexpected events.

Theprinciple of predictive aiding is to usea computer model to generate more accurate
predictions on theconsequences of control actions than the human operators could generate by
themselves. This would help them to build a better mental model and anticipate, and improve
their manual operation. Therefore, predictiveaiding should explicitly display to the locomotive
engineerthe future speeds (i.e., instantprediction of the controloutcome) in order for the
locomotive engineer to take corrective actions much earlier than would be possible otherwise.
Two types of predictive aiding can be designed to relieve the locomotive engineer's mental load
and aid his or her control decision making. One type answers the question of what would be the
speedprofilefor the nextperiod oftimeifthe currentforce application is maintained; the other
type of predictive information answers the question of what would be thespeedprofile ifeither
thefull-service braking or theemergency braking werequickly applied now.

The advisory aiding presents an optimal speed profile—optimal in terms of total cost(energy
consumption plus a weighted schedule deviation) under theconstraints of schedule, speed limits,
passenger ride quality, and train propulsion and braking capacities. If the human operator kept
precisely tosuch a profile, he orshe would have a better speed-control performance than by
mentally performing the various calculations required for reaching the optimal control decisions.
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Natural questions regarding the three proposed concepts ofaiding are how to provide the
proposed aiding and whether displaying all this aiding would provide too much information and
overload the locomotive engineer. To answer these questions, the proposed individual aids were
integrated into two displays, each containing different levels ofaiding: the predictor display
contained only the preview and the predictive aiding, and the advisor display contained the
preview, the predictive and the advisory aiding. Aconventional high-speed train cab
environment was also implemented as a baseline for comparison purposes and is referred toas
the basic display.

Apreliminary human-in-the-loop experiment was conducted to investigate locomotive engineer
performance with the preview display (the predictor display without the predictive aiding),
because the preview is the basis of the predictor and the advisor displays. The results of the
preliminary experiment strongly indicated that preview enhances safety by reducing speed
violations and lowering workload. In spite of subjects' minimal experience, preview also showed
promise for improving schedule adherence andstation-stop accuracy (Appendix A).

Based on these encouraging results, the main human-in-the-loop experiment wasconducted to
investigate effects ofpreview, predictive and advisory aiding onhuman control of high-speed
trains. The independent variable (variable manipulated by the experimenter) of the main
experiment—aiding—had three levels: (1) noaiding—with thebasic display, (2)preview and
predictive aiding—with the predictor display, and (3)aiding level 2 plus the advisory aiding—
with the advisor display. These displays will be described in detail in the next section.

The dependent variables (observed andmeasured variables) included (1)objective performance
measures: situation awareness, speed compliance, station-stopping accuracy, energy
consumption, schedule adherence, andpassenger ride quality, and (2) subjective measures of
workload (in four categories: time pressure, mental effort, stress, and overall workload).

To evaluate these dependent measures, three types of test runs were designed: (1) routine speed
control, (2) speedcontrol under emergency scenario, and (3) speed control with secondary task.
Routine speed control was designed to measure performance under normal operation. This test
run presented a hypothetical ideal situation where the locomotive engineer's task was speed
control only, and where signals were always green throughout the trip. Speed control under
emergency scenario was designed to investigate subjects' situation awareness via the timeliness
and appropriateness of theirdecisions in handling unexpected situations (Hendy, 1995). The
emergency scenario simulated a situation in which signals were suddenly changed to more
restrictive levels due to either an obstruction or a defect of the track at some distance ahead.

Speedcontrol with secondary task was designed to indirectlyevaluate visual workload
associated with the displays. This testrunallowed for theobjective measurement of subjects'
spare visual capacity via their performance on a simple, first-order, secondary tracking task. It is

1-3



generally assumed that if the secondary task does not intrude onthe primary task, the better the
secondary taskperformance (i.e., the smaller the tracking error), the lower the visual attention
demanded by the primary task (O'Donnell and Eggemeier, 1986). For all three typesof test,
incentive systems weredevised to ensure that subjects did their best on speedcontrol, made
timely decisions incase of the emergency situation, and maintained speed control performance at
the expense of the secondary task.

Several advantages of the advanced displays (predictor and advisor displays) were hypothesized.
The advanced displays should (1) improve the locomotive engineer's situation awareness because
theadvance signals provide salient preview and, thus, attract the locomotive engineer's attention,
andenable anticipation as well as timely response; (2) reduce the locomotive engineer's visual
workload—there should be little or no need for the locomotiveengineer to intensely scan the fast
moving field of view to search for signals since they are displayed inside thecab; (3) reduce the
locomotive engineer's reliance on memory of track details—the previewed information on speed
limits, track geometry, and so on, should help to reduce locomotive engineer's mental workload
of memory retrieval; (4) reduce the locomotive engineer's mentaleffortof exercisinghis or her
mental modelof the train dynamics and, thus, improve the quality of decision-making on speed
control—unnecessary use of emergency braking were expected to decrease with the use of the
predicted speedprofiles (the predictive aiding). Without the predictive aiding, the locomotive
engineer would have to estimate the braking distance in order to make a proper judgment as to
the use of emergency braking.

The advisor display was also expected to reduce energy consumption. The predicted full-service
and emergency braking curves would serve as a guideline or basis for strategic application of

control forces in following the optimal speed profile. However, since the advisor display has the
maximum amount of aiding information, we were concerned that subjects might experience
information overload that would degrade performance. The test of speed control with secondary
task, mentioned earlier, was designed to address this concern.
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2. METHOD

2.1 HIGH-SPEED RAIL SIMULATOR

As part of the research, a real-time distributed high-speed rail simulator was developed for the

Volpe National Transportation Systems Center (VNTSC) to study human factors issues
associated with the operation of high-speed trains (Appendix B). The human-in-the-loop
experiments of this research were conducted on this simulator with three Silicon Graphics

workstations (one Indigo2 Extreme and two Personal Irises 4Ds). One workstation was used to
display the cab indicators and instruments, to compute dynamic propulsion and brake forces of
the train (a realistic model of longitudinal dynamics was used) (Appendix C), to conduct

computations associated with the decision aids, and to provide a control interface (throttle,
computer mouse and keyboards). Another workstation simulated the out-the-window view and
was physically placed side by side with the cab displays. The third workstation was used as a

Central Traffic Control workstation. All three workstations exchanged data through a local-area-

network link.

2.2 THE DISPLAYS

Figures 2-1 to 2-3 show the basic, the predictor and the advisor displays, respectively, in a
common simulated cab environment. The cab environment contained an automatic train

protection (ATP) system, an emergency brake, an alert system, and a throttle-position indicator.
(Other indicators such as door open/close indicator, call-up schedule display, text message input

and output displays, braking pipe pressure, electric power level, and so on, will not be discussed
since their functions were not used in this experiment.) These functional components and
indicators, common to all three displays, are described below.

The throttle-position indicator corresponding to the dual-use throttle was a horizontal grid bar
located under the frame of the central region in Figure 2-1 (item 8). The center grid of this
indicator corresponded to the center notch position of the throttle. Functionally, this position of
the throttle was neutral; no braking or traction was applied. To the left of the center grid, braking
was displayed; to the right, traction level. The throttle was capable of continuous-force
application (as compared to notched levels) and its position was displayed accordingly. The grid
lines on the force indicator were provided as measures of force level at every 10% of the current
maximum braking or traction.

Functions related to speed control were provided on the right side of the screen. Two functions
are shown in Figure 2-1: the automatic train protection (ATP) system and the emergency stop
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(ESTOP). The emergency stop could beactivated manually via a key stroke (F12 key) ora
mouse-click on the ESTOP indicator. The ATPsystem warned the locomotive engineer(by
blinking its triangular indicator) when the speed ofthe train was above the speed limit. It
automatically activated the emergency stop when (1) the train was more than 15 km/h above the
speed limit, or (2) the speed ofthe train was within the 15 km/h overspeed tolerance for more
than 20seconds. Emergency braking, whether activated manually or automatically, could not be
reset until the train had fully stopped.

The status display of the alert system (ALERT), located just under the door indicator, generated
a blinking-yellow warning with a random period in the range from 40 to 80 seconds. Once the
warning was active, the alert system expected an acknowledgement orresponse from the
operator. The response could be either a key stroke (Esc key) ora throttle maneuver. (An alert
system is "intelligent" ifittakes throttle maneuvers as responses.) Ifno response was received in
10seconds after the initiation of the warning, the alert statusdisplaychanged to blinking red
accompanied by beeps. Ifno response was received in another 10 seconds, emergency braking
was automatically activated. Again, emergency braking could not be reset until the train had
come to a complete stop.
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2.2.1 The Basic Display

The speedometer, located in the center of the screen, indicated current speed (item 1in Figure 2-
1), speed limit of the current block (item 2), and speed limit ofthe next block (item 3). To the
upper right ofthe speedometer was the three-lights cab signal (item 4) whose aspect (color
combination) depended onthetrack condition ahead (e.g., being occupied by a train). With the6-
block 7-aspect signal system used in this study (Table 2-1), and with the notation ofG—green,
Y—yellow, and R—red, the seven signal aspects were GGG, GYG, YGY, YYY, YRY, RYR, and
RRR, progressing from "no restriction" (the train may goas high as the civil speed limit allows)
to"stop" (must stop before this set of lights). Preliminary background on the functionality of
such a signalsystem is provided in Appendix D.

Table 2-1. Signal Aspects and Signal Speeds

Signal Signal Speed Definition of the Aspect

Aspect (kmlh)

GGG 300 Proceed

GYG 300 Proceed approaching next signalat 270 km/h

YGY 270 Proceed approaching next signal at 220 km/h

YYY 220 Proceed approaching next signalat 160km/h

YRY 160 Proceed approaching next signal at 80 km/h

RYR 80 Proceed preparing to stop

RRR 0 Stop, do not enter.

* G—Green. Y—Yellow, R—Red.

Geometrical informationabout the current location of the train was provided below the
speedometer. The grade (in degrees) of the track atthe current location was shown under the
speedometer (item 7). The number ofthe block where the train was currently located (item 6)
and thenumber of thekilometer-post that the train hadjust passed (item 7) were shown below
the lower right corner of the speedometer with the symbols BL followed by the block number
and KP followed by thekilometer post number. In addition, the distance to thenext station was
displayed to the lower right ofthe block number (item 9), with the current time below (item 10).
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2.2.2 The Predictor Display

The predictordisplay (Figure2-2) presented the following advance information with an operator-
adjustable preview range from 0.1 to 20 km (via keyboard F5-F8 keys): kilometer posts (item
10), block boundaries (item 9), civil speed limits (items 2 and 3), signals (items 4 and 5), track
elevation profile (item 6), and stations (item 16). The respective indicators in the predictor
display are described below.

Preview of kilometer posts (item 10)—These were vertical (white) lines across the preview
range. Counted from the origin of a trip, the kilometer post numbers were marked at the lower
ends of the posts in the display. The preview of kilometer posts provided a distance scale for the
rest of the previewed information. The current location of the train was marked by a white-
arrowed line aligned with the right of the speedometer (item 8).

Preview of block boundaries (item 9)—These were thick, short (yellow) vertical lines with the
corresponding block numbers marked at their top right. Block lengths vary along a line in
practice. As a means of expediting the subjects' understanding the track environment, 2-
kilometer blocks were adopted throughout the experimental track and, therefore, all block
boundaries were aligned with the even-numberedkilometer posts.

Preview of elevation (item 6)—This was a side view of the track profile for the preview range,
with the current location of the trainas the horizontal reference. The elevation profile in Figure
2-2 is a horizontal straight line because the experimental track was flat.

Preview of stations (item 16)—A station within the previewrange was indicated with a house
like(yellow) icon with thestation name marked beneath it (here Boston, at theextreme right of
the display).

Preview of civil speed limits (item 3)—For each block in thepreview range, thecivil speed limit
was indicated bya horizontal (red) line. The level of the line corresponded to thecivil speed
limit of the block, with the speed level scale being provided by the speedometer.

Preview ofsignals (item 5)—For each block in the preview range, the signal was indicated by a
set ofthree rectangular lights. For each block, the level of the base ofthe three signal lights
corresponded to the effective speed level, which was the lower of thecivil speed limit and the
signal speed ofthe block. For example, if the signal was GGG, the bottom of the signal was
aligned at the current speed limit level; if the signal was RYR and the civil speed limit of the
block was 250 km/h, the bottom of the signal was aligned at the80km/h level. (Note that the
speedometer provided the speed scale.) Therefore, unlike the cab signal in the basic display
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whose location remained unchanged when the signal aspect changed, the previewed signals re
located vertically depending on their signal levels.

The three predicted speed curves (items 11,12, and 13) were obtained by integrating a fast-time
dynamic model of thecontrolled system (i.e., the train) with thecurrent state of the train as initial
conditions (Sheridan and Ferrell, 1974).

2.23 The Advisor Display

Theadvisor display (Figure 2-3) incorporated the predictor display plus theoptimal speed profile
(thatmet all the givenspeed limits and got the train to the next station on time whileminimizing
energy consumption). Dynamic programming techniques were usedto solve this highly
constrained optimization problem (Appendix E).
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2.3 CONTROLS

The control interface between the subject and the train simulator for the main experiment
consisted of two mechanisms: a dual-use throttle and keyboard keys. The throttle was
programmed to be capable of both braking and propulsion, with each function allocated one half
of the throttle throw. The throttle had a center notch to provide tactile feedback on its functional
position (braking vs. propulsion). Keyboard keys were used for alert reset and for preview
adjustment (F5-F8 keys).

2.4 TASKS

Three types of test runs were designed to measure different aspects of system performance:
routine speed control, speed control under emergency scenario, and speed control with secondary
task. These test runs encompassed three distinct tasks: speed control, emergency handling, and
secondary task. Speed control was the only task present in test runs of routine speed control, the
only task before the onset of the emergencysituation in runs of speed control with emergency
scenario, and the primary task in runs of speed control with secondary task.

The same short and simple test course (30 km, straight and flat), shown in Figure 2-4, and
schedule (to be completed in 11.5 minutes) were used for all experimental runs. The out-the-
window view was an abstract night view which eliminated distractions and thus enhanced the
recognition of landmarks.
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2.4.1 Speed Control

In each run, the train was initially positioned at the departing station, and was to be started
according to a predefined schedule. Subjects were instructed that given control manipulations (a
certain amount of braking or accelerating) were to be executed at specific points along the test
course in order to produce the minimum-cost trip (even when the optimal speed profile was not
shown as in the runs with the basic and the predictor displays). Corresponding to what
professional locomotive engineers learn to do, important landmarks and "points of no return" in
the out-the-window view were used by subjects to recognize locations where certain throttle
manipulations were due. There were two types of landmarks along the track: some located
immediately before each block boundary,and others located before critical points for optimal
throttle manipulation (Figure 2-5). The former landmarks alerted subjects to an upcoming new
block, the latter got subjects psychologically ready for a major control manipulation.

When the train was within the station range (800 meters before the station) at a speed of about 70
km/h, a head-up display (Figure 2-6), designed to providecues for stationstopping,was
projected onto the "windshield," i.e., the computer screen of the out-the-window view. When
operating with the.basic display, a technique of using the landmarks together withthe head-up-
display for station-stopping wasnecessarily used(Appendix F). The train wasstopped at the
station point when the head-up display overlapped with the perspectiveview of the back wall of
the station building. Whenoperating with the predictor or the advisordisplay, the predicted
speedcurveswere used to guidestation stopping, although the landmarks and the head-up-
display were still available.
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Figure 2-5. Landmarks in the Out-The-Window View. Top: Landmark (two blue
towers) before a block boundary (block 7) or kilometer post 14. Bottom: Landmark
(red overhead bridge) before a point ofmajor throttle manipulation (start coasting).
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Figure 2-6. Head-Up Display for Approaching Station. The largest rectangle in

this "snapshot" is a head-up display (HUD) (yellow) that was projected on to the

screen when the train was 800 meters away from the station point. The station is a
wire-frame building (purple and blue) with an entrance "door" at the front side and an

exit "door" at the back side. The stationpoint is inside the wire-frame station
building, 30 meters from the exit of the station. The perspective view of the station,
smaller than the rectangular HUD at the moment shown, becomes larger as the train
approaches the station. When the perspective view of the whole back wall of the
station becomes the same size as the HUD, the train is at the station point.
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2.4.2 Emergency Handling

The emergency scenario, assumingthe ATP (automatic train protection) system had failed, was
designed to occurwhile the train was cruising at 240 km/h (Figure 2-7). At the onset of the
signal event, subjects had 5 seconds to react (detect and perceive thesignal, and apply full-
service braking) before having to eventually resort to emergency braking to avoid running into
the red lights. After application of full-service braking, the decision as to whether and when to
activate emergency braking had to be made. A wrong decision could entail either unnecessary
useof emergency braking ordelayed initiation of necessary emergency braking. Potential
outcomes of this test run were either a safestopbefore theoccupied block ora red-light overrun.
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v = 240.

L

Emergency stopping distance

5.654 km
«c£

Full-service stopping distance

6.000 km

Distance to block ol obstructtion

ASpeed (km/h)

-3?»

trrrnETTTWwTT^

«s—signal lights

Location

Allowable reaction distance: 333 m

(travelled at 240 km/h lor 5 seconds)

-signal lights

10**—block number

I unknown |
-*~ *

Location

Figure 2-7 Signal Event (at Block 6). Top: At theonset of theevent. Bottom: After a
delay in reaction of more than 5 seconds. The signal light notation is R—red, Y—
yellow. Asignal of YYY (220 km/h signal speed) implies that the next block should be
more restrictive, the onefurther ahead should be evenmore, and theone three blocks
ahead isa RRR signal. Therefore, when seeing the YYY signal at the entrance to block 6
while the train is at 240 km/h, the locomotive engineer should apply full-service braking
immediately in order to stop the train before the red lights without resorting to emergency
braking. Note that the train should be kept under the signal speeds at the entrance to the
corresponding blocks (YRY—160 km/h, RYR—80 km/h, RRR—0 km/h).
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2.4.3 Secondary Task

Thesecondary task (Figure 2-8) was a simple first-order tracking task, presented to the subject in
the upper left corner of the display (in place of the pipe and tank pressure displays). The state of
the secondary system increased or decreased (visually moving up ordown in the secondary task
window) at a constant rate (0.12 cm/sec). The reference input of the system changed discretely
at a random cycle with an average period of one minute. The subject's task was to keep the state
of the secondary system as close as possible to the reference input by pressing the up-and-down
arrow keys on the keyboard in his or her spare time.

2.5 Subjects

Tracking Task

7.2 8-&

6 —
5 —
4 —
3 —
2 —
•J ........

Figure 2-8. The Secondary Tracking Task.

Twelve subjects (one female, eleven male, with ages ranging from about 20 to 25) completed the
experiment. The data ofa thirteenth subject was discarded because ofhis apparent violation ofa
basic rule (i.e., except for avoiding a potential red-light overrun, no emergency braking should be
initiated by the subjects, especially when approaching a station) that led to incomplete
performance data. Six subjects failed to pass the evaluation during training and did not proceed
to the experimental tests.

All subjects (students from the Massachusetts Institute of Technology) were pre-selected with the
following two criteria: (1) at least a senior or junior with an engineering major, and (2) having
car-driving experience or previous experience with the high-speed train simulator used in the
experiment. Three of the subjects had participated in the preliminary experiment.

Subjects were paid for their performance during both training and testing. The three top
performers won cash prizes. The pay for each test run consisted of a base rate plus a
performance-based bonus. In particular, for runs ofroutine speed control, the bonus was
awarded depending on performance in five measures as shown in Table 2-2.
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Table 2-2. Bonus Comparison Table For Speed Control

Bonus

Performance 5 4 3 2 / 0

Station Overshoot
Station Undershoot

fmetersl

0-2

0-2

2-3

2-4

3-4

4-6

4-5

6-8

5-6
8-10

S6

>10

Arrival Late

Arrival Early
fsecondsl

0-8

0-10

8-12

10-14

12-16

14-18

16-20

18-22

20-24

22-26
24-60*

>26

Distance Oversped
[metersl

0 0-70 50-144 144-210 210-280 >280

Large Jerks
rtimesi

0 1 2 3 4 S5

Total Cost

\% optimalCost]
0-20 20-30 30-40 40-50 50-60 >60

* A negative bonus point was given for delay ofevery additional 10 seconds after an initial delay of60
seconds.

For runs ofspeed control under the emergency scenario, 25 bonus points were awarded ifa red-
light overrun was avoided with full-service braking alone. Otherwise, the following rules
applied:

• When emergency braking was activated toavoid a red-light overrun, between 10 and 20
points were awarded depending on the activation-speed. The lower the activation-speed, the
more points were awarded. Under the assumption that subjects would rationally initiate full-
service braking as soon as they detected the signal change, the emergency braking
activation-speed could then be indirectly gauged by thedistance between the train's stop
point and the red lights. Theshorter thedistance thetrain was stopped before the red lights,
the lower the activation-speed had been.

• If a red-lightoverrunwas committed, negativepointswere given depending on the speedat
the momentof the red-light overrun. The higher the speed, the more the negative points.

The incentive for the runs of speed control with the secondary task combined performance in
both speed control (Table 2-2) and tracking. To ensure that the tracking task was treated as
secondary, the incentive for the tracking task was based on the speed control performance,
ranging from increasing the speed control bonus by 10 percent to losing all of it.
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2.6 PROCEDURES

2.6.1 Training

The training consisted ofthree sessions and required a total offive and a half hours per subject to
complete. The first session (two and ahalf hours per subject) focused on teaching basic concepts
associated with operating a high-speed train and the simulator (Appendix G). A written test
(90% to pass) was conducted to examine each subject's grasp ofthe contents taught during the
session (Appendix H).

The second session (two and a half tothree hours persubject, at least 6 hours after the first
session) focused on the skills ofoperating the train on the test course with each display. Each
subject practiced a total ofnine runs over the test course—three consecutive routine speed
controls with each of the three displays. Thesequence of the three consecutive runs was
permutated between subjects to attenuate learning effects that might affect the evaluation of
learning curves. Subjects were provided with track and civil speed profiles (posted on the wall),
a guide for optimal throttle manipulation (Appendix F), a copy ofthe profile ofstopping-distance
as a function ofinitial speed (Appendices I and J), and a copy ofthe bonus system (Appendix K).
Immediate feedback was provided via both the experimenter's coaching and a display of
passenger ride quality, referred to as the Jerkometer, during each practice run, as well as
performance feedback after the practice run. Subjects were qualified by a written test (90% to
pass) as well as "road" evaluations conducted during the practice runs (Appendix L).

The last session of training (halfan hour persubject) took place thedayafter thehands-on
training and immediately before the experimental tests. Subjects practiced decision making in
the event of an unexpected change in signal (the speed and the location at the onset of the
practice signal event weredifferent from those in the experimental tests). This session also
trained subjects to perform thesecondary taskwhile operating the train. Emphasis wasgiven on
the subjects' understanding of the task'srelatively lower priority to the primary speedcontrol
task.

2.6.2 Testing

In the testing session (two and a half hours per subject), with the three displays and three run
types, each subject performed nine test runs in a randomly assigned sequence. The sequences
were carefully arranged through a within-subject design to reduce anticipation of the emergency
event and counterbalance learning effects. (No Jerkometer was present during the testing, with
the assumption that subjects, through training, had acquired the skill of providing good ride
quality.) To avoid any anticipation that might affect performance, subjects were not told the
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totalnumberof test runs. A questionnaire for subjective assessment of workload(Appendix M)
was administered immediately after each run. Subjects' relativeratingof overallworkload
associated with the displays as well as theirretrospective commentsandrankings of the displays
were obtained via a post-experiment questionnaire (Appendix N).
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3. RESULTS

The results are organized into five sections. The first three analyze performance measures
obtained from the three types of test runs: routine speedcontrol, speedcontrol under emergency
scenario, and speed control withsecondarytask. In the fourth section, subjective ratings on
overall workload and rankings of the displays are compared. Finally, subjects' performance
during the hands-on training is presented

3.1 ROUTINE SPEED CONTROL

3.1.1 Total Cost

The total cost of a trip is the sum of the energy consumption (or the work done to move the train
from the origin station to the actual stop point of the destination station) and a weighted schedule
deviation. The weight on schedule deviation was such that the minimum-cost solution for the

trip was the minimum-energy trip, i.e., the optimal solution was such that the train arrives exactly
on time.

A nonparametric Friedman two-way ANOVA performed on total cost (Figure3-1) shows a
significant effectof the displays (Fr = 10.17 k= 3,N=12,p< 0.01) (Siegel and Castellan,
1988). Post hoc comparisons reveal a significantdifference in total cost between the advisor

TotalCost(Routine SpeedControl)

Basic Predictor

Display

Figure 3-1. Total Cost
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display (X = 10.3% over the minimum total cost) and the basic display (X = 24.4% overthe
minimum total cost) (p<0.05). In effect, theadvisor display reduced thetotal costby 11% with
respect to the basicdisplay. In addition, the three box plots (seep. xi fordefinition) of Figure 3-
1show a much smaller performance dispersion with theadvisor display (ranging from 2.7% to
16.8% over the optimal) than with the basic display (ranging 7.5% to 59.5% over the optimal).
The predictor display, although reducing the total cost by5% with respect to the basic display,
was notsignificantly different in total costfrom either thebasic or theadvisor display.

3.1.2 Station-Stop Deviation

Station-stop deviation is theabsolute difference between theactual stopping point andthe
station. Both advanced displays reduced the mean station-stop deviation from 12.7 m with the
basic display to under 1m (Figure 3-2). One outlier with thepredictor display was excluded
from thecalculation because it resulted from thesubject's anticipation of the last testrun. Due to
the unequal variances, a nonparametric Cochran Q test wasperformed afterconverting the data
into to two categories: 1—ifthe deviation is less than 2 meters, or 0—otherwise (Siegel and
Castellan, 1988). This test disclosed that the effect of aiding on station-stopdeviation was
indeed highly significant (Q = 18.18, rf/= 2,N-I2,p< 0.001).
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Figure 3-2. Station-Stop Deviation.
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3.1.3 Schedule Deviation

Schedule deviation is the absolute difference between the scheduled arrival time and the actual

arrival time. Nosignificant effect of thedisplays onschedule deviation (Figure 3-3) was found
through a nonparametric Friedman two-way ANOVA by ranks. Since nonparametric statistical
tests usually do notusethe full information of theoriginal data, theanalysis results tend to be
conservative withregard to making Type I errors (Siegel andCastellan, 1988). Therefore, a
repeated measures ANOVA was performed on theschedule deviations. Results show that the
displays had a significant effect onschedule adherence (F(2,22) = 4.143,p< 0.05). Scheffe's tests
found that therewas a significant difference in schedule deviation between the advisordisplay
(X = 3.8 sec) and the basic display (X = 11.1 sec) (p < 0.05). There was a trend of reduced mean
schedule deviation with the predictor display (X = 5.4 sec)compared to that with the basic
display (X = 11.1 sec) (p= 0.1). Nostatistical difference in schedule deviation was found
between the predictor andtheadvisor displays. Note that theapparent differences in variances
among the datasetsdo no invalidate the results because the ANOVA is notsensitive to
violations of theassumption of homogeneity of variances when cell sizes areequal, as they are in
this case (Shavelson, 1988).

Schedule Adherence (Routine Speed Control)

©

©

Basic

<T^
T7

-e-

*&•
Predictor

Display

:§§§:
ar»*5m

Advisor

Figure 3-3. Schedule Deviation.

3.1.4 Over-Speed Distance

The distance traveled when the train was above the current speed limit during a test run was
collected as a measure of speed compliance. No subject committed a speed violation in any run
with any display.
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3.1.5 Ride Quality

Ride qualitywas measured in termsof the number of jerks incurred by the subject's abrupt
throttle manipulation in a test run. Ajerk was recorded only if therate of change of acceleration
of the train smoothed over a duration (0.2 second) was larger than 0.06 g/s. There was no jerk
withthe basic, onewith thepredictor, anda total of twojerkswiththe advisor display. The
increase in number of jerks withincreased aiding wasnot found to be significant by a
nonparametricCochran Q test (Q= 2, df= 2,N=l2,p = 0.42).

3.1.6 Workload: Immediate and Absolute Ratings

Workloadwas measured with a subjective ratingof time pressure, mentaleffort, and stress
immediately aftereach test run on a discrete scalefrom 1, the lowest, to 7 the highest(Appendix
M). Table 3-1 presents the mean ratings for the displays.

A repeated measures ANOVA was performed oneach of the three measures of workload. First,
as expected, time pressure was not affected by the displays (F{2,22) = 0.94,p = 0.37). This
confirms the experimenter's observation that subjects did not showany indications of busyness
nor were they involved in overlapping activities in runs withroutine speedcontrol. Second,
ratingsof mentaleffort variedsignificantly across the displays (F(2,22) = 9.72,p < 0.001). In
particular, subjects rated mental effort with the predictor display (X = 3.17 on a scaleof 1to 7)
and the advisordisplay (X = 2.96)significantly lower thanthat with the basic display (X = 4.42)
(Scheffi's tests, p < 0.005). Third, aiding had a highly significant effecton subjective ratings of
stress (F(2,22) = 7.13,p < 0.005). A significant difference in ratings of stress was found between
the advisor display (X = 2.67 on a scale of 1 to 7) and the basic displays (X = 3.83) (Scheff6's
test,p = 0.005). Stresswith the predictor display (X = 3.08)was rated lower than that with the
basic display, although not statistically significant at the 5% level (Schefte's test,p < 0.1).
Finally, it can be observed from Table 3-1 that the higher the aiding level, the lower the mean
rating on all three workload measures. It should also be noted that the maximum mean rating on
workload was only 4.4 on the rating scale from 1 (lowest) to 7 (highest workload).

Table 3-1. Mean Subjective Ratings on Workload

(Routine Speed Control)

Subjective Ratings on

Display Time Pressure MentalEffort Stress

Basic 3 4.4 3.8

Predictor 2.5 3.2 3.1

Advisor 2.4 3.0 2.7
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3.2 Speed Control Under The Emergency Scenario

3.2.1 Reaction Times

The reactiontimes to the emergencysignalevent are presented in Figure3-4. Since the signal
changeoccurred whilethe train was cruisingat 240 km/h whichrequired 34% of full traction to
maintain, subjectshad to bring the throttlefrom 34% full traction, through the neutral, to 100%of
braking. The reaction time is thusdefined as the span from the timeof signalonset to the time
when the throttle was brought to the neutralposition. A nonparametric Friedman two-way
ANOVA by rankson the reaction times, reveals that the effectof displays on subjects' reaction
times was highly significant (Fr = 10.17, k= 3, N = 12,p < 0.01). Post hoc comparisons found

that the mean reaction time with either the predictor or the advisor display (both X = 1.4 seconds)
was significantly shorterthan that with the basic display(X = 8.6 seconds). In addition, the three
box plots (see p. xi for definition) in Figure 3-4 show a much widerdispersion of the reaction
times with the basicdisplay than those with the predictorand advisordisplays. In fact, it could
take a subject up to 31.1 seconds to react to the event as compared to the 3.2-second maximum
reaction time with thepredictor andadvisor displays.

Time of Reaction To Signal Event
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Figure 3-4. Reaction Times.
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3.2.2 Emergency Handling

Results of emergency handling are summarizedin Table 3-2. No red-light overrun was
committedwith the advanced displays, as comparedto two such incidents (16.7%)with the basic
display. Also, with theadvanced displays, subjects responded to 96% (23 outof 24)of
occurrences of the event fast enoughto safely stop the train before the occupiedblock without
having to resort to emergency braking, compared to only 33%(4 out of 12)with the basic
display (Cochran Q test, Q= 14.25, df=2,N=\2,p< 0.001). In otherwords, 67% (8 out of
12)of all subjectswith the basicdisplayhad to use the emergency brake. Further, the speed at
which the emergency braking was activated with the predictordisplay (X = 19 km/h, one datum
only) wasmuch lowerthan thatwiththe basic display (X = 108 km/h, range of 40 to 183 km/h).

Table 3-2. Reaction Times and Response Types to Emergency Scenarios

OutcomeofEventfulRuns

Mean Reaction

Time (seconds)

Red-Ught Overrun* with Safe Stop'* with

Display
Emergency

Braking
Full-Service

Braking
Emergency

Braking
Full-Service

Braking

Basic

Predictor

Advisor

8.6

1.4

1.4

2/12

0

0

0

0

0

6/12

1/12

0

4/12

11/12

12/12

Expressed in ratiosof statedevents to total events.

3.2.3 Workload: Immediate and Absolute Ratings

Table 3-3 shows the mean subjective ratings of time pressure, mental effort, and stress for runs
under the emergency scenario. All three measures of workload were significantly affected by
displays as found by a repeated measures ANOVA (p < 0.05). Post hoc comparisons (Scheffi's
tests) show that both the advisor and the predictor displays had significantly lower ratings on
mental effort than the basic display. The advisor display also had significantly lower ratings on
stress than the basic display. No effects of the displays on time pressure were found through post
hoc comparisons, although the repeated measures ANOVA was significant.

Table 3-3. Mean Subjective Ratings on Workload
(Under Emergency Scenario)

Subjective Ratings on

Display Time Pressure Mental Effort Stress

Basic

Predictor

Advisor

3.8 4.8

2.6 3.8

2.9 3.8

4.7

3.8

3.7

3-6



3.3 SPEED CONTROL WITH SECONDARY TASK

3.3.1 Spare Visual Capacity

Performance on the secondary task, reflecting spare visual capacity, wasmeasured by the root-
mean-squared (RMS) tracking error over every half-kilometer of the test course (with an error
sampling rate of 5 Hz). The results on sparevisual capacity (Table 3-4) wereobtained fromthe
individual RMS tracking errors of thesubjects as shown, forexample, in Figure 3-5. First, 75%
of thesubjects (9outof the 12) committed their largest tracking error with either thepredictor or
theadvisor display, while only 25% (3outof the 12) didso with the basic display. Although this
difference wasnot found to be significant by a Friedman two-way ANOVA by ranks, the trend
was strong (p = 0.063). Second, as expected, subjects' average tracking error was significantly
higher overthe lastkilometer before thestation than theirtracking erroraveraged overthefirst
29 kilometers (paired r-test,p < 0.05).

Table 3-4. Performance on Secondary Task

Performance Measure

Display
Num. ofHighest
TrackingError

Mean Tracking
Error—En route

(x0.4 cm)

Mean Tracking
Error—Appr.

Station (x0.4cm)

Basic

Predictor

Advisor

3

5

4

2.0

1.9

1.8

0.8

0.9

0.9

3.3.2 Ride Quality

Forride quality, similar observations were made with thesecondary task as with routine speed
control—two jerks with the basic, four with the predictor, and three with the advisor display. No
significant effects of thedisplays on ridequality were found.
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3.33 Workload: Immediate and AbsoluteRatings

Table 3-5 shows the mean workload ratings for runs with the secondary task. There was
significant effects ofthe displays on stress, but not on time pressure and mental effort (a repeated
measures ANOVA). Post hoc comparisons reveal that only the predictor display had
significantly lower ratings ofstress than the basic display (Scheffe's test, p <0.05).

Table 3-5. Mean SubjectiveRatingson Workload
(With Secondary Task)

Subjective Ratings on

Display Time Pressure Mental Effort Stress

Basic 4.8 4.7 4.8

Predictor 3.4 4.3 3.8

Advisor 3.8 4.3 4.1

3.3.4 Verification of Non-Intrusiveness

To ascertain that the secondary task did not affect performance on the primary task, paired /-tests
were conducted to compare the dependent variables between runs with routine speed control and
runs with the secondary task for each display. No significant differences were found for any of
the measures with any display. This shows that differences in secondary task performance truly
reflect differences inspare visual capacity.

3.4 OVERALL WORKLOADAND DISPLAYPREFERENCES

Subjective workload was also assessed through the post-experiment questionnaire. The
questionnaire asked subjects to rate overall workload ofthe displays given that the workload
associated with the basic display was assigned avalue of100 (Appendix N). (A rating larger
than 100 meant higher workload than that for all test runs with the basic display. Correspond
ingly, a rating smaller than 100 meant lower workload than that for all testruns with the basic
display.)

The overall workload ratings for each display are plotted in Figure 3-6. Most subjects (83%, 10
out of12) indicated that the basic display imposed the highest overall workload (X = 100),
followed by the predictor display (X =70) and the advisor display (X =56). One subject thought
that while the basic display imposed ahigher workload than the two advanced displays, the
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the advisor display imposed a higher workload than did the predictor display—contrary tothe
majority. He and another subject, who rated the advisor display as imposing the highest
workload among the three displays, commented that following the advisor required additional
attention or more attention than driving with the other displays.

These effects ofthe displays on ratings ofoverall workload, were found to be highly significant
by aFriedman two-way ANOVA by ranks (Fr = 17.17, p<0.01). Post hoc comparisons show
that the differences in overall workload weresignificant between the basic and the predictor
displays (p <0.05) and highly significant between the basic and the advisor displays (p <0.01).
No significant differences were found between the predictor and the advisor displays.
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Figure 3-6. Overall Workload.

Subjects' preference rankings ofthe displays were also significantly different for the three
displays (Friedman two-way ANOVA by ranks, Fr = 17.17, k= 3,N= 12, p <0.01). The advisor
display was the most preferred display—75% (9 of 12) ofsubjects preferred the advisor display to
the other two displays, while 25% (3 of 12) preferred the predictor display. The least preferred
display was the basic display—92% (11 of 12) ofsubjects disliked the basic display, while 8% (1
of 12) disliked the predictor display. Note that nosubject preferred the basic display ashis orher
first choice or theadvisor display as the last choice. Posthoccomparisons reveal significant
differences in mean rankings between the basic and thepredictor displays {p < 0.01), and between
the basic and the advisor displays (p < 0.0005). No significant differences were found between
thepredictor and the advisor displays (p = 0.12).
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3.5 Learning Curves

Performance data collected during training are presented in Figure 3-7. With aiding, no speed
violation occurred on any training run; without aiding, subjects were able to remain within the
tolerance of speed violation (less than 45 meters) only after a full set of training runs. Ride
quality, as measured by the number ofjerks, improved over the course of training for all
displays. By the third run with each display, the total number of jerks was reduced to at least
half of that in the first runs with the corresponding displays. Nevertheless, the number of
training practices was not found to affect the five performance measures by a two-way ANOVA.
The reason that little learning can be perceived from the training data is explained in the section
4.2.7.
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Figure 3-7. Performance During Training (Continued on next page).
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4. DISCUSSION

4.1 SUMMARY OF RESULTS

With the predictor and the advisor displays, subjects performed equally well in several safety-
related measures. Under theemergency scenario, bothdisplays significantly reduced the time of
reaction to an unexpected signal event from a mean value of 8.6 to 1.4seconds and reduced red-
light overruns from 17% to 0%. They also significantly reduced mean station-stop deviation
from 12.7 meters to under 1 meter.

The advisor display showed advantages over both the predictor and the basic displays in total
cost (thatof energyconsumption plusa weighted schedule deviation) andschedule adherence.
The advisor display significantly reduced total cost by 11% over the basic display, and
significantly shortened mean schedule deviation from 11.1 seconds with the basic display to3.8
seconds. In comparison, the predictor displayhad a trend to reduceboth total cost and schedule
deviation overthebasic display (0.05 <p £ 0.1). Nosignificance differences were found in total
cost or in schedule deviation between the predictor and the advisor displays.

For routine speed control and emergency handling, the mean rating on time pressure with the
basic display was the highest among the three displays. This difference, however, was not found
to be significant. Ratings on mental effort and stress with the advanced displays were
significantly lower (with the advisor display) or showed a trend to be lower (with the predictor
display) than those with the basic display for both routine speed control and emergency handling.

Forspeed control with the secondary task, ratings on time pressure and mental effort were not
significantly affected by the displays. Stress was rated significantly lower for the predictor
displaythan that for the basicdisplay.

Inspite of the concern that increased aiding might induce higher visual workload, several
measures indicated that such aconcern was unjustified. Spare visual capacity (tracking error in
the secondary task) and ride quality were not significantiy different across displays. Moreover,
subjective ratings on time pressure, mental effort, and stress for the advanced displays were
lower than those for the basic display for both routine speed control and emergency handling. A
retrospective and relative questionnaire also revealed a significant decrement of overall workload
with the increase in display aiding. Further, there was a significant preference for the advanced
displays over the basic display: the higher the display level (progressing from the basic to the
advisor display), the more itwas liked by the subjects.
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4.2 INTERPRETATION

4.2.1 Situation Awareness

The significant reduction in mean reaction time to unexpected events demonstrates that, as
expected, the advanceddisplays can improve the locomotiveengineer's situation awareness by
extending their capability of looking ahead for signals (Hendy, 1995). This reduction in reaction
times could be attributed to the preview aiding presentin the advanced displaysand may be
explained as below. First, the prominentchange in the pattern of signal aspects in the advanced
displays at the onset of a signal event was a major factor. The preview aiding provided salient
sensory stimulation not onlyby presenting multiple blocks of signals simultaneously but also by
introducing an additional aspect of the signal—the vertical position of the signal. Second, the
attention shift from outside window to inside the cab with the advanced displays may have
contributed to the reduction of reaction times. With the advanced displays, subjects mostly
looked at the displays, seldom "out the window." More attention to the displays would naturally
increase chances of rapid detection of a signal change.

One mayargue that the reduction of reaction times wasdue also to the predictive aiding that
reduced subjects' time to decide between full-service and emergency braking. Subjects were
trained,however, to apply the full-service brake immediately after detectingthe emergency
signal event, before deciding on whether and when the emergency brake should be applied. The
choice time should thus not be present in the reaction time if subjects followed instructions.
Another indication that preview was the main factor in reducing reaction times was their bi-
modal distribution. Seven out of the twelve subjects reacted to the signal change in less than 3.8
seconds, presumablybecause their attention was on the display at the onset of the signal event.
The remainder of the subjects (5 of the 12) took more than 8.2 seconds, presumably because their
attention was on the outside view when the signal change occurred. In comparison, with the
advanced display >all subjects responded to the event in less than 2.9 seconds because their
attention was mostly on the displays. Therefore, it was visual attention, and not decision
making, that was responsiblefor the reaction time differences, and it was the preview aiding, and
not the predictive aiding, that was the key factor for the reduction of reaction times.

4.2.2 Quality of Decision Making

The predictive aiding played an important role in improving the quality of decision making in
both routine speei control and emergency handling. It enabledthe subjectsto make informed
control decisions in normal operations. In particular, the predicted speedcurveshelped the
subjects to avoid bothcostly excessive brakingand speed infraction. The handling of the
emergencies stronglyindicates that the advanced displayscan also improvethe locomotive
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engineers' decision making under theemergency condition. Because theemergency braking
curve explicitly indicated the "lastmoment" or "point of no return," subjects could choose the
appropriate braking mechanism and initiate emergency braking, when necessary, at thelowest
possible speed without jeopardizing safety. With no predictive aiding, subjects were confronted
with estimating the "critical moment" based on theirexperience alone.

4.2.3 Speed Compliance

Nospeed violations were committed in any of theconditions. This shows that subjects were well
trained andhadno biasfavoring the advanced displays. It is unlikely thata well-trained
locomotive engineer (familiar with thedynamic behavior of the train and physical characteristics
of the route) would commit a speed violation over a 30-km run. The short test course and the
relatively small number of subjects (12) may not be enough to show effects of these aids on
speed compliance. Therefore, to observe differences in speed compliance among thethree
displays, subjects would haveto be tested overa longer, fatigue-inducing testcourse.

4.2.4 Operational Efficiency

Both advanced displays have potential in improving schedule and station-stop performance. The
full-service braking curve was found to be an effective aid for station stopping: it relieved
subjects' mental effort in estimating the necessary amount of braking, and let them approach the
station withassurance and relative ease. Similarly, the predictive aiding improved schedule
adherence by helping subjects to avoid excessive braking.

Ridequality appeared to degrade with the increase in aiding level. Combining the number of
jerks induced by all subjects in both routine speedcontroland the secondary taskconditions
showsover twiceas many totaljerks with the predictor or the advisor display as with the basic
display. Nevertheless, no significant effectsof the displays on ridequality werefound when
combining thedatafrom the routine speed control with those under thesecondary task condition
(Cochran Q test, Q - 2.25, df= 2,p = 0.47). Although ride quality was not shown to suffer
significantly with the increase in display level, the tendency of more jerks with higher levelof
displays deserves further investigation.

As for the total cost, the advisor display was able to help keep the total cost closest to the
minimum. On real tracks, where the speed limitsand track geometry are more varied, the
reduction of total cost by the advisordisplay with respect to the basicdisplay is expected to be
greater than that demonstrated in this experiment (11%).

It should be noted that, in practice, it is unrealistic to expecta train to follow the optimal speed
profileeven if the locomotive engineerwereto follow the displayed "optimal" speed profile
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perfectly. Amajor reason is that the model used incalculating the optimal solution may not
conform precisely to reality. The train moves asa net result of itsown propulsive force or
tractive effort and the resistant forces. The resistant force in the model may not be able to

represent that induced by, for example, instantaneous wind gusts. As a result, the optimal
solution obtained for the whole trip may not remain optimal aftera largedisturbance thatwas not
accounted for in the model. Oneway of remedying this situation is by updating theoptimal
solution for the remainderof the trip once the train has deviated from the optimal state.

Owing to the relatively long computation time involved inobtaining an accurate optimal speed
profile, however, this research was restricted topresenting an optimal profile for the whole trip
without updates, and studied thebehavior of the locomotive engineer under such aiding. The
authors believethat the lack of dynamic updating of the optimal profile did not affect the results
on use of such an advisory aid because (1) it wasrelatively easy for the locomotive engineerto
follow the advisorbecauseof the slow train dynamics and the presenceof predictiveaiding, and
(2) even if updating were allowed, it would have been assumed thattheupdating was"fast
enough" andthe locomotive engineer would notperceive thedifference between oldandnew
advisors.

4.2.5 Workload

Ratings of time pressure were not significantly affected by thedisplays in anyof the three types
of test runs. This was expected, becauseduring the runs of routine speedcontrol and emergency
handling, subjects did nothave overlapping activities; andduring therunsof speed control with
the secondary task, subjects wereconstantly occupied by either the speedcontrolor the
secondary tracking task while using any of the displays.

Subjects thought that the predictor and the advisor displays were significantly less mentally-
demanding than the basic display for both routine speed control and emergency handling, but not
for speed control with the secondary task. The advanced displaysrelievedthe subjects from
mentally estimatingbrakingcurves and extrapolating futurespeed response, and relieved them
from intensely searching for landmarks and signals in the fast-flowing visual field. As a result,
low mental demand was involved in the speed control task with the advanced displays.

The unexpected lack of significant effects of the displays on mental effort for runs of speed
control with the secondary task may be explained by the dependencies between mental effort and
time pressure. With the presence of the secondary task, subjects felt more attention competition
while using the advanced displays as a result of having more information for them to attend.
Although such competition of visual attention was not significant, as the secondary task was
shown to be non-intrusive, it left subjects less time to keep track of details of the advanced
displays and the optimal throttle maneuvers. This time pressure was transformed into intense
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mental effort in just using the aids, as a result of performing the same amount of mental work in
the reduced available time. Therefore, it was the time pressure that made the ratings of mental
effort insensitive to displays.

As expected, subjects thought that the advisor display significantly lowered their stress level than
the basic display for routine speed control and emergency handling. At least six subjects
commented that the basic display left a feeling of uncertainty about speed compliance, station
stopping, and control under emergency conditions. These uncertainties may have created stress.
For speed control with the secondary task, however, subjects perceived that the predictor display,
and not the advisor display, was significantly less stressful than the basic display. This may be
explained by the difficulties involved in performingtwo tracking tasks at the same time. Among
the three displays, the advisor display demanded the most attention because subjects had to
follow the optimal profile closely, in addition to performing the secondary tracking task.

These results of subjective ratings must be viewed with caution, however. Studies have shown
that subjectiveratings via an immediate-absolute method are usuallycorrelatedwith the subjects'
performance in the particular run just completed, and thus can be biased (Tsang and Vidulick,
1994). (Hencethe retrospective and relative measures of subjective workload werealso assessed
in this research.) In fact, the retrospective and relativequestionnaire did reveal significant
decrementof overall workload with the increase in displayaiding.

Subjects' comments in the post-experiment questionnaire provided explanations about their
choices. In general, the preview andpredictive aiding received consistently positive comments
by all subjects. The three predictor curves andthepreview were especially mentioned among the
desirable attributes of the predictor andtheadvisor displays. These aidswere helpful particularly
in the emergency situation and in station stopping.

The advisordisplay, although being the mostpreferred by 9 of the 12subjects, provoked
contrasting comments from thesubjects. Most subjects liked theadvisor display forvarious
reasons: "easy to follow," "allowing more timeto lookat thesignals," "letting me seeexactly
what the next operation will be," "lettingme know if I am efficient and on time," and so on. Two
of the threesubjects whodid not rate the advisordisplay as their firstchoiceexplained that "the
advisorwas too strict," or "I knew the trackvery well [through training] and did not need the
advisor." (The third subject thought the advisor was difficult to follow due to its "insufficient
resolution.") These reasons areattributable to the subject's self-imposed strictness in using the
advisor display.

Eleven of the twelve subjects most disliked thebasic display because (1) it did not provide
sufficient advance information, (2) it was difficult to estimate or calculate (in their mind) the
stopping distance or the braking curve, (3) it involved too many human errorsdue to
uncertainties in judgingthe necessity of emergency braking. The subject whopreferred the basic
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to thepredictor display explained that "I really-liked thebasic [display] afterlearning the visual
cues. It made it more like driving, while both of the others made me concentrate a lot more on
the control panel.... Safety-wise, I likedthe predictor [display] over the basic [display]...." This
subject, however, preferred theadvisor display, theonethatseems to induce themost head-down
time, as his first choice because"it really simplified the train operation and allowedme to relax
through most of the trip...."

4.2.6 Potential Overload

One mightarguethat although the increased head-down timewith the advanced displays was a
positive factor in signal detection andfast reaction to unexpected events, the increased head-
down time implies that this advantage maycomeat a cost of attention to tasksother than speed
control. The following facts, however, indicate that there is insufficientevidence to draw the
above conclusion. First, the relatively larger numberof peak tracking errors and the larger
number of jerks with the advanced displays than with the basicdisplay were not found to be
statistically significant. Second, the advisordisplay had strong appeal to the subjects. In fact,
subjective ratings from an immediate-absolute technique showed thatthe advisor display hadthe
lowest workload among the three displays for routinespeedcontrol and emergencyhandling. In
addition, subjective ratings froma retrospective-relative technique showed significant effectsof
thedisplays on overall workload. Moreover, most of thesubjects chose the advisor display as
their first choice.

In fact, an increase in head-down time (or shift of attention to inside the cab) with the advisor
display wasnecessary andexpected. Withtheadvisor display, the necessary information for
speed control was shifted from outside to inside thecab, which eUminated or reduced the need of
looking out of the window for important signals. As a result, the out-the-window view may not
be needed for information acquisitionby the locomotiveengineer, and one may wonder about the
utilityof the cab windows. Afterall,without cab windows, locomotive engineers can avoid
visual overload induced by involuntary subjection to a fast-flowing visual field. But whether to
totally eliminate cab windows undera comprehensive advisor display remains an open question.
The windows may have to exist for psychological satisfaction if not for operational requirements.

That the increased head-down time contributed to the improved situation awareness in train
operations seems contradictory to what is associatedwith head-downtime in aviation. An
airplane pilot can change the plane's flight path immediately upon the discovery of an object
ahead. Looking out-the-window helps the pilot not only to discover the object, but also to
choose an appropriate direction of maneuver. A train, however, does not have the degrees of
freedom that a plane does, and thus stopping the train by applying emergency braking is all a
locomotive engineer can do to avoid a collision. Since the presence of an object ahead of a train
can be reflected by the signals that prevent the following train from approaching the object-
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occupiedblock, head-down time wouldnot pose as great a threat to safety for train operationas
for flying an airplane so longas the signals are presented to the locomotive engineerinside the
cab.

4.2.7 Effects of Displays on Training

The reason thatsubjects didnotseem toexperience significant learning during thetraining is
provided as follows. Subjects were trained under intensivecoaching throughout the training
sessions. The subjects' learning was, therefore, confounded with the level of coaching. As the
practices progressed, the subjects were given less coaching. In fact, at the third practice run with
each display, the amount of coaching was kept to a minimum level because (1) the subjects were

.observed to be able to independently perform the task satisfactorily, and (2) the performance in
the third runs was to be assessed as the "road evaluation" for their qualification for the

experimental tests. Therefore, the learning was actually stronger than that found by the statistical
analysis.

In fact, the trend of reduced distance of overspeeding with increasingpractice runs while using
the basic display, indicatesthat subjects experienced learning in speed compliance. With the
advanced displays, in contrast, no overspeeding wascommitted by any subjectin any practice
run, implying that the advanced displays may have an inherent tendency for betterspeed
compliance than the basic display.

In summary, theadvanced displays appear to allow a novice better performance in speed
compliance, total cost, schedule adherence, and station-stopping accuracy than the basic display.
This indicates that the time neededto train a novice to a given level of performance with the
advanced displays, would be much shorter than that with thebasic display.
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5. EVALUATION VIA SIMULATION WITH A HUMAN MODEL

5.1 INTRODUCTION

Evaluation ofsafety-critical and capital-intensive human-machine systems such as locomotive
engineer-cab systems can be done with two methods: human-in-the-loop experiments and
simulation with a human model. The former are often complex and difficult todesign and
control. One difficulty is the determination ofwhich parameters should be held constant, which
should be varied, and over what range. Asecond difficulty isthat a large number oftrials is
needed because ofthe variability introduced by individual differences which might obscure the
effects ofexperimental manipulations. In addition, the use ofhuman subjects in an experiment
requires considerable training, and economic constraints preclude the execution ofa large
number oftrials. Consequently, a human-in-the-loop evaluation study can become large and
very time-consuming.

The method ofmodel-in-the-loop simulation for evaluating a human-machine system, in
comparison, provides flexibility inanalyzing the effects ofdesign parameters onsystem
performance. Itallows evaluation ofa new design to be achieved in shorter time and at a lower
cost once a suitablehuman model is available. The disadvantage with such a method, however,
is the difficulty involved in developing the human model.

This chapter describes the locomotive engineer model developed as a tool toevaluate decision
aids proposed for future high-speed trains, and presents anapplication ofthe model that extends
the experimental results reported inthe previous chapters. Inparticular, model-in-the-loop
simulation was conducted topredict thelocomotive engineer's responses to a dynamic signal
event, wherein changes in the signal were induced by a moving lead train (asopposed to the
unexpected stationary object in the human-in-the-loop experiment).

5.2 ANALYSIS OF DRIVING BEHAVIOR

To develop a high-speed train locomotive engineer model, the nature of the driving task was first
analyzed. A train's speedon a blocksignaling system is governed by stepwise speed limits and
signalsalongthe track, and can be manipulated by the locomotive engineer via application of
braking or propulsiveforce. (Under a blocksignaling system,a track is divided into segmentsor
blocks with each having a signal fixed at the entrance of the block or displayed inside the cab or
both.) In train operations, observationof the speed limits and signals at all times is essential
because of the potential risks involved: collisions between trains (rear-end or head-on), derailing
at switches or curves due to excessive speed, or striking road vehicles at highway crossings.
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Therefore, the critical and primary task in the operation ofa train is tocontrol the train's speed
under the constraints of speed limits and signals—if the train is approaching a speed reduction
point, its speed should becontrolled tobelow the new speed limit before, not after, the point of
speed reduction. Because of the train's huge inertia, train speed control requires significant
anticipation.

This driving behavior can becharacterized with the model inFigure 5-1. Functionally, there are
twomajor sources of input to thelocomotive engineer: present andfuture command information,
and immediate feedback information. The former contains signals, obstacles, and so on, that are
tobe detected and interpreted correctly and ina timely manner inorder to form a target state,
i.e., the desired speed at aparticular location ahead (Vtarget and Xtarget in Figure 5-1). Unlike an
ordinary servomechanism, where system control compensates for instantaneous error by
operating upon present or past values oferror orboth, the control ofatrain depends importantly,
though not exclusively, on preview ofwhat isahead. This type ofdriving behavior holds mainly
for vehicles insurface traffic and for airplanes during take-off and landing (Mashour, 1974).

The meaning of "target state" in the context of train driving may beexplained as follows: onan
open track, the speed limits and signals are commands that govern the train's output variables, the
speed and the location of the train. The locomotive engineer is expected to control the train such
that before, rather than after, entering the next block, its speed should be within the speed limit of
the new block. Therefore, the locomotive engineer needs to know the distance to and the amount
ofthe next speed reduction in order to initiate braking in time. Getting such information requires
the locomotive engineer tolook ahead—to preview, i.e., tocontinuously scan the field of view in
search offuture inputs inorder to the make current control decision. The future inputs, bethey
signals ordangerous situations, are transformed by the locomotive engineer into a corresponding
short-term target state which consists ofa desired speed ata near future location. The target
speed at the future position on the track is thereference input for guiding thecurrent application
of control force.

Toachieve the target state, the locomotive engineer constantly predicts the potential of reaching
the target stateunder current force application andadjusts it according to control decision
making rules or experience with train handling and trackgeometry. The immediate feedback
information shown in Figure 5-1 is the most significant feedback indicator for controlling the
speed of the train.
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Figure 5-1. Modelof Information Flow in Locomotive
Engineer-Cab Systems. X—position of train. V—speed of train.
F—propulsive or braking force.

5.3 OVERVIEW OF THE LOCOMOTIVE ENGINEER MODEL

There aretwo types of human models: a normative model, which prescribes what thehuman
should doaccording tosome assumed criterion, and a descriptive model, which attempts to fit
experimental data (or describe what the human really does). This research developed a model of
the locomotive engineer that was a combination of the normative and descriptive notions. It was
normative because it was based on the rules used in training the subjects for the experimental
tests. It was descriptive because one parameter inthehuman model, i.e., the reaction time toan
unexpected signal, was determined from the human-in-the-loop experimental results described in
Chapter 3.

The reason behind the choice of a rule-based model was fourfold. First, the necessary preview
behavior in train operation precludes the use of the well-studied linear feedback control models
(McRuer et al., 1965; Baron and Kleinman, 1969; Baron and Levison, 1975,1977; Wewerinke
and Tak, 1988; Levison, 1993). The conventional feedback controlleroperateson instantaneous
errorbetween current input (e.g., speed limit) and actual measured output (e.g., speed) andhas
noway of taking into account its immediate future input, such as the next speed limit along the
routefor a train. Second, the locomotive engineer's knowledge obtained fromtraining, e.g.,
route characteristics,could not be naturally incorporated into non-rule-based models such as
those studied by Sheridan (Sheridan, 1966). Third, the relatively few driving rules aresimple
compared to themore complicated dynamic system operations characteristic of, forexample,
airplanes. Fourth, rule-based modeling easily allows accommodation of the nonlinear and time-
varying dynamics of the train.
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5.3.1 Assumptions of the Model

Major assumptions underlying the locomotive engineermodel are as follows: (1) The
locomotive engineer is sufficiently well-trained andmotivated to perform in a nearoptimal man
ner, subject to system goals andlimitations. (2)Human limitations such as perception time delay
andnoise, information processing delay and inaccuracy are negligible compared to thetrain
dynamics time constant, withonlyoneexception—the timedelay in perceiving changes in the
signal. (3)Thetask of thealertsystem canbe neglected in the model. Thisassumption is
supported by the experimental result that all subjects responded to the alert system in time
without being penalized by the alert system.

5.3.2 Structure of the Model

The model is an integration of two independentiy functional, normative models, referred to as the
optimal modeland the max-max model. The top-level functional structure of the model is
illustrated in Figure 5-2. The optimal model is a direct implementationof the optimal control
solution whose corresponding optimal speed profile was used in the advisor display. The
optimal model assumes that the locomotive engineer is trained to operate the train by proper
manipulation of the throttle to produce the optimal speed control for the trip. However, the
optimal strategy may become unavailable because an emergency maneuver en route forces the
train to deviate from the optimal trajectory and, as a result, the rest of the previously optimal
strategy becomesno longer optimal. The inaccuracy of the dynamic model used to obtain the
optimal control strategy, may also lead to gradual deviation of the train from the optimal
trajectory, even if the locomotive engineer followed the optimal strategy precisely. A remedy for
this could be the provision of an update of the optimal solution after the deviation exceeds a
certain tolerance.

In the caseof an emergency maneuver, however, it may be impractical, if not impossible, to
providea continuous updateof the optimal trajectory under dynamicsituations such as those
createdby an unexpected leadmoving train. Uponthe invalidation of the optimalcontrol rules
that the locomotiveengineer has relied on in routine operations, he or she would resort to a
survival strategy which is modeled by the max-max strategy. The max-max model was
implemented as a set of control rules the locomotive engineer mustuse when the optimal control
strategy becomes unavailable.

The max-max control strategycan be summarized simply by the following rule: apply maximum
propulsion when an acceleration is called for, or maximum braking when a deceleration is called
for; otherwise, cruise with a force just balancing the friction. The rate of application of the
propulsion or braking must be subject to considerationof ride quality, i.e., the rate of
acceleration or deceleration or the train should be within a tolerance.
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Decision-making withthisrule involves using theknowledge or experience a locomotive
engineer has learned during training and previous journeys. Four functional components of the
knowledge base are depicted inFigure 5-2, each ofwhich has itsown role in decision making.
The train traction/braking characteristics arecrucial for estimating themoment or location to
initiate braking toreduce the speed ofthe train below the speed limit ahead. The train-handling
technique reflects the locomotive engineer's skill at throttie manipulation under the constraint of
ride quality. The route characteristics are track geometry and major points along theroute that
are associated with important control actions. The schedule is used tocompensate for schedule
deviation.

It should be noted that the out-the-window view is not explicitly shownas a sourceof
information to thelocomotive engineer in Figure 5-2. Themodel recognizes theuse of an
outside view mainly ascues (landmarks) associated with control maneuvers, andtherefore the
function of the outside viewto the locomotive engineer has beenconsidered as part of the
knowledge base of route characteristics.

The perception block in Figure 5-2represents theprocess ofa locomotive engineer's extracting
meaningful information from thedisplays. An important question indeveloping such a model is
what the locomotive engineer perceives froma givenindicator. For a numerical (digital)
indicator such as that of the currentspeed(simple valueat any time instant), it is assumed that
perception isjust a read outof thevalue of theindicator. The same can be assumed fora
graphical discrete display of a variable such as thesignal level of a block. Under this
assumption, perception of all indicators in thebasic display canbe modeled as a direct reading of
the values of the indicators.
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A different treatment is needed, however, for modeling the perception of a continuous range of
graphically displayed information (multiple values at any time instant). In this case, perception
is assumed to be a process of extracting only the pieces of informationuseful for current decision
making. For example, for the previewed speedlimitprofile in the predictor display, it is
assumedthat the locomotive engineerextracts the location and the level of speed reduction in the
preview range, as illustrated in Figure 5-3. (Subjects were in fact trained to use the aid in such a
manner in theexperiment described earlier.) The rationale behind this assumption is that speed
reductions require advance attention to initiate braking in time to reduce speed to the next block's
limitbefore reaching thatblock. Therefore, speed reductions paired withthedistances to the
points ofspeed reductions, e.g., Xreduction,l and Vreduction,l inFigure 5-3, are extracted from the
profiles of the speedlimit and the signal in the preview range.

These pairs of distances and amount of speed reductions are used, in turn, toextract the braking
distances from the current speed to the reduced speed levels in the preview range. Thus, the
decision as to whether braking is needed at any moment can be reached by evaluating the
differences between the distances tothe points ofspeed reductions and the corresponding
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braking distances, e.g., Dbraking.l and Dbraking,2 in Figure 5-3. Therefore, only crucial pieces of
information areextracted by thelocomotive engineer from thefull-service braking curve during
the perception process.

1 spaed limit

^"""""""v^ ^braking. 1
E
o ^

Vroductkm. 1

^>v 0 braking, 2 vreducticn. 2

\ \
Xraductton. 1 _

Xreduction. 2

curron location

Figure 5-3. Extraction of Relevant Information From Speed Limit
Profile and Predictor Curves. Only amounts of speed reductions and
corresponding locations are extracted from the previewed speed limit
profile. Full-service braking distances to the locations of speed
reduction are also extracted.

5.3.3 Implementation of the Model

The model was implemented as part of the high-speed train simulator developed for the Volpe
National Transportation Systems Center on Silicon Graphics workstations in the C programming
language. The simulator was capable of both fast-time simulation with the locomotive engineer
model and real-time human-in-the-loop simulation. The implementation of the model was
flexible because signal events could be flexibly configured and tested with different command-
line input parameters, and the parameter of human operator limitation in detection of signals
could be easily varied. These features made the model a useful tool for predicting the effects of
operator-related parameters on performance.
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5.4 APPLICATION

5.4.1 Scenario

The model was applied to extend the findings of human-in-the-loop experiments. Effects of the
displays on safety were investigated,during a dynamicevent wherein the signals were activated
by a lead moving train instead of by a stationery object. The scenario was as follows: the train
started with the optimal control strategy along a straight and flat test course of 30 kilometers
(Figure 2-4). When it reached kilometer post 14.6(KP14.6)with a speed of 250 km/h (on the
optimal trajectory) and an acceleration with 90% of full propulsive force, a change in signal
aspect of block 7 (where the train is located) from GGG ("proceed") to GYG ("proceed
approaching next signal at 220 km/h") occurred. The signalchange was activatedby a leading
train that suddenly appearedat KP 22 (as a result of red-light overrun, for example) with a speed
of 250 km/h and a decelerationwith full-service braking. The leading train slowed down to 70
km/h when reaching KP 27.2 and maintained the speed of 70 km/h.

The following train, i.e., the train governed by the locomotiveengineer model, reacted to the
events only after perceiving the signal change. The times of reaction to such an event were
measured from the human-in-the-loop experiment: a mean value of 8.6 seconds for the basic
display and 1.4seconds for the advanced displays (i.e., the predictor and the advisordisplays).
These mean reaction timeswere used as the delay in the perception of a signal change—the only
time delay considered in the perception component of the model.

5.4.2 Results

Figure 5-4 compares the responses of the model with the basicdisplayand the advanceddisplays
during the dynamic signal event described above. In particular, whencomparing responses
around KP 14.6(whensignalchangeoccurred) between the basic and the advanced displays, we
can observe that, with the basicdisplay, the "locomotive engineer" was unawareof the signal
change and continued acceleratingaccording to the optimal strategy until some distance later
(after 8.6 seconds). It was then too late to avoid excessive overspeed and the train incurred
emergency braking via the automatic train protection (ATP) system. In contrast, with the
predictor or the advisordisplay, the "locomotive engineer" responded to the signalchange
quickly (with a delay of 1.4 second) and could safely maneuver the train under the dynamic
signals caused by the lead moving train.

Operation underthe predictor or advisor display couldalso bringaboutbenefits in operational
efficiency. By avoiding the emergency braking, the locomotive engineerwith the advanced
display could spend less energy than with the basic display because he or she could avoid the
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energy-consuming process of accelerating the train to a safe operational speed. In addition, the
advanced displays could greatly reduce the delay in arrival time as a result of being able to avoid
unnecessary emergency braking.

16

Response With the Basic Display

Basic

Speed limit
Lead train

20 22 24

Location (Kilometer Post)
26

Response With the Predictor or Advisor Display

18 20 22 24

Location (Kilometer Post)
26

28 30

28 30

Figure 5-4. Responses to Dynamic Signal Event by Model with the Basic and the
Predictor Displays.

5.5 CONCLUSIONS

The investigation by simulation with a locomotive engineer model shows that the predictor and
the advisor displays are capable of improving safety in terms of speed compliance and timely
response to unexpected signal events. The model-in-the-loop simulation results support the
finding of the human-in-the-loop experiments in that the advanceddisplays offer not only
increased safety,but also reducedemergency brakingwhich wouldreduce injuries to passengers
or damage to equipment, and result in shorter delays in schedule and less energy consumption.
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6. RECOMMENDATIONS AND FUTURE WORK

In view of the above results and discussion, some recommendations can be offered.

First, the results of this investigation suggest that the advisor display used in this study (including
both preview and predictive aiding) isa promising level ofaiding. Although the display tends to
shift the locomotive engineer's attention fromoutside the window to inside the cab, the shift of
attention may not bea concern if all important or necessary information isprovided inside the
cab, especially during high-speed en route operations.

Before putting the advisor display into service, more research is needed to take advantage ofthe
proposed aids while eliminating any potential negative effects. The divergence between the
objective (viasecondary task performance) and the subjective measures of workload found in
this research, although not significant, shows the importance ofsuch an investigation. For
example, different methods of workload measurement may be necessary to obtain further
insights on workload associated withtheproposed displays. Further, an experiment with
professional locomotive engineers would be able to provide more insight on the use of and
potential improvement of the proposed aids.

Second, practical issues associated with implementing the advisor display on a high-speed train
include: (1) What on-board computing capability is required to allow updates ofthe optimal
speed profile en route (note that the present research was restricted to presenting an optimal
profile for the whole trip before departure and without en route updates)? (2) How accurate
should the optimal profile be in order to retain the benefit ofcost saving? (3) How should the
previewed signals be transmitted into the cab inorder to display them in the advanced displays?

Third, as mentioned in the introduction, there are two options in aiding the locomotiveengineer:
more decision aids like those presented in this research, or more automation. Although the
direction of this research has been in decision aiding, maybe a combination of the decision aids
presented here with some automationcould be a better locomotiveengineer-cab system design.
For example, since station stopping was found to be significantly more demanding of visual
attention than en route control, it may be worth investigating automated station stopping (e.g.,
programmed stopping) in connection with the use of the advisor display.
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APPENDIX A

RESULTS SUMMARY AND DISCUSSION OF THE PRELIMINARY
EXPERIMENT

A.l INTRODUCTION

The preliminary experiment was conducted to evaluate the effects of preview aiding on locomotive

engineers' performance. Two levels of cab information displays were comparatively studied
through the preliminary human-in-the-loop experiment: one, referred to as the basicdisplay,
consisted of the standard signal indications inside a cab; the other, referred to as the preview

display, showed not only the indicators provided in the basic display, but also previews of
stopping distances, speed limits, signal aspects, track topology, and so on.

The previewdisplaywas expectedto allowsubjects to have bettersituationawareness and
decreasedworkload. Operatorperformance in stationstopping, scheduleadherence, and ride
quality were also expected to improve with the preview display as compared to with the basic
display. Subjects' ability to operate the train was expected to decrease after a failure of the
information aids (preview failure).

No out-the-window view was used in the preliminary experiment. The implies that some
performance measures may need further investigation when the out-the-window view is available
(as in the main experiment described in this report).

A.2 OVERVIEW OF SIMULATED ENGINEER-CAB INTERFACES

Three input devices were used in the engineer-cab interface simulation for the preliminary
experiment: keyboard, mouse, and a dual-use throttle. The throttle was programmed to becapable
of applying both braking and traction, with each function allocatedone half of the throttle throw. It
also had a center notch toprovide tactile feedback onits functional position (braking vs. traction).
Toprovide a baseline for studying levels ofdisplay aiding, subjects were provided with a manual
control mechanism only.

Instruments and indicators in asimulated cab environment with the basic display, shown in Figure
A-l, included aspeedometer, cab signal, automatic train protection (ATP) system, alert system,
door open/close indicator, force-level indicator, call-up schedule display, text message input and
output displays, and other onboard subsystem indicators such as braking pipe pressure, electric
power level, and so on.
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The speedometer, located inthe center region of the screen, indicated current speed (item 1in
Figure A-l), speed limit ofthe current block (item 2), and speed limit ofthe next block (item 3).
Tothe upper right of thespeedometer was thecab signal consisting of three colored lights (item 4).
Eachof the lights might be G—green, Y—yellow or R—red at certain times depending on the
track condition ahead (e.g., being occupied at some distance away).

Geometrical informationabout the current locationof the train was providedbelow the
speedometer. The grade (in degrees) ofthe track at the current location (item 7)was shown under
the speedometer. The number of the block where the train was currently located and the number of
thekilometer-post that thetrain had justpassed, were shown below thelower right comerof the
speedometer with thesymbols BLfollowed bythe block number (item 6) and KP followed by
kilometer post number (item 5). In addition, thedistance to thenext station (item 9) was displayed
to thelower right of theblock number (outside the frame of thecentral region). Under thedistance
to the next station was the current time (item 10).

Theindicator corresponding to thedual-use throttle was a horizontal grid barlocated under the
frame of thecentral region inFigure A-l (item 8). The center grid of this indicator corresponded to
the center notch position ofthe throttle. Functionally, this position ofthe throttle isneutral; no
braking ortraction was applied. To the left ofthe center grid, braking was displayed; to the right,
traction level. The throttle was capable ofcontinuous force application (ascompared to notched
levels) and its force levelwasdisplayed accordingly. The gridlineson the force indicator were
provided asmeasures of force level atevery 10% ofthe maximum available braking or traction.

Functions related tospeed control were provided onthe right side of the screen of the cabdisplay
simulation computer. Two functions were shown inFigure A-l: the automatic train protection
(ATP) system and the emergency stop (ESTOP). The emergency stop could beactivated manually
viaa mouse-click on theemergency-stop indicator. TheATP system warned thelocomotive
engineer (by blinking itstriangular indicator) when the speed ofthe train was above the speed
limit. It would automatically activate the emergency stop when (1) the train was excessively
overspeed—more than 15 km/h above the speed limit, or(2) the speed ofthe train was inthe
warning zone (within the 15 km/h overspeed tolerance) for more than 20seconds. Emergency
braking, whether activated manually orautomatically, could not bereset until the train has fully
stopped.

To the lower left ofthe speedometer (outside the central region) was the door status indicator. The
door can only be opened or closed by aclick on the door display to toggle the door open (red) or
close (gray) when the train was not moving. Conversely, the train could not move unless the door
had been closed.

The status display of the alert system (ALERT), located just under the door indicator, generated a
blinking-yellow warning. The warning was activated with arandom period in the range from 40 to
80seconds. Once the warning was active, the alert system expected an acknowledgement or
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response from the operator. The response could be either a press on the keyboard (Esc key) or a
throttle maneuver. If no response was received in 10 seconds after the initiation of the warning,
the alert status display would change to blinking red accompanied by beeps. If no response was
received in another 10 seconds, emergencybraking would be automaticallyactivated. Again,
emergencybrakingcould not be reset until the train had come to a completestop.

A call-up schedule display was provided at the lower left of the workstation screen. The schedule,
which could be shown or hidden by a mouse-click on the schedulebutton, consisted of arrival,
departure, and station-stopping times for each station and the distances between stations on the
journey.

On the rightof thecall-up schedule display werethe incoming and outgoing message areas. The
in-coming messages from thedispatcher at the Central Traffic Control were displayed in the CTC
MSG: area, with the most recent message at the bottom. (Note: other messages are scrolled
upward). The locomotiveengineer could type a message at the MSG: area and send it to the
dispatcherwith a mouse-click on the sendbutton (at the far right of the MSG: area).

Status of other onboard subsystems were displayedon the right side of the workstation screen,
such as brakingpipe pressure, tankpressure, etc. They were not used in this experiment.

Figure A-2shows the preview display which presented additional information in thecentralregion
of Figure A-l while keeping all otherindicators of the interface unchanged. Preview of the
additional information wasgraphically presented for up to 20kilometers ahead:

speedlimits (item3 in FigureA-2) trackprofile (item6)

signal levels (item 5) minimum stopping distance (item 11)
station position (item 12) switch position (notshown)
kilometer posts (item 10) block boundaries (item 9)

The minimum stopping distance indicated the distance the train will glide before coming to a
complete stopunderfull service braking.
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A.3 EXPERIMENTAL DESIGN

A.3.1 Test Design

A total of three testruns were performed byeach subject, oneunder each of thefollowing three test
conditions: (1) with thebasicdisplay, (2) withthepreview display, and (3) with the preview
display in thebeginning and a preview failure (reverting back to thebasic display) approximately
half-way through the testcourse. Conditions (1)and(2) allowed forcomparative study of the
effects of aiding level—the independent variable of thisexperiment—on subject performance under
normal conditions. Condition (3) allowed for evaluating subject's ability to recover after a loss of

preview.

All three test runs were conducted on the same test course (144 km consisting of three trip legs of
roughly thesame length andtaking about 40 minutes tocomplete). Thepreview failure was
designed to occurat a fixed location in the second trip leg. Situation awareness measurement was
conducted by a temporary freeze technique (Endsley, 1993), wherein thesimulation is frozen at
randomly selected times and subjects are queried about thecurrent state of the driving environment
and thetrain system. In this experiment, measurements atboth random andfixed locations were
conducted for all threetestconditions with the fixed location beingthreekilometers after the point
ofpreview failure. Data collected from the questionnaire about the states atthe fixed location were
ofparticular interest because they shared the same driving environment. The locations ofrandom
freeze served as distractors to counterbalance subjects' anticipation of a freeze; datafromthese
freezes were collected but not analyzed.

Asshown inTable A-l, the order ofpresentation of thethree testruns was permutated between
subjects to counterbalance learning effects, and the sequence oftemporary freezes was designed to
prevent anticipation ofthe fixed-location freeze. In particular, each subject experienced two fixed-
location freezes during the three tests: one was inthe test with the preview failure, the other was in
one ofthe two other tests depending on the sequence inwhich the three tests were presented tothe
subject. No two adjacent interruptions were at the same location. The test with the preview failure
always had thefixed-location freeze.

Twelve undergraduate and graduate students from the Massachusetts Institute ofTechnology /
participated as paid volunteers. An incentive system was devised to help subjects prioritize and /
trade among aspects of performance and to encourage them to do their best. No selection criterion J
was used to screen or "filter" the subjects.

/
(
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Table A-l. Sequences of Tests and Temporary Freezes.

Sequence #

Run #

1 2 3

1 BASICrandom> fix PREVIEWrandom FAILUREfix

2 BASICf,x' random FAILURE0" PREVIEW13™10111

3 PREVIEW"""*0"1. fix BASIC^dom FAILUREfix

4 PREVTEWf,x'random FAILUREflx BASICrandom

5 FAILUREfix BASICrandom. fix PREVIEWrandom

6 FAILUREfix PREVIEWrandom. fix BASICrandom

BASIC = Test with the basic display.

PREVIEW = Test with the preview display,

FAILURE = Test beginning with the preview and with a preview failure in the middle,

()random _ ^ freeze at arandom location during the run (),
()"x = A freeze atthe fixed location during the run (),
(jrandom, fix _ Two freezes wj,n the random location before the fixed location,
()fix' random _ Two freezes with the fixed location before the random location.

A.3.2 Procedure

Training

The training began with an explanation ofthe purpose ofthe study and an overview ofthe required
tasks. Avideo about rail system operation and tasks ofa locomotive engineer, was shown to
familiarize the subject with a realistic cab and wayside environment (B&P, 1992). The basic and
preview displays were then demonstrated and explained. Next, under the teaching and supervision
ofan experimenter, the subject practiced on a short course (30 km) different from the test course
(1) tobecome familiar with the displays, controls, and the use ofthe simulator, and (2) to
understand the criteria for performance evaluation. Finally, the subject ran through a short trial
section on the practice course for the experimenter to assess the subject's capabilities and decide to
either train the subject further or indicate readiness for the experimental test runs. The total training
time wasfrom 2.5 to 3.5 hours persubject.

Testing

Three test runs were then performed by the subject the following day. Next-day testing was
chosen so that the training material was fresh in the subject's memory. In fact, it was not practical
to perform both training and testing on the same day because ofthe long hours (a total ofabout 7.5
hours forboth training and testing).
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Tocompensate for the insufficient time of training ascompared with the amount of training a
professional locomotive engineer would experience (on the order ofyears), during the test runs,
subjects were provided with a printed copy ofoperation rules, guides, inaddition totrack profile
and geometry.

During each test run, the experimenter acted asthe dispatcher, and communicated with the subject
viatyping onthe keyboard*. The communication was only needed before leaving and after
arriving ata station, and when any failure occurred. Situation awareness questionnaires were
conducted according to the sequence assigned to the subject from among the6 possible sequences
in Table A-l.

Apost-test questionnaire onworkload was conducted inorder toobtain subjective ratings on time
pressure, mental effort, and stress of the run justcompleted. For the run with the preview failure,
the workload before and afterthe failure was ratedseparately. After the three test runs, an exit
questionnaire was conducted inorder to obtain the subjects' ratings on theoverall difficulty and
their preference on the two displays. The experimental tests required 4 hours persubject to
complete.

A.4 RESULTS AND DISCUSSIONS

A.4.1 Subjective Rating On Workload

After each test run, subjects were asked torate the workload in terms of time pressure, mental
effort and stress level for the run, with 1—small, 2—medium, or 3—large workload. Definitions
of these scales were explicitly explained in the questionnaire. The root-mean-square of the three
measures, named SWAT (Subjective Workload Assessment Technique) scale, was used to
compare workload across test conditions. The overall difficulty ofthe test run was also measured
by subjects' post-test rating on a scale from 1to 5,progressing from simple to impossible.

Results, shown inFigures A-3 and A-4, strongly indicate that the preview relieved subjects'
workload. In particular, there was a strong trend ofreduction in the workload rating with the
preview display, compared to that with the basic display (Mest for dependent samples, p=0.069).
Ratings ofworkload were significantly lower before preview failure than after the failure (Mest for
dependent samples,/? <0.01). Preview also significantly affected the subjects' rating on overall
difficulty associated with using the displays (X =3.5 with the basic display vs. X= 1.9 with the

t This means ofcommunication, simulating atypical radio system inactual train operation, provides advantages
over voice implementation in terms ofmessage recording and relative ease ofanalyzing communication
performance. The disadvantage isthe inherent delay in message generation.
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preview display on ascale from 1to 5) (Mests, p<0.05). In addition, all subjects preferred the
preview display to the basic display for performing the driving task.

Basic Preview Before Failure
Test Condition

After Failure

Figure A-3. Measure of Workload in SWAT scale.
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Figure A-4. Overall Difficulty.
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A.4.2 Situation Awareness

Each answer to the temporary-freeze queries was compared to actual values, as collected by the
simulation computer at the time ofthe freeze (at the fixed location). The questions asked subjects
to identify the current trip leg, current acceleration state, speed Umit of the current block, and speed
limit ofthe next block. The error percentage oftotal data points was calculated on each query item
(scored either right or wrong).

Itwas surprising that in spite ofits being the most important among the query items, the speed
limit ofthe next block had the highest error rate (67% with basic, 50% with preview, 42% with
preview failure). This suggests that subjects, in general, had low situation awareness in all three
test conditions.

However, a conclusion from this measure alone may bepremature, especially considering the
small number ofdata points (12 for the test with failure, 6 for the others). In fact, aqualitative
evaluation ofsubjects' individual responses (speed profiles) reveals that some subjects (8 out of
12) started braking for upcoming speed reductions earlier with the preview display than with the
basic display. This evidence indicates that preview improved situation awareness. That subjects
lacked training for this experiment, as evidenced in several accounts discussed in section A.4.7,
may explain the surprising results from the query method.

A.4.3 Speed Compliance

The total number of speed infractions committed asa result of late braking for upcoming speed
reductions wasrecorded. Subjects hadfewer incidents of excessive speedviolation (exceeding
speed limit more than 15 km/h) with the preview than with the basic display (8forruns with
preview, 13with the basic display, 6 before thefailure, and 11 afterthe failure). Theseresults
show that the preview seemedto have increasedsubject'sawarenessof the upcomingsituationand
reduced the error of braking too late by increasing awareness of the speed restrictions ahead.
Therefore, preview aiding is shown to have the potential of increasing safety.

The relatively large number ofspeed violations across all test conditions could be attributed to the

subjects' lack of training on or knowledge of the train's dynamics. Although, with the preview
display, they tented to startbraking earlierthan withthebasic display, under-estimation of the
braking distance could be the major cause of thesubjects' delay in braking.

/

/
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A.4.4 Schedule Adherence

Preview aiding appeared to reduce schedule deviation, the difference between scheduled and actual
arrival times. Results show that, with the preview display, subjects generally maintained the
schedule with an average delay of about 1 minute at 100 km into the journey. In contrast, after 100
km with the basic display, subjects accumulated an average delay of more than 6 minutes.

A .4.5 Station-Stopping Accuracy

Station-stopping accuracy was evaluated using the absolute distance between the station point and
the first point at which the train was manually stopped (ignoring stops by inching close to the
stationafter a failureof the first attempt). Amongthe 36 data points for station stopping(12
subjects,each had three station stops along the test course),97% stoppedwithin 20 m of the
stationwith the previewdisplay (X = 1.6m) versus72% with the basic display (X= 2.3 m). This
resultshows that the indicator of minimum stopping distance in the preview display tends to
improve station-stopping accuracy. The results, however, may be biased by the simulation
environment. With the preview display, subjects had two indicators for station stopping: the
indicator of theminimum stopping distance andthenumerical display of the distance to thenext
station; with the basic display, only the latter was available.

Notethatno out-the-window view wasprovided in thepreliminary experiment. Withan out-the-
window view, thesubjects would have had other visual cues toguide them during station
stopping, andthepoorperformance in station stopping without thepreview might notbe so
evident.

A.4.6 Other Measures

Response to Alert System. In addition to the performance measures summarized above, the
time that elapsed before the subject acknowledged analert system warning was also recorded. All
subjects responded toalert warnings on time. None neglected the warning in any test run.

Passenger Ride Quality. Ride quality did not show improvement with the preview display.
This was expected since the jerky motion caused by locomotive engineer's throttle manipulation is
primarily associated with driving style (assuming they were not overloaded). Ifa subject is
inclined to bang-bang control, unless aspecific measure ofride-quality is displayed to the subject
during the run orsubjects are trained to manipulate the throttle smoothly, no improvement in ride
quality canbeexpected with any display.
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A.4.7 Lessons Learned

Severalpiecesof evidence suggestthat subjects lacked training for this experiment. First, ride
quality was not stressedenough;subjectshad no idea of how large the jerk was when applying
sudden brakingor traction (since the simulatorwas fixed-base). Second, some subjects did not
fully understand the implications of speed reduction ahead to their currentspeed control,or the
relativeimportance of an increasein speed Umit to that of a decrease. In addition, some subjects
did not understandsome terms that appearedin the questionnaire, e.g. "block". Third, although
the preview helped subjects reduce occurrences of speedviolation, the highrate of automatic
penaltyemergencybrakingacrossall test conditions suggests that subjectslackedexperiencewith
the train dynamics. As pointed out earlier, subjects started braking earlier with the preview than
with the basic display for upcoming speed limit reductions. However, the braking was often
initiatedtoo late to avoidexcessiveoverspeeding, which indicates that subjectsunder-estimated the
braking distancerequiredfrom the currentspeed to the upcoming lowerspeed limit.

The experienceof this experimentcontributed to subsequent studies in the foUowing aspects of
experimental design:

1. Screensubjectswith a qualifying test. After aU, not all peoplebring along the same capability
to become a locomotive engineer. Each subjectshouldbe given a fixed amountof training
foUowed by a standardized qualifying examination.

2. Train subjects to improvepassengerride qualityby providing feedback during training. Such
feedback should help subjectsadopta sensitive drivingstyle and improvepassenger ride
quality.

3. Ensure subjects' thoroughunderstanding of the importance and functionality of all items on the
displays.
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APPENDIX B

THE VOLPE CENTER HIGH-SPEED TRAIN SIMULATOR

B.l MOTIVATION

An important approach to human factors research is experimental investigation. For obvious safety
and logistic reasons, however, field experiments are often not feasible. Instead, a computer

simulated environment is suitable, flexible and cost-effective.

As such, a real-time, interactive, and distributed high-speed rail system simulator has been
developed for the Volpe National Transportation Systems Center (VNTSC) to study human factors

issues associated with the operation of high-speed trains. The simulator, developed on Silicon
Graphics workstations, emulates displays and functional components inside a cab as well as the
Central Traffic Control (CTC) environment. This study used this simulator to investigate effects of
decision aids on locomotive engineer's performance. It is now being used to study effects of
automation and will later be used for investigations of various human factors issues involved in the
operation of high-speed rail systems.

It should be noted that the simulated system is based on a mix of existing high-speed rail systems
such as the French TGV and the Japanese Shinkansen. The simulator does not (and was not
intendedto) replicateany existingsystem. However, the train dynamicsand the signal system
were modeled after those of a French Atlantic TGV.

B.2 FUNCTIONAL REQUIREMENTS

Development of the high-speed train simulator required selection of a signaling system. Although
future signaling systems wiU use"moving blocks" (which canbe realized with theglobal
positioningsystem), a fixed block signalingsystemwas chosen because of its current use for both
freightand high-speed passenger trains.

The need to test many different prototypes ofdecision aids ordisplays demanded rapid
reconfigurabiUty of thelocomotive engineer-cab interface. This requirement was achieved in two
ways: (1) by simulating thegraphical displays ona Silicon Graphics workstation, and (2) by
writing the simulation software ina modular fashion—different train dynamics can be implemented
by recoding orreplacing the appropriate modules, and different displays can be reconfigured by
command-line options.
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Thecontrol interface wasprovided viaa dual-use throttle thatwasprogrammed to be capable of
exerting bothbraking andpropulsion, depending on which halfof its throw the throttle is
positioned. The throttie hasa centernotch to provide tactile feedback on its functional position
(braking vs. propulsion).

Simulation of the interaction between a locomotive engineerand other onboardsystemsrequired
morecontrols. To reduce development cost and time, the computer keyboard and mouse were
used for controlsnot related to manualspeed manipulation. No other hardwarewas involved.

B.3 SIMULATOR MODULES

B.3.1 Overview

As shown schematically in Figure B-l, the full VNTSCHigh-Speed Train Simulatorconsists of
three Silicon Graphics workstations and threecontrol mechanisms (throttie, computer mouse and
keyboards) to emulate cabdisplays, out-the-window view, and Central Traffic Control (CTC).
Oneworkstation is usedto display thecab indicators andinstruments, to compute dynamics of the
train, and to conduct computations associated with the decisionaids. Anotherworkstation
emulates the out-the-window view and is physically placedside by side with that of the cab
displays. The third workstation is used as a Central Traffic Control workstation. The throttie is
connectedvia an A/D converterto the serialportof the workstation. All three workstations
exchange data through a local-area-network link.

It should be pointed out that theCTCsimulation can monitor multiple trains, although only one
train simulationis shown under the monitoring of the CTC in Figure B-l. In addition, the out-the-
window viewcan be emulated and displayed (by a command-line configuration) in the same
workstation as the cab displays. Thisconfiguration, however, tends to reduce theeffectiveness of
the out-the-window view due to its smaU screen area (one fourth of the workstation screen).

Further, the cab display andthe out-the-window view canbe simulated without the use of CTC
simulation, either as one module in one workstation or as two modules in two separate

workstations. Such a configuration of the simulatormay only be used for experimentswhere no
communication between the locomotive engineerand the dispatcheris required. Figure B-l shows
the primary simulator configuration used for the experimental investigations conducted for this
research and is further described here.
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Figure B-l. VNTSC High-Speed Train Simulator. The simulator
includes three workstations, a dual-use throttle, computer mouse, and
keyboards. The workstations exchange data through a local-area-network
(LAN) link. The throttle is interfaced through an analog-digital convener to a
serial port of the workstation simulating the cab displays.

B.3.2 Functional Components and Instrumentation

Cab Displays

Instruments and indicators in a basic simulated cab display, shown in Figure B-2, include a
speedometer, cab signal, automatic train protection (ATP) system, alert system, door open/close

indicator, force-level indicator, call-up schedule display, text message input and output displays,
and other onboard subsystem indicators such as braking pipe pressure, electric power level, and so
on.

The speedometer, located in the centerregion of the screen, indicates current speed (item 1 in
Figure B-2), speed limit of thecurrent block (item 2), and speed limit of the nextblock(item 3).
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To the upperrightof the speedometer is thecab signal consisting of three coloredUghts (item4).
Each of the lights may be G—green, Y—yellow or R—red at certain timesdepending on the track
condition ahead (e.g., being occupied at some distance away).

Geometrical information about the current location of the train is provided below the speedometer.
The grade (in degrees) of the trackat thecurrentlocation is shown underthe speedometer (item7).
The number of the block where the train is currently located and the number of the kilometer-post
that the train hasjust passed,are shownbelow the lower right comer of the speedometerwith the
symbols BL followed by the block number (item 6) and KP followed by kilometer post number
(item 5). In addition, the distance to the next station is displayed to the lower right of the block
number(outsidethe frameof the centralregion) (item9). Under the distance to the next station is
the current time (item 10).

The control interface between the locomotive engineer (subject) and the train simulator was
providedvia a dual-use throttiethat was programmed to be capableof applyingboth braking and
traction, with each function allocated one half of the throttle throw. The throttie has a center notch

to provide tactile feedback on its functional position (braking vs. traction).

The indicatorcorresponding to the dual-use throttle is a horizontal grid bar locatedunder the frame
of the central region in Figure B-2 (item 8). The center grid of this indicator corresponds to the
center notch position of the throttle. Functionally, this position of the throttie is neutral; no braking
or traction is applied. To the left of the centergrid, brakingis displayed; to the right, traction level.
The throttle is capableof continuous force application (as compared to notchedlevels)and its force
level is displayedaccordingly. The grid lines on the force indicatorare providedas measuresof
force level at every 10% of the maximum available braking or traction.

Functions related to speed control are provided on the right side of the screen of the cab display
simulation computer. Two functions are shown in FigureB-2: the automatic train protection
(ATP) systemand the emergency stop (ESTOP). (Otherfunctions suchas cruisecontrol,
automatic control, and programmedstation-stopping are available in the simulator, though they
were not used in this study.) The emergency stop can be activated manuaUy either via a press on
the keyboard (F12 key) or via a mouse-click on the emergency-stop indicator. The ATP system
warns the locomotive engineer(by blinking its triangular indicator) when the speedof the train is
above the speedlimit. It automatically activates theemergency stopwhen(1) the trainis more than
15 km/h above the speed limit, or (2) the speed of the train is in the warningzone (within the 15
km/hoverspeed tolerance) for more than20 seconds. Emergency braking, whetheractivated
manually or automatically, cannot be reset until the train has fully stopped.

To the lower left of the speedometer (outside the central region)is the door status indicator. The
doorcan only be openedor closedby a click on the doordisplay to toggle the door open (red)or
close (gray) when the train is not moving. Conversely, the train cannot move unless the door has
been closed.
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The status display of the alert system (ALERT), located justunder the door indicator, generates a
blinking-yeUow warning. The warning is activated with a random period in the range from 40 to
80seconds. Once the warning is active, the alert system expects an acknowledgement orresponse
from the operator. The response could be either apress on the keyboard (Esc key) or a throttle
maneuver. Ifno response is received in 10 seconds after the initiation ofthe warning, the alert
status display changes to blinking red accompanied by beeps. Ifno response is received in another
10 seconds, emergency braking is automatically activated. Again, emergency braking cannot be
reset until the train has come to a complete stop.

Acall-up schedule display is provided at the lower left ofthe workstation screen. The schedule,
which can be shown orhidden by a mouse-click on the schedule button, consists ofarrival,
departure, and station-stopping times for each station and the distances between stations on the
journey.

On the right ofthe call-up schedule display are the incoming and outgoing message areas. The in
coming messages from the dispatcher at the Central Traffic Control are displayed in the CTC MSG:
area, with the most recent message at the bottom ofthe area. (Other messages are scrolled
upward.) The locomotive engineer can type amessage atthe MSG: area and send it to the
dispatcher with a mouse-click on the send button (at the far right ofthe MSG: area).

Other onboard subsystems are displayed onthe right side of the workstation screen. Displays
needed for experimental investigation, such as that ofa secondary task orride quality, can be
rapidly prototypedusing these displayareas.

Out-The-Window View

An abstract out-the-window night view isprovided asa means ofcueing thesubject about
important locations or "points of no return." Aprogram called OTW was developed todraw a
simulated night view along the track.

CTC/Experiment Control Workstation

TheCTC workstation (Figure B-3) is used forthedispatcher or theexperimenter to monitor the
progress of the train's motion, tocontrol thepath of the train, and tocommunicate with the
locomotive engineer. A mouse-based graphical userinterface, supported by software module
CTC, provides theability to select a specific region of interest for inspection, to determine location
of the train or trains, and to turn a switch to a desired direction which, in turn, affects the route of a
train. Communication between the dispatcher or experimenter and the locomotive engineer or the
subject is through keyboard-typed messages, simulating a standard CB radio system. The
simulatedmessages are transmitted between workstations via a local-area-network link.
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An important function of the CTCworkstation is to coordinate the simulation modules, i.e.,cab
displays, CTC, and OTW, for real-time simulation. Inthe main experiment reported here, this
workstation was used solely forsimulation control and forthe experimenter to monitor the
progress of the subject.

B.3.3 Rapid Prototyping Capabilities

The simulator was created inthe Cprogramming language with Silicon Graphics Library
primitives. This method ofimplementation allows the cab displays to be rapidly reconfigured or
redesigned tomeet the varying demands ofexperimental studies. New displays, i.e., various
levels ofinformation aiding or automation, may be configured with a set ofcommand-line options.

Two additional programs were written as tools for developing and using the simulator. First, a
program wasdeveloped for flexible andrapid creation of a tracknetwork. The software, called
Pathnet, aUows the user to interactively create and modify track physical characteristics including
grades, curvature, landmarks, civil speed limits, and soforth. The output ofPathnet is a database
to be shared during the simulation by all three modules ofthe simulator, i.e., cab displays, CTC,
and OTW. Inaddition, a UNIX CShell program called Optimal was written toobtain anoff-line
solution to the minimum-energy control problem for a given trip.

Scenarios such as unexpected changes in signal aspect orpreview failure can be configured with
command-line options. Configuration ofother scenarios such as a lead moving train can be set up
by manipulating proper command-line options.
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Figure B-3. CTC/Experimental Control Workstation Display. The
map shows the rail network under the dispatcher's control or supervision. It can
be panned, tilted, and rescaled by mouse clicking on controls at the corners and
sides of the map display area. Local zoom in orout can be achieved by clicking
at any point of the track of interest. Detailed information about a particular
location on the track network can be shown by mouse-clicking on the spot of
interest.
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APPENDIX C

MODEL OF TRAIN DYNAMICS

C.l TRAINSET CHARACTERISTICS

Train parameters used fordynamics simulation in this research are those of an Atiantic TGV.
Pertinent train characteristics (DOT/FRA, 1991) are listed in Table C-l.

Table C-l. Pertinent Trainset Characteristics

Maximum operating speed

Total train weight (loaded)

Maximum acceleration

Maximum operational
deceleration

Emergency deceleration

320 km/h (200 mph)

418 tonnes (461 tons)

1.534 km/h/s « 0.044 g (0.92 mph/s)

1.2 km/h/s = 0.034 g (0.75 mph/s)

4.32 km/h/s » 0.122 g (2.70 mph/s)

C.2 TRACTION CHARACTERISTICS

Traction characteristics of the simulated train is that of an Atiantic TGV trainset under 25 kV - 50

Hz (Petit, 1992), as replicated in Figure C-l.

Traction/Resistance Characteristics

0 50 100 150 200 250 300
Speed (km/h)

Figure C-l. Traction Characteristics of Atlantic TGV
Trainset Under 25 kV - 50 Hz.
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C.3 DYNAMIC EQUATIONS OF MOTION

The dynamics of the train is based on longitudinal point-mass equations of motion. Since high
speed trains are usually short in length (about 70 meters), it is reasonable to assume that a high
speed train can be modeled as a solid mass m as shown in Figure C-2.

Let x(t) denote the line distancetraveled from the originstation, v(/) the speed of the train along the
track, F(t) the tractiveeffort or propulsiveforce appliedonto the train, R(x, v) train resistance.
The train resistanceconsists of three elements: rolling resistance (includingthe resistance to wheels
rolling on the rail, friction in the bearingson the cars, and aero-dynamic drag), grade resistance,
and curvature resistance. The roUing resistance is all friction and is shownin FigureC-l as
resistance to forward movement on a flat track.

The dynamic motion of the traincan be described simply withNewton's secondlaw of dynamics.
The dynamic equations of motion are:

dx
- = K0

dv^F(t)-R(x,v)
dt m

where R(x,v) =Rrolling +Rgnute +Rcarvalu„, RnUing can be obtained from Figure C-l, Rgmile =mgsm(a)
with a being thegrade of thetrack and g thegravitational constant, and Rcurvalure =c• /n v2/r with c
being the coefficientof friction(chosen as 0.4 for the simulation), r the radius of the track.

Figure C-2. Modeling the Motion of a High-Speed Train.
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APPENDIX D

RAIL SIGNALS

This appendix provides preliminary background on the functionality ofrail signals, which is
important for understanding the rationale behind the design ofthe aids. The explanation is based
ona 6-block 7-aspect signaling system that iscurrently implemented inthe high-speed rail system
simulator and was used inthe experiments. It should benoted that real implementations ofrail
signals vary from system to system, though the fundamental functionality ofsignals in a block
signaling system is similar.

Figure D-l illustrates the 6-block 7-aspect block signaling system. The seven aspects (or color
combinations) are GGG, GYG, YGY, YYY, YRY, RYR, and RRR (G—green, Y-yellow, or
R—red), progressing from "no restriction" (train may go as high as the civil speed limit aUows) to
"stop" (must stop before this set oflights). Associated with each signal aspect isa signal level or
signal speed. The signal speeds used in this research are listed inTable D-l.

Table D-l. Signal Aspects and Signal Speeds

Signal
Aspect

Signal Speed

(km/h)

Definition of the Aspect

GGG 300 Proceed

GYG 300 Proceedapproaching next signal at 270 km/h

YGY 270 Proceedapproaching next signal at 220 km/h

YYY 220 Proceedapproaching next signal at 160 km/h

YRY 160 Proceedapproaching next signal at 80 km/h

RYR 80 Proceed preparing to stop

RRR 0 Stop, do not enter.

* C—Green, Y—Yellow. R—Red.

Rail signals maybe readily explained withan analogy to familiar highway signals. A car's motion
on a highway is governedby speed limits and traffic lights. The speed limits (indicatedby signs
posted on the side of the road) are static, while the traffic lightschange dynamically to prevent
collision with crossing traffic. Similarly, a train's motion on a rail track is governed by civil
(nominal) speed limits and rail signals. The civil speed limits are determined by physical
limitations of the track, train design and passenger ride quality, and are static, while rail signals
may change dynamically to prevent collision with a train, an obstruction, or maintenance crews on

the same track.
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The prevention of a collision is achieved by dividing the track intoblocks witheachhaving a signal
either fixed at theentrance of the blockor displayed inside thecab. The useof a blockby trains is
governed by the signal aspect (colorcombination) of theblock. Railsignal aspects, like traffic
lights on a highway, serve to prevent collisions. On a highway, the temporal sequence of Green—
Yellow—Red of a highway traffic light tells a cardriver to prepare to stopwhen seeing a yellow
light ahead because the next level of signal (after a few seconds) will beRed (meaning "stop").
Theprogression of thecolor codefrom Green to Yellow toRed conveys progressively more
restriction to thecardriver. Unlike highway signal aspects, railsignals are in spatial sequence for
a given time (as oppose to temporal sequence for a given location of a highway traffic light). The
sequence of rail signal aspects, GGG—GYG—YGY—YYY—YRY—RYR—RRR, becomes
progressively more restrictive as the train proceeds towards an occupied block (Figure D-l). The
obstruction occupying a block automatically sets thesignals behind it in a sequence (viaa circuit
logic built into the track) that prevents thefoUowing train from entering the occupied block (which
hassignal aspect RRR). Themechanism thatprovides such a functionality is an automatic
interlocking system.

The meaning of a signal aspect to the locomotive engineer is twofold. First, the signal may affect
theeffective speed limit of the block. Effective speed limit is the minimum of thecivil speed limit
of the block and the signal speed associated with the signal aspect of the block. Therefore, the
meaning of a signal is dependent on the particular block the train is in. Forexample, if thesignal is
YYY (associated signal speed is220 km/h) and the nominal speed ofthe block is250 km/h (or any
speed above 220 km/h), the effective speed limit for the block should be220km/h. Thesignal acts
to restrict the civil speed limit which is higher than the signal speed. The locomotive engineer,
upon perceiving such a signal, should startbraking inorder to bring thetrain's speed to thenext
lowersignal level when reaching theend of the block (or at theentrance to the nextblock). If, on
theother hand, thecivil speed limit is 200km/h and the signal is YYY, theeffective speed limit is
then 200 km/h. In thiscase, the signal speed is higher than thecivil speed limitand therefore has
no restrictiveeffect on the speed limit of the current block.

Second, from a signal aspect, the locomotive engineer can infertheapproximate distance to the
upcoming occupied block. That is, when a non-GGG aspect is seen,an RRRaspect mustbe some
blocks ahead. Thenumber of blocks depends on the non-GGG aspect seen. Forexample, when
thesignal aspect YYY is seen at theentrance toa block, it canbe deduced that an RRR signal
aspect is 3 blocks ahead. Therefore, even when a signal has norestrictive effect on speed limit for
a particular block, it still tells a locomotive engineer howfaran occupied blockis ahead of himor
her. (Much like the traffic lighton a highway, when a Yellow lightis seen,one wouldexpect the
next level of light must be Red after a few seconds.)
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Figure D-l. The 6-Block 7-Aspect Block Signal System. Top: Signal aspects
displayed to protect this piece of road (of identical 2-kmblocks). Bottom: Illustration of
corresponding signal speeds following an occupied block. Assume that train A has stopped
in block 1 (the numberabovethe signal lightscorresponds to the numberof the block to the
right), and a following train B is approaching signal 7. Signal 7 is GGG ("proceed");
therefore, train B will continueat its normal speed(assuming the civil speed limits for the
shown blocks are 300 km/h) until it approaches signal 6, which will be GYG. Then the
locomotive engineer of train B will start braking in order to bring down the speed to 270
km/h at the end of block 6 or the entrance to block 5. Assume that the signals are spaced just
braking distance apart, then train B should continue braking after crossing signal 5 in order to
bring down the speed to the next signal level (YYY, 220 km/h) at the end of block 5 or the
entrance to block 4. This process of braking continues until the train stops inside block 2—
before running into the red light at the end of block 2.
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APPENDIX E

OBTAINING THE MINIMUM-ENERGY SPEED TRAJECTORY

E.1 THE OPTIMAL-TRAJECTORY PROBLEM

The problem can be stated as follows: atrain of mass mis scheduled to depart from an origin
station andto arrive at itsdestination station in Tseconds. Thespeed limits, grades andcurvatures
along the track are known apriori. Pertinent train characteristics, e.g., tractive effort and rolUng
resistance (i.e., total resistance excluding those induced by curvatures and grades) as functions of
speed, are assumed to be known. The problem is to find the speed profile that minimizes the
energy consumption ofthe trip satisfying the limitations oftrain braking and propulsive
capabilities, schedule, speed limits along the track, and passenger ride quahty.

Assuming a non-regenerative braking systemt, the total energy consumption is, for convenience,
simply defined as the total work done to move the train from the origin to the destination. This
optimal-trajectory problem then has four constraints: three inequaUty constraints—train braking and
propulsive capabUities, speed limits, and passenger ride quahty (constraints on rate ofchange of
acceleration); and one equaUty constraint—the schedule (must beontime). One seemingly
apparent way to deal with the equality constraint isto consider the total time Tas a resource to be
allocated among segments ofthe trip. This technique ofthe allocation process, however, is
inappropriate because the cost from an allocation oftime to one segment ofthe trip depends on the
allocation of time to other segments—violation of oneof thebasic assumptions associated with an
allocationprocess (Bellmanand Dreyfus, 1962).

Therefore, thefollowing maneuver was made inorder to solve theabove optimal-trajectory
problem. Theequality schedule constraint is introduced into the costfunction, i.e., the cost
function notonlycontains thecostof energy consumption, butalso a costof schedule deviation (or
a weighted schedule deviation). Theweight of theschedule deviation is partof theunknown to be
solved such that the minimum total-cost solution is, in effect, the minimum energy-cost solution.
In other words, theweight should be such thattheoptimal speed trajectory leads to a minimum-
energy trip in exactly the scheduled time.

To mathematically formulate the problem, let us start with dividing the track into //equal-length
segments, as shown in Figure E-l. The length of the segments, denoted by Ax, should be so
small that each track segment can be characterizedwith constant grade and curvature. For a high-

t Calculation ofenergy consumption depends on the assumption on energy supply and train braking systems.
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speed passenger train, the length of the train is short enough (about 70 meters) for the train to be
modeled as a solid mass m since the internal forces between the cars can be neglected. Hence, the

train's motion in one segment can be modeled with a constant acceleration.

Jf 1 2 " /-1 / /+1 " A/-1 A/g_
to= 0 I. , I tN= T

1 HH-* 1 *z—H r:

Vo=0 'segment/' vn=0

Figure E-l. The N Segments of the Track From the Origin to the Destination.

For each segment i, (i = 0,..., N-l), let v,be the train's speed at location*,-, let At(, Af, = tM - /,,

be the time neededto traversesegment i, and let F,be the force appUed to the train in segment i
(assuming the control force is constant within a segment). Further, let we and w,be the weights on
costs of the energyconsumption and on scheduledeviation, respectively. Then the speed profile
that minimizes energyconsumption shouldalso minimize the following cost function

Total Cost = X^'l^l^ +w'\ 2Ar< ~T

where the two weights should be such that the total time over the trip along the optimal speed
trajectory satisfies the foUowing equality:

N-l

I
i=0

Ia/, =t\
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The minimization is taken over the following sets of constraints:

/i\ _ pmax braking < P < pmaxpropulsion/ wig\

V- + V'
where vfg, vfg = -*—'-**•, is the average speed in segment i;

(2) v, £ Vi, where V* is the speed limit at location *,-.

(3) — '-<,jerk tolerance,
A/..

V- — V-
where a,, a{ = -^—'-, is the acceleration m segment /.

E.2 SOLUTION BY DYNAMIC PROGRAMMING TECHNIQUE

The above optimal-trajectory problem was solved using a dynamic programming technique
iteratively. The iteration was to search for the desired ratio of the two weights, we and w,. Since it
is the cost of schedule deviation relativeto that of the energyconsumption that affects the time
needed to travel a given distance while minimizing energy consumption, the weight on energy
consumption was chosen as a constant, we= 1/1000, for convenience. The iteration was then to

AM

1
i=0

find the w, such that £ Af, =Tholds exactly for the minimum-cost trip.

Thesearch for theproper wt was conducted through a simple bisection method. In particular, the
iteration started with two 'guessed' w,'s. The optimization problemwas then solved for each of
the"guessed" values of w,. These two values were chosen such thatone led to anearly arrival and
theother a late arrival, if noton time. Then, w, was adjusted according to thesimple bisection
method, i.e., thenew weight was themean value of the initial two"guessed" values, and the
corresponding optimal solution was obtained bydynamic programming (described below). If the
time constraint was not satisfied to a tolerable level with this new weight, w, was then adjusted and
a new round ofoptimization by dynamic programming was executed. The process continues until
a proper w, was found, and, in thesame time, the minimum-energy speed profile was obtained.

For agiven w„ the following optimization was performed. Let the cost over segment i be c„

c,. s w,|F,|Ax +wtAr,

E-3



andlet /,(v() denote theminimum total cost to move the train from *,to thedestination of the trip,

xN. Then, theprincipal ofoptimality states that (Bellmanand Dreyfus, 1962)

7i(vi) = imn[c1.+J(+I(v(.+1)].

This recursiveequation was solved with a backward dynamicprogramming. Let us first introduce
the notation and terms necessary for describing the dynamic programmingprocedure.

1. State at stage k, denotedby vk, 0 < vk < V*, referred to the speedat location xk. The
continuous range of state v* was discretized into Ik+l discrete values, 0, Av, 2Av, .... /tAv,

Vk
where Avwas a parameter chosen for the dynamic programming procedure and L = —.

Av

Therefore, the states at stage kcould be writtenas vk = i • Av, i = 0, ..., Ik.

2. Another concept was thepossible state. Since there were constraints on control force, it might
not be possible to get to vN at stage N from every state vN.\ at stage AM. In this case, /am(vam)
was only defined for those v#.i from which it was possible to get to v^—the final known state

of the trip. Similarly, Jn.2(vn-2) was only defined for those vN.2 from which it was possible to
get to at least one possiblestate at stageAM, and so on. Therefore,a possible state at stage k
was a value of vk from which it was possible to get to at least one possible state at stage k+l.
The known state of the last stage, vN, was a possible state.

3. From each state, at a given stage k, the cost to get to stage k+l was a function of the two
states.

The backwarddynamic programming (Figures E-2 and E-3) started with stage k= N-l since the
possible state vN at stageN wasgiven or fixed. Allpathsfrom each possible stateat stageN-1 to
the final state vN were least-cost since there was only one possible state at stage N. The
corresponding costof the least-cost pathandthe acceleration from thepossible stateat stageN-l to
state vn were then stored for use in the next stage (Table E-l).

At stage k, theleast-cost path from each state vk to the final state vN was obtained bycomparing
among the costs of aU paths from vk to vN via each possible states at stage k+l. The calculation of
this total costwassimply to addthecostfrom vk to the possible statev*+i at stage k+l and the
minimum cost from vk+i to the final state vN which had beencalculated in the previous stage and
recorded (inthe form ofTable E-l). In themean time, a new table that contained theminimum
cost andthe acceleration for the current stagekwasconstructed while searching for the least-cost
path from each state vk, vk = i • Av, i = 0, .... Ik to the final state vN.
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Table E-l. Values Stored for Stage K

Vk akin) Jk(vk)
0 ~ —

Av — ~

2Av — ~

I*Av

Having completed the least costs and best paths for stage N-2, the table for stage N-l could be
discarded since indetermining costs atstage N-3, only the costs from the previous stage, N-2, to
thefinal state were needed. Butthebest-path information must be retained.

The least-cost paths from all possible states at stage N-3 to state vN could be similarly found, and
so on with the remaining stages. When the least-cost path for the last stage k=0was obtained, the
optimal solution could be retrieved from the best-path information stored during the backward
programming process.
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known: f0, v0, tN, vN

chosen: Ax, Av

aN(vN)= 0, JN(vN)= 0

(X =ck+ Jk+l(vj)

A(v,) = a

ak(Vi) = a

pathk(Vj) = Vj

Figure E-2. Flow Chart of Dynamic Programming For Solving for the Optimal
Speed Profile (Cont. next page). The heavy-framed block is decomposed in Figure E-3. The"oo"
represents a large positive number.
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No

Block transfer:

ak-

'*+!

>ak+l

© I
* = *-!

vo = vo (known)

A: = 1

I
vk=pathk_x{vti)

I
* = *+ 1

Retrieve the optimal speed profile

Figure E-2 (Cont'd). Flow Chart of Dynamic
Programming For Solving the Optimal Speed Profile.
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vavg _ vi +vj I
2 I

I
Ar =

Ax

I
v,-v.

a = -

Af

Calculate totalresistance R,r

I
cnetded _ n . _,„

J At

Not possible J

Not possible J

possible J

Figure E-3. Flow Chart of Testing if it is Possible to
Reach vj at stage k+l From vi at Stage k.
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APPENDIX F

GUIDE TO OPTIMAL THROTTLE MANIPULATION

En route

Action Location

(KP*)/when
Speed

(km/h)
Landmark

Accelerate (100% gradual
reduction to 94% propulsion)

0 0 NYC station

Cruise (34-38% propulsion) 9 240 Christmas trees

Accelerate (-90% propulsion) 14 240 Twin blue towers

Coast (throttle neutral) 17 -259 Red overhead bridge

Coast/Small braking (~2 %) 19 Red ancient gate

Large braking (90-100%) 23.2 222 Twin blue tilted towers

Cruise (-4% propulsion) 28 70 Red China gate

(~800m to
station)

Head-up display shows up

Approach Station With Tlie Basic Display

Approach station (~600m to
station)

70 Out-the-window view—4th

set of tunnel lights crosses
head-up display

Check and adjust -60 3rd set of lights...

Check and adjust -50 2nd set of lights...

Check and adjust -40 Station wall...

Check and adjust -18 Top of station signal sign..

Reduce braking to -25% to
avoid jerky stop

Just before

train stops
2-1

KP—kilometer post

F-l





APPENDIXG

IN-CLASSEXCERCISES

Theinstructordidthethreeexamplesonthenextpagetogetherwiththesubjectduringthefirstsession
oftraining,InstructionsandDemonstrations.

Thefiguresonthenextpageshowthreepossiblespeedlimit-signalsituationsthatthesubjectmight
encounterattheentrancetocertainblocksalongatrack.Thetrack,whichhasidentical2-kmblocks,is
sketchedforconvenience.Thespeedometerinthesefiguresindicatesthespeedlimitofthecurrent
block(thinlineacrossthewidthofthespeedometer),speedlimitofthenextblock(thicklineaboutone

0thirdofthewidthofthespeedometer),andcurrentspeedofthetrain(thethinlinerightadjustedtothe
•Lspeedometer).

Thetaskistofillintheeffectivespeedlimitsaskedforundereachfigureand,inaddition,explainwhat
actiontheATP(automatictrainprotection)systemwouldtake(doesnothing,beepsandflashesyellow,
activatestheemergencystopandturnsred,etc.).



Example1

WWW]

JustenteredBlock1

Example2

km/h-
-300:

250:

eee

JustenteredBlock1

Example3

\TWfWf

JustenteredBlock6

Cu

Ne

AT

rrentblock(km/h)Currentblock(km/h)Currentblock(km/h)

xtblock(km/h)Nextblock

4kmahead

(km/h)

(km/h)

Nextblock(km/h)

rp4kmahead(km/h)

6kmahead(km/h)6kmaheadflcm/h)

Speed(km/h)

10kmahead(km/h)ATP

oATP
1

to

speedlimitprofile

•300
300

2511
27)

250
2C0

2211

200
If016)

150
...80.

100

50

1°P'
23

I45*H61'l|«H'||,011121314
II

\r4 Origin
blocknumberDestination



APPENDIXH

TestforEntrancetoHands-onTrainingonHigh-SpeedTrainSimulator

Thistestisdesignedtoevaluateyourin-classunderstandingofthebasicrules,train
dynamicsandotherconceptsassociatedwithusingthehigh-speedtrainsimulatoratthe
VolpeNationalTransportationSystemsCenter.Allquestionsarewithinthescopeof
today'slecture.

Thetestistobecompletedin30minutes.



1.Figure1showsastretchofstraightandflattrack30kilometerslong.Allblocksareofequallengthandblocknumbersaremarked
alongthetrack.Pleaseanswerthefollowingquestions:

(a)Whatistheblocklength(inkilometers)?

(b)Whyisthesetofsignalspeeds300,270,220,160,80,and0(km/h)chosenforaninterlockingsystemof2-kmblocklength?

(c)InFigure1,pleasesketchthecivilspeedlimitprofileforthistrackgiventhefollowingspecifications:

Block#012-67-1011121314

Speedlimit(km/h)15020025030027022016080

(d)Assumingblock13isoccupiedbyatrainoranobject,pleasesketchtheneweffectivespeedlimitsonthetrackandmarkthe
signalaspectsabovetheeffectivespeedlimitsforallblocksonthetrackinabbreviatedforms(correspondingtothecolorcoding
ofthesignalaspects,e.g.YRYforyellow-red-yellowaspect)

a

^Specd(kmm)

300

250

200
—

——

150

100

50

4
r

1°
1231"li^6Pl«I»||10_JI»||12|I13_JLiiII

h-icrin
bloc:knunnber

Destination

Figure1



2.Figures2.a-2.dshowfourpossiblespeedprofilesonthesametrack.Whichoneisthemostdesirableortheclosestto
theoptimalspeedprofilebasedonwhatyousawduringthedemonstration?

Speed(km/h)

Origin

XSpeed(km/h)
"A

Origin

speedlimitprofile

300

blocknumber

Figure2.a

speedlimitprofile

300

blocknumber

Figure2.b

Destination

Destination



Speed(km/h]1

i

300

250

200

150

i
speedlimitprofile

jT300

25)I2701
2(10speecprofie]223

1:SO

1
160

100

50

C

*=*=
8f

\

H1II2_l^_i4it\i«
7

II8.!»1110111112131411
1n riginblocknumbern.•..*

Destmatic

Figure2.c

Speed(km/h)

300

250

200

150

100

50

i
speedlimitprofile

S300
25)«=27|0

2(K)-^eprofie.220

V.so160

"S.sr

"T
II'IPJLLI4wII6

7
II8

910
II"1121314

\1 L—^

Originblocknumberr*....^m
Destination

Fijjure2.d



3.Fillintheblanks.

(a)Theratiobetweentheemergencystoppingdistanceandthefull-servicestoppingdistanceisapproximately

(b)Atblockboundaries,alwaysmonitorthe.

(c)Incaseofanunexpectedsituation(obstruction),yourfirstreactionshouldbe,andthendecideif
isneeded.

(d)Whenanobstructionisshorterthanyouremergencystoppingdistance,useemergencystopasaspossible.

(c)Whenyouthinkyouwillhavetouseemergencystoptoavoidanobstacleorbittingthefronttrain,useitasas
possible.However,nevertradeusingemergencystopforacollisionwiththeobstruction.

(e)Youshouldoperatethetrainatapproximatelyunderthespeedlimit.

4.Youwilllosebonuspointsunderthefollowingsituations(chooseallthatapply):

(a)Iftheautomatictrainprotectionsystemwarnsaboutoverspeedingbyblinkingyellowwithbeeps,evenifemergencystopisnot
activated.

(b)Iflargejerksarecreatedbyabruptthrottlemanipulation.

(c)Ifyouaremorethan60secondslatetoarriveatthestation(infact,youwillstartearningnegativebonus).

(d)Ifemergencystopisactivatedoutofcarelessspeedcontrol.

(e)IfyouhitanobjectorentertheRRR-signaledblockduetoyourpoordecision(infact,youwillreceivenegativebonuspoints).

sI
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Figures5.a-5.cshowthreepossiblespeedlimits-signalsituationsthatyoumightencounterattheentrancetocertain
blocksalongatrack.Thetrack,whichhasidentical2-kmblocks,issketchedinFigure5.d.Thespeedometerin
thesefiguresindicatesthespeedlimitofthecurrentblock(thinUneacrossthewidthofthespeedometer),speedUmit
ofthenextblock(thickUneaboutonethirdofthewidthofthespeedometer),andcurrentspeedofthetrain(thethin
linerightadjustedtothespeedometer).

Pleasefillintheeffectivespeedlimitsaskedundereachfigure.Inaddition,explainwhataction
theATP(AutomaticTrainProtection)systemwouldtakeiftheitfunctionsproperly(doesnothing,
beepsandflashesyeUow,activatestheemergencystopandturnsred,etc.).

Figure5•aFigure5.bFigure5.c
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250-

iQiaa^^^km/hi

250\
200:
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textblockflcm/hlNexthlr*

1kmaheadfkm/hlATP
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Speed(km/h)

300

250

200

150

100

l:>0

50r

JrOrigin

25)

2(0

speedlimitprofile

300 /

J^J
blocknumber

Figure5.d

*f6.Pleaseanswerthefollowingquestions.Aroughestimateisenough.

(a)Whatisthestoppingdistanceswhenthespeedofthetrainis

280km/h?Fullservicebraking:

Emergencystop:

240km/h?Fullservicebraking:

Emergencystop:

80km/h?Fullservicebraking:

Emergencystop:

_(km)whichisabout.

_(km)whichisabout.

_(km)whichisabout.

_(km)whichisabout.

_(km)whichisabout.

_(km)whichisabout.

270

110

22)

12

blocks

.blocks

.blocks

.blocks

.blocks

.blocks

ieo

££

1314

i Destination



6.(b)AssumethattheATP(automatictrainprotection)systemhasfailedandyouencounterthefollowingsituations.Whatshould
beyourresponses?Chooseoneanswer.

i

00

QQHI

(a)Full-servicebrakingonly.
(b)Full-servicebraking,

then,emergencystop
whenspeedislower.

(c)Emergencystopimmediately.

km/h-
QDi

200-

150-

(a)Full-servicebrakingonly.
(b)Full-servicebraking,

then,emergencystop
whenspeedislower.

(c)Emergencystopimmediately.

(a)Full-servicebrakingonly.
(b)Full-servicebraking,

then,emergencystop
when-speedislower.

(c)Emergencystopimmediately.

ZYYY

(a)Full-servicebrakingonly.
0>)Full-servicebraking,

then,emergencystop
whenspeedislower,

(c)Emergencystopimmediately.
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APPENDIX I

TABLE OF STOPPING DISTANCES

Speed (km/h)
Stopping distance

—full-service
(km)

Stopping distance
—emergency (km)

300 8.390 2.704

240 5.684 1.765

80 0.706 0.201

70 0.534 0.153

60 0.400 0.114

30 0.101 0.028

20 0.045 0.012

10 0.011 0.001

1-1
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APPENDIX K

INCENTIVE SYSTEM

Bonus Comparison Table

(For Routine Speed Control)

Performance

Bonus

5 4 3 2 1 0

Station Overshoot

Station Undershoot
[meters]

0-2

0-2

2-3

2-4

3-4

4-6

4-5

6-8

5-6

8-10

>6

> 10

Arrival Late

Arrival Early
fsecondsl

0-8

0- 10

8- 12

10- 14

12- 16

14- 18

16-20

18-22

20-24

22-26
24 - 60*

> 26

Distance Oversped
[meters]

0 0-70 50- 144 144-210 210- 280 >280

Large Jerks
[times]

0 1 2 3 4 >5

Energy
\% optimal energy!

0-20 20-30 30-40 40 - 50 50 - 60 >60

*Anegative bonus point is given for delay ofevery additional 10 seconds after an initial delay of 60 seconds.

K-l



Additional Bonus

(For Runs of SpeedControl with Secondary Task)

At best: Tenpercent of thebonus earned onroutine speed control.

At worst: Lossof all bonus points earned on routine speedcontrol.

In general, points are awarded according to the schedule shown in Figure K-1.

I[% of bonus on speed control

Figure K-1. Additional Bonus On the Secondary
Task. The additional bonus was awarded as apercentage
of the bonus earned on the routine speed control.
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Bonus System

(ForRuns withEmergency Scenarios)

If reaction is fast and aproper control decision is made during the emergency situation, 25 bonus
points are awarded. Otherwise, the following rules apply (refer to table K-1):

• When emergency braking was activated to avoid ared-Ught overrun, between 10 and 20 points
were awarded depending on the activation-speed. The lower the activation-speed, the more
points were awarded. The activation-speed can be reflected with the distance between the
train's stop point and the red lights. The shorter the distance the train is stopped before the red
lights, the lower the activation-speed has been.

• Ifared-light overrun is committed, negative points are given depending on the speed at the
moment of the red-light overrun. The higher the speed, the more the negative points.

Table K-1. Incentive System For Runs With Signal Event.

Outcome

SafeStop With Full-Service

Braking

Safe Stop With Emergency

Braking

Red-Light Overrun

Bonus Points

25

10+10(1-
distance to red lights at stop

1Q speed at red-light overrun (km/h)
50

K-3

)
maximum possible distance to red lights at stop





APPENDIXL

TESTFORENTRANCETOEXPERIMENTSONHIGH
SPEEDTRAINSIMULATOR

Thistestisdesignedtoevaluateyourfamiliaritywiththelandmarksaroundtheroute,
yourunderstandingofthein-cabdisplays,andyourgraspofthetraindynamicsand
drivingtechniques.Thistestistakenfollowingthehands-ontrainingaspartofthe
trainingprogram.Youmustpassthisexamtoproceedtotheexperimentaltests.All
questionsarewithinthescopeoftoday'strainingsession.

Thetestistobecompletedin5minutes.



1.(a)Sketch,onFigure1,thecivillimitspeedprofileofthetrackyouhavebeendrivingon.

(b)WhatarethelandmarksforBlock7andBlock14?

(c)HowfarisittoBostonwhentheyellowrectangularmarkerisshownonyourwindshield?

(d)Whatandwherearethelandmarksascuesforthefollowingthrottlemanipulationsinordertoproduceanoptimaltrajectory:
(1)startcruisingataround240km/h

(2)startacceleratingwithabout90%oftractiveeffortaftertheabovecruisingat240km/h
(3)startcoasting(throttleatneutral)

(4)applysmallbraking(about2%offull-servicebraking)
(5)applylargebraking(about90%offull-servicebraking)
(6)startcruisingat70km/h

(7)approachstationwith90%-100%fullservicebraking
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3.Fillintheblanks.

(a)The.

pressingthe.
.(anonboardsafetysystem)requestsacknowledgmentatarandomcycle.Youshouldresetitby
-key.

(b)Whenemergencybrakinghasbeenactivatedbytheautomatictrainprotection(ATP)system(hopeitneverhappens),youshould
pressthekeytoresettheATPsystembeforerestartingthetrain.

(c)Listallthesignalcolorcodesandtheircorrespondingsignalspeeds.

_km/h

_km/h

_km/h

_km/h

_km/h

_km/h

_km/h

long.

(e)Thescheduleddeparturetimefromtheoriginis::,andthearrivaltimeforthedestinationis:

(d)Eachblockinthetesttrackis.

(f)Wherearethelandmarksgenerallylocatedalongthetrack?Nametheonesthatyouthinkareimportant?

(g)HowcouldyouusetheselandmarkswhenusingtheBasicdisplay?

(h)WhenusingthePreview-PredictororthePreview-Predictor-Advisordisplays,the
closer,whichareespeciallyusefulwhenapproachingthestation.

and.keyscanbeusedtosee

(I)Whenusingthe..display,youshouldtrytofollowtheascloseaspossible.



APPENDIX M

WORKLOAD ASSESSMENT—IMMEDIATE AND ABSOLUTE

The following questions are to be completed immediately after each test run.

1) How would you rate the time pressures of this testrun? In other words, how didthe time
available relate to the work that needed to be done? Please circle the value that best describes

your ratingof the time pressures in the following scale.

12 3 4 5 6 7

t , .t
plenty ofsparetime, almost no spare time,
nooverlap ofactivities. veryfrequent overlap

ofactivities.

2) How would you rate the mental effort required to perform this test run? In other words,
what was the level of thinking required? Please circle the value that best describes your rating
of the mental effort in the following scale.

12 3 4 5 6 7

t t
very little concentration required, high concentration required,
activities are almost automatic. highlycomplexactivities.

3) How would you rate the stress caused by this test run? Please circle the value that best
describes your rating of the stress in the following scale.

12 3 4 5 6 7

t t
lowstress, very little confusion high stress, high determination
orfrustration. andself-control required.

M-l





APPENDIX N

WORKLOAD ASSESSMENT—RETROSPECTIVE AND RELATIVE

The following questions are to be completed after all test runs.

1) Ifthe overall workload for test runs with the bask display is assigned 100, please rate the
overall workload for test runs with the predictor display and the overall workload for test
runs with advisor display. Note that a rating value larger than 100 means ahigher workload
than that for all test runs with the basic display. Correspondingly, a rating value smaller than
100meansa lowerworkload than that for all test runswiththe basic display.

If the workload for the basic display isassigned 100,1 would rate the workload for the
predictor display , and rate the advisor display .

2) Which display do you prefer the most, the basic, the predictor, or the advisor?

Why?

3) Which display do you most dislike, the basic, the predictor, or the advisor?

Why?
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APPENDIX O

IMPLEMENTATION OF LOCOMOTIVE ENGINEER MODEL

O.l STRUCTURE OF THE MODEL

The structure of the rule-based locomotive engineer model is described with hierarchical functional
block diagrams in this appendix. The functional components that have lower level decomposition
are highlighted with heavy frames in each block diagram. Each decomposition diagram has the
same titie as the name of the corresponding function at the level above. Figure O-l shows the top
level block diagram of the locomotive engineer model. The block diagram of perception, together
with other block diagrams describing rules implemented in the model, are shown in Figures 0-3

through 0-12.

Knowledge Base

Train traction/

braking
characteristics

\r Train-

handling
technique

Route

characteristics
Schedule :

Optimal control (procedure, algorithm)
force

Perception
displayed
information

Locomotive Engineer Model (Top Level)
*************———****—————******aa******mmMMmmmK*m*BmmmrmmmHHBimmmKM*mmmMa.

Train

I
Cab display:

basic, predictor,
or advisor

Signal
event

Figure 0-1. Locomotive Engineer Model (top level).
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0.2 HIERARCHICAL BLOCK DIAGRAMS

Read

individual indicators

Update list Of {Xreduction, Vreduction)
in the preview range

Update effective speed
limits: V„ow, and Vnxt

Figure 0-2. Decomposition of Perception. Vreduction—
thespeed limit in thepreview range that is below thecurrent speed
of the train. Xreduction—tire distancefrom the current location of
the train to the Vreduction-

0-2



Adjust control force to
optimal level

Yes

Yes

Compensate for
Schedule Deviation

Decision Making With
the predictor or advisor

Display

Adjust control force to
28% full-service braking

to avoid jerk at stop

No

Decision Making
With the basic

Display

Figure 0-3. Max-Max Control Decision Making, v—current speed of the
train, a—current acceleration of thetrain. Preservation of ride quahty is shown in this
diagram. Justthemoment before the train stops, thebraking force should be reduced to
a level below 30% of thefull-service braking topreserve good ride quality. A 28% full-
service braking was implemented in the model, as shown in this figure and Figure 0-8.
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Control Under Signal
Speed Restriction

(Basic Display)

Cruise at Vm* - Vm
or Approach Station

Increase Speed
to Vnxt- Vm

Control Under Civil Speed
limit Restriction

(Basic Display)

Figure 0-4. Control Decision Making With the Basic
Display. Vm—the margin speed by whichamount the train
cruises underthe speed limit. Vnow—speed limitof the current
block. Vnxt—speed limit of the next block.

Adjust control force to
full-service braking

Yes

Yes

Adjust control force to
maximum available propulsion

Adjust control force to
cruise at Vnxt • Vm

Figure 0-5. Control Under Signal Speed Restriction
(with the basic display). Vm—the margin speed by which
amount the train cruises under the speed limit. Vnxt—speed Umit

of the next block.
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Adjust control force to
full-service braking

Adjust control force to
cruise at Vnow- Vm

Adjust control force to
cruise at Vnxt - Vm

Figure 0-6. Control Under Civil Speed Restriction (with the
basic display). Vm—the margin speed by which amount the train
cruises under the speed Umit. Vn0w—speed Umit of the current block.
Vnxt—speed limit of the next block. KP—kilometer post.

Adjust control force to
50% full-service braking

Yes

Adjust control force to
maximum available propulsion

1
Adjust control force to

Cruise at Vtarget

Figure 0-7. Increase Speed to a Given Level V,argel.
Vm—the margin speed by which amount the train cruises under
the speed limit.
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Estimate stopping

distance D3wP

Approach_station started?^

No

Dstatlon > Datop ?

Yes

Yes

No

TYes

No

Adjust control force to
cruise at Vcmise

i r

Adjust control force
to maximum

available propulsion

1
Start approaching

station

Adjust control force to
full-service braking

Yes

1
Adjust control force
to 28% full-service

braking

Adjust control force
to 88% full-service

braking

Figure 0-8. Cruise at a Given Speed Vcruise or Approach Station.
Dstatiorr^b& distance tothe destination station. Dstop—current stopping distance, v—
current speed ofthe train, a—current acceleration ofthe train. Preservation ofride quality
is shown in this diagram. Just the moment before the train stops, the braking force should
be reduced to a levelbelow 30%of the full-service braking to preserve goodridequahty.
A28% full-service braking was implemented inthe model, asshown inthis figure and
Figure 0-3.
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Find the Vreduction that needs
immediate attention:

Vreduction = the minimum Of all Vreductlon'S
that satisfy the relationship:

full-service braking distance plus
a tolerance is no less than Xnauction's

Yes

Cruise at V„ow-Vmor
Approach Station

Yes

Adjust control force to
full-service braking to

stop the train

1
Increase Speed

tO Vnxt- Vm

Decrease Speed

t° Vreduction - Vm

Increase Speed
to Vnow-Va

Increase Speed
tO V„xt- Vm

Figure 0-9. Decision Making With the Predictor Display. Vnow—speed
limit of the current block. V^/—speed limit of the next block. Vreduction—-the speed
limitin thepreview range thatis below thecurrent speed of the train. Xreduction—the
distance from the current location of the train to the Vreduction- KP—kilometer post.
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Adjust control force to
50% of maximum

available propulsion

Yes

Adjust control force to
full-service braking

Adjust control force to
Cruise at Vtarget

Figure O-10. Decrease Speed to a Given Level Vmrgel.

Estimate desired time

(or the scheduled time)

Vm = 15 km/h

Figure 0-11. Compensation for Schedule Deviation. Vm—speed,
numberof km/h that the traincruisesbelowthe speed Umit. The rule for schedule
adjustment shown here needs some explanation. If the train is on schedule (i.e.,
behind by less than 8 sec or ahead by less than 10 sec), the speed at which the train
should cruise (when necessary) shall be 10 km/h under the speed Umit; if late, this
speed should be 5 km/h under the speed Umit; if early, 15 km/h. These
adjustments only affect the speed when the train is cruising; if no segment of the
trip requires cruising, this method of schedule adjustment has no effect on
schedule adherence. Therefore, the schedulecompensationimplemented in the
model is limited in its capability by speed Umit constraints.
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