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PREFACE

Thiswork was performed as part of an ongoing research program at the U. S. Department of
Transportation's (USDOT's) John A. Volpe Nationa Transportation Systems Center in
collaboration with the Human-Machine Systems Laboratory at the Massachusetts Institute of
Technology. It issupported by the USDOT's Federal Railroad Administration (FRA) Office of
Research and Development as part of its comprehensive effort to develop the technical
information necessary for regulating the safety of high-speed guided ground transportation.

As vehicle speed increases, the "speed” of human information processing remains constant. High
speed, on the one hand, increases demand on the locomoative engineer's information processing
per unit time and, on the other hand, decreases allowable response time. These effects of high
speed necessitate a locomotive engineer-cab system that is well "human factored.” To this end,
the cab and signaling system design has to consider the role of the human. Two approaches to
design can be identified to compensate for the discrepancy 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 cab while keeping 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.)
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ABBREVIATIONSAND TERMINOLOGY't

Alert system

ATP

Automatic interlocking

Block

Block signal

Box plot

An onboard safety system, also caled a"deadman system,” that
generates awarning at random periods to call for the locomotive
engineer's attention. Once the warning is active, a mechanism should be
touched or pressed by the locomotive engineer to acknowledge and
silenceit. The purpose of such an aert system isto monitor whether the
locomotive engineer is alive and mobile during the operation of the train.
In this research, a keyboard key is pressed to acknowledge the aert
system.

Automatic Train Protection. In general rail terminology, it is the portion
of an automatic 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 its function that prevents movement at speeds in excess
of alowed limits.

An interlocking controlled by circuit logic so that changes or movements
of signals, signal appliances, and track switches follow each other in
proper sequence without need for manual control, thus permitting train
movements along routes only if safe conditions exist.

A length of track of defined limits, the use of which by trains and
enginesis governed by block signas, cab signals, or both.

A fixed signal at the entrance of a block to govern movement of trains
entering and using that block. Thissignal conveys automatic block
aspects (color combinations of signal lights) to train operators, thereby
indicating alowed speeds.

A plot showing the distribution of the data. It consists of a rectangular
box with vertical "whiskers" attached to the top and the bottom of the
box. The top of the box corresponds to the 75" percentile, and the
bottom of 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
distanceft

Emergency stop

External environment

data. The bar inside the box is at the 50" percentile, or the median of
the data.

The section of the power car of atrainset where the locomotive engineer
works.

A signal located in the engine control compartment or cab indicating a
condition affecting the movement of atrain or engine and used in
connection both with interlocking signals and with, or in lieu of, block
signals.

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

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

A method of braking, in which the motor is used as a generator and the
kinetic energy of the apparatus is employed as the actuating means of
exerting aretarding force.

A condition which could cause bodily harm or severe physical injury to
persons, or serious damage 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 arailroad in which atrain operating
at its current speed will travel during an application of the emergency
brakes. It is measured from the point where emergency braking is
initiated to the point where the train comes to a stop.

The stopping of atrain by 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).

T 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

KPtt

Maglev

Over speed

The inability of a system or component to perform its required functions
within specified performance requirements.

The maximum amount of non-emergency braking that can be applied to
the train.

The distance on any portion of arailroad in which atrain operating
at its current speed will travel during afull-service application of the
brakes. It isthe distance from the point where full-service braking is
initiated to the point where the train comes to a stop.

A combination of two or more highways, railroad tracks, pedestrian
walkways, or other fixed 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 198 km/h (125 mph).

A rail transportation system which operates at speeds in excess of 198
km/h (125 mph).

An arrangement of signals and signal appliances so interconnected that
their movements must succeed each other in proper sequence and for
which interlocking rules are in effect. 1t may be operated manually or
automatically.

Kilometer post. The counter of distance from the origin station in
kilometers.

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

In excess of maximum alowable safe command speed.

T Item defined by the author.
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Regenerative braking

Service braking
Shinkansen’t

Smulator

Speed Control

Speed profileft

Spitch

TGV

Wayside signal

A form of dynamic 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.
Japanese high-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 speed to a given
Speed level.

A plot of speed against distance traveled.

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

Train & Grande Vitesse (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 of computer-based decision aids to compensate
for limitsin signal detection and information processing capacity experienced by locomotive
engineers of high-speed trains. Three concepts of aiding, referred to as preview aiding, predictive
aiding, and advisory aiding, were proposed based on a system analysis of tasks of train operation.

The intent of preview aiding isto compensate for human visual limitations by providing, inside the
locomotive cab, necessary information (speed limits, signals, etc.) for a distance spanning farther
than the train's longest stopping distance. The preview aiding should be designed to provide not
only advance notice of signals but also visual saliency in order to achieve proper attention to
relevant information and fast reaction times to unexpected events.

The principle of predictive aiding is to use a computer model to generate more accurate
predictions on the consequences of control actions than the human operators could by themselves.
Thiswould help them to build a better mental model and improve their manual operation.
Therefore, predictive aiding should explicitly display to the locomotive engineer, 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 profile for the next
period of time if the current force application is maintained; the other type of predictive
information answers the question of what would be the speed profile if either the full-service
braking or the emergency braking were quickly applied now.

The advisory aiding presents a computer-generated optimal speed profile—optimal in terms of
total cost (energy consumption plus aweighted schedule deviation) under the constraints 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 the optimal control decisions.

Natural questions regarding the three proposed concepts of aiding are how to provide the
proposed aiding and whether displaying al 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. A conventional high-speed train cab environment
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was also implemented as a baseline for comparison purposes and is referred to as the basic
display.

The advanced displays were expected to: (1) improve the locomotive engineer's situation
awareness because the advance signal's provide salient preview and, thus, attract the locomotive
engineer's attention and enable anticipation as well as timely response; (2) reduce the locomotive
engineer's visual workload—there should be little or no need for the locomotive engineer to
intensely scan the fast moving field 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—the
previewed information on speed limits, track geometry, and so on should help to reduce the
locomotive engineer'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 atrip.

A preliminary and 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 National Transportation Systems Center. The experimenta subjects were university
students who have the advantage of having equal exposure to all experimental conditions. One
disadvantage of using "naive" subjectsisthe lack of feedback from professional locomotive
engineers on the operational validity of the experiments.

Results show that the predictor and the advisor 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 1.4 seconds and the avoidance of excessive use of
emergency 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 not found to be statistically 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 a simple 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, aretrospective and relative questionnaire revealed a significant decrement of
overall workload with the increase in display aiding. Fourth, 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 it was liked by the subjects.

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

The results of thisinvestigation suggest that the advisor display used in this study (including both
preview and predictive aiding) is apromising 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 al 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 importance of such an investigation. For example,
different methods of workload measurement may be necessary to obtain further insights on
workload associated with the proposed 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.

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 of the 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
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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?

Asdiscussed in our earlier report, generaly there are two options in aiding the locomotive
engineer: more decision aids like those presented in this research, or more automation (Sheridan
et a., 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 a better
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 of existing
high-speed rail systems have propelled train speeds to a high level, currently in the range of 200 to
320 km/h (124 to 199 mph), and the speeds continue to increase. Several countries have already
experimented with Maglev systems with potential speeds far greater than conventional wheel-on-
raill systems (up to 500 km/h, or 311 mph).

Astrain speed increases, however, the "speed” of human 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 allowabl e 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 to detect 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. Asaresult, identification of
wayside signals by alocomotive engineer increases in difficulty as speed increases. In practice,
220 km/h is regarded as the maximum speed for correct interpretation of asignal in poor weather
(for regular size signals); with falling snow, the speed is naturally lower (Gruéere, 1992). Second,
the process of information retrieval from the locomotive engineer's memory becomes increasingly
intensive. Train operation relies on a continuous retrieval of information of track characteristics,
landmarks, the Daily Operating Bulletin (which indicates 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 4to 5
kilometers (2.5 to 3.1 miles) for operation at 300 km/h (186 mph) (DOT/FRA, 1991). Hence,
accomplishing complete accident prevention and collision avoidance increases in difficulty.

These effects of high speed necessitate alocomotive engineer-cab system that is well "human
factored." Two approaches can be identified in designing such locomotive engineer-cab systems.
More automation is one option. The human operator then becomes a supervisor of the automatic
system by monitoring the automation for failures and fault diagnosis. An alternative to this
machine-in-charge approach is to compensate for the sensory, perceptua and cognitive limitations
of the human operator with various in-cab aids, while keeping the human in control.
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Both of the above approaches have potentia problems. A major concern associated with
increasing automation is possible loss of situation 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 of an incident. In contrast, the
problem with increasing sensory, memory, and decision aidsis that at some point operators may
be overloaded and “killed with kindness.” They would not be able to allocate their attention
appropriately among all of the information sources and the task at hand. Asaresult, 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 limitsin signal detection and information
processing capacity experienced by locomotive engineers of high-speed trains. Under this
objective, three concepts of aiding—preview, predictive, and advisory aiding—were proposed.

The idea of preview 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 the train's longest stopping distance. The preview aiding should be designed to provide not
only advance notice of signals but also visual saliency in order to achieve proper attention to
relevant information and fast reaction times to unexpected events.

The principle of predictive aiding is to use a computer model to generate more accurate
predictions on the consequences of control actions than the human operators could generate by
themselves. Thiswould help them to build a better mental model and anticipate, and improve
their manual operation. Therefore, predictive aiding should explicitly display to the locomotive
engineer the future speeds (i.e., instant prediction of the control outcome) in order for the
locomoative 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 decison making. One type answers the question of what would be the
speed profile for the next period of time if the current force application is maintained; the other
type of predictive information answers the question of what would be the speed profile if either
the full-service braking or the emergency braking were quickly applied now.

The advisory aiding presents an optimal speed profile—optimal in terms of total cost (energy
consumption plus aweighted schedule deviation) under the constraints of schedule, speed limits,
passenger ride quality, and train propulsion and braking capacities. If the human operator kept
precisaly to such a profile, he or she 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 of aiding are how to provide the
proposed aiding and whether displaying al 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. A conventiona high-speed train cab environment
was also implemented as a baseline for comparison purposes and is referred to as the basic

display.

A preliminary 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 aso showed
promise for improving schedule adherence and station-stop accuracy (Appendix A).

Based on these encouraging results, the main human-in-the-loop experiment was conducted to
investigate effects of preview, predictive and advisory aiding on human control of high-speed
trains. The independent variable (variable manipulated by the experimenter) of the main
experiment—aiding—had three levels: (1) no aiding—with the basic 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 and measured variables) included (1) objective performance
measures. situation awareness, speed compliance, station-stopping accuracy, energy consumption,
schedule adherence, and passenger 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) speed control 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 their decisions in handling unexpected situations (Hendy, 1995). The
emergency scenario smulated 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.
Speed control with secondary task was designed to indirectly evaluate visual workload associated
with the displays. Thistest run allowed for the objective measurement of subjects spare visual
capacity viathelr performance on asimple, first-order, secondary tracking task. It is generaly
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assumed that if the secondary task does not intrude on the primary task, the better the secondary
task performance (i.e., the smaller the tracking error), the lower the visual attention demanded by
the primary task (O'Donnell and Eggemeier, 1986). For al three types of test, incentive systems
were devised to ensure that subjects did their best on speed control, made timely decisionsin case
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
the advance signals provide salient preview and, thus, attract the locomotive engineer's attention,
and enable anticipation as well astimely response; (2) reduce the locomotive engineer’s visua
workload—there should be little or no need for the locomotive engineer to intensely scan the fast
moving field of view to search for signals since they are displayed inside the cab; (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 mental effort of 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 were 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 aso expected to reduce energy consumption. The predicted full-service
and emergency braking curves would serve as aguideline 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 SSIMULATOR

As part of the research, areal-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 ssimulator 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 (arealistic 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 aloca-area
network link.

2.2 THE DISPLAYS

Figures 2-1 to 2-3 show the basic, the predictor and the advisor displays, respectively, ina
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 be activated manually via akey stroke (F12 key) or a
mouse-click on the ESTOP indicator. The ATP system warned the locomotive engineer (by
blinking its triangular indicator) when the speed of the 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 of the train was within the 15 km/h overspeed tolerance for more
than 20 seconds. 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 or response from the
operator. The response could be either a key stroke (Esc key) or athrottle maneuver. (An aert
systemis"intelligent” if it takes throttle maneuvers as responses.) If no response was received in
10 seconds after the initiation of the warning, the alert status display changed to blinking red
accompanied by beeps. If no 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 TheBasic Display

The speedometer, located in the center of the screen, indicated current speed (item 1 in Figure 2-
1), speed limit of the current block (item 2), and speed limit of the next block (item 3). To the
upper right of the speedometer was the three-lights cab signal (item 4) whose aspect (color
combination) depended on the track condition ahead (e.g., being occupied by atrain). With the 6-
block 7-aspect signal system used in this study (Table 2-1), and with the notation of G—qgreen,

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 go as high as the civil speed limit alows) to
"stop" (must stop before this set of lights). Preliminary background on the functionality of such a
signal system is provided in Appendix D.

Table 2-1. Signal Aspectsand Signal Speeds

Sgnal Sgnal Speed Definition of the Aspect
Aspect” (km/h)

GGG 300 Proceed

GYG 300 Proceed approaching next signal at 270 km/h
YGY 270 Proceed approaching next signal at 220 km/h
YYY 220 Proceed approaching next signal at 160 km/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—Ydlow, R—Red.

Geometrical information about the current location of the train was provided below the
speedometer. The grade (in degrees) of the track at the current location was shown under the
speedometer (item 7). The number of the block where the train was currently located (item 6)

and the number of the kilometer-post that the train had just 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 the kilometer post number. 1n addition, the distance to the next station was displayed
to the lower right of the block number (item 9), with the current time below (item 10).
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2.2.2 ThePredictor Display

The predictor display (Figure 2-2) 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 atrip, the kilometer post numbers were marked at the lower ends of
the postsin 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 alinein
practice. Asameans of expediting the subjects understanding the track environment, 2-kilometer
blocks were adopted throughout the experimental track and, therefore, al block boundaries were
aligned with the even-numbered kilometer 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 train as the horizontal reference. The elevation profile in Figure
2-2 isahorizontal straight line because the experimental track was flat.

Preview of stations (item 16)—A station within the preview range was indicated with a house-like
(yellow) icon with the station name marked beneath it (here Boston, at the extreme right of the

display).

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

Preview of signals (item 5)—For each block in the preview range, the signa was indicated by a
set of three rectangular lights. For each block, the level of the base of the three signal lights
corresponded to the effective speed level, which was the lower of the civil speed limit and the
signal speed of the block. For example, if the signal was GGG, the bottom of the signal was
aligned at the current speed limit level; if the signa was RY R and the civil speed limit of the block
was 250 km/h, the bottom of the signal was aligned at the 80 km/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 the controlled system (i.e., the train) with the current state of the train as initial
conditions (Sheridan and Ferrell, 1974).

2.2.3 The Advisor Display

The advisor display (Figure 2-3) incorporated the predictor display plus the optimal speed profile
(that met all the given speed limits and got the train to the next station on time while minimizing
energy consumption). Dynamic programming techniques were used to 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 aert 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 emergency situation 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 maor 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 provide cues for station stopping, was projected
onto the "windshield," i.e., the computer screen of the out-the-window view. When operating
with the basic display, atechnique of using the landmarks together with the head-up-display for
station-stopping was necessarily used (Appendix F). The train was stopped at the station point
when the head-up display overlapped with the perspective view of the back wall of the station
building. When operating with the predictor or the advisor display, the predicted speed curves
were used to guide station stopping, although the landmarks and the head-up-display were still
avallable.
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Figure 2-5. Landmarksin 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 of major throttle manipulation (start coasting).
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Figure 2-6. Head-Up Display for Approaching Station. Thelargest rectanglein
this" snapshot” isahead-up display (HUD) (yellow) that was projected on to the
screen when the train was 800 meter s away from the station point. The station is
awire-frame building (pur ple and blue) with an entrance" door" at the front
sideand an exit " door" at the back side. The station pointisinsidethewire-
frame station building, 30 metersfrom the exit of the station. The per spective
view of the station, smaller than therectangular HUD at the moment shown,
becomes larger asthetrain approachesthe station. When the per spective view
of the whole back wall of the station becomesthe same size asthe HUD, thetrain
isat the station point.

2-13



2.4.2 Emergency Handling

The emergency scenario, assuming the ATP (automatic train protection) system had failed, was
designed to occur while 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 the signal, 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 use of
emergency braking or delayed initiation of necessary emergency braking. Potential outcomes of
this test run were either a safe stop before the occupied block or a red-light overrun.
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Figure2-7. Signal Event (at Block 6). Top: At the onset of the event. Bottom: After a
delay in reaction of more than 5 seconds. The signa light notation is R—red, Y—yellow.
A signd of YYY (220 km/h signal speed) implies that the next block should be more
restrictive, the one further ahead should be even more, and the one three blocks ahead is a
RRR signal. Therefore, when seeing the YY'Y signal at the entrance to block 6 while the
trainis 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 (Y RY—160 km/h, RY R—80 km/h, RRR—O0 km/h).
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2.4.3 Secondary Task

The secondary 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 or down in the secondary task
window) at a constant rate (0.12 cm/sec). The reference input of the system changed discretely at
arandom 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.

Tracking Task

7.2

R NwsaoJoos

Figure 2-8. The Secondary Tracking Task.

2.5 SUBJECTS

Twelve subjects (one female, eleven male, with ages ranging from about 20 to 25) completed the
experiment. The data of a thirteenth subject was discarded because of his apparent violation of a
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 smulator 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 plusa
performance-based bonus. In particular, for runs of routine 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 1 0
Station Overshoot 0~2 2~3 3~4 4~5 5~6 36
Station Undershoot 0~2 2~4 4~6 6~8 8~10 3 10
[meters]
Arrival Late 0~8 8~12 12~16 16~20 20~24 24 ~ 60"
Arrival Early 0~10 10~14 14~18 18~ 22 22 ~26 3 26
[seconds]
Distance Oversped 0 0~ 70 50~144 144~210 210~ 280 3 280
[meters]
Large Jerks 0 1 2 3 4 35
[times]
Total Cost 0~20 20~30 30~40 40 ~ 50 50 ~ 60 3 60

[% optimal Cost]

A negative bonus point was given for delay of every additional 10 seconds after an initial delay of 60
seconds.

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

When emergency braking was activated to avoid 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 the distance between the train's stop point and the
red lights. The shorter the distance the train was stopped before the red lights, the lower the
activation-speed had been.

If ared-light overrun was committed, negative points were given depending on the speed at
the moment of 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 al of it.

2-17



2.6 PROCEDURES

2.6.1 Training

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

The second session (two and a half to three hours per subject, at least 6 hours after the first
session) focused on the skills of operating the train on the test course with each display. Each
subject practiced atotal of nine runs over the test course—three consecutive routine speed
controls with each of the three displays. The sequence 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 of the profile of stopping-distance as
afunction of initial speed (Appendices | and J), and a copy of the 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 (half an hour per subject) took place the day after the hands-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 were different from those in the experimental tests). This session also trained
subjects to perform the secondary task while operating the train. Emphasis was given on the
subjects understanding of the task's relatively lower priority to the primary speed control 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 arandomly 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 total
number of test runs. A questionnaire for subjective assessment of workload (Appendix M) was
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administered immediately after each run. Subjects relative rating of overall workload associated
with the displays as well astheir retrospective comments and rankings 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 speed control, speed control under emergency
scenario, and speed control with secondary task. 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

Thetotal cost of atrip isthe 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

ontime.

A nonparametric Friedman two-way ANOV A performed on total cost (Figure 3-1) shows a
significant effect of the displays (Fy =10.17 k=3, N=12, p< 0.01) (Siegel and Castellan,
1988). Post hoc comparisons revea a significant difference in total cost between the advisor
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Figure 3-1. Total Cost.

31



display (X = 10.3% over the minimum total cost) and the basic display (X = 24.4% over the
minimum total cost) (p <0.05). In effect, the advisor display reduced the total cost by 11% with
respect to the basic display. In addition, the three box plots (see p. xi for definition) of Figure 3-
1 show amuch smaller performance dispersion with the advisor 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, athough reducing the total cost by 5% with respect to the basic display,
was not significantly different in total cost from either the basic or the advisor display.

3.1.2 Station-Stop Deviation

Station-stop deviation is the absolute difference between the actual stopping point and the
station. Both advanced displays reduced the mean station-stop deviation from 12.7 m with the
basic display to under 1 m (Figure 3-2). One outlier with the predictor display was excluded
from the calculation because it resulted from the subject's anticipation of the last test run. Dueto
the unequal variances, a nonparametric Cochran Q test was performed after converting the data
into to two categories. 1—if the deviation is less than 2 meters, or 0—otherwise (Siegel and
Castellan, 1988). Thistest disclosed that the effect of aiding on station-stop deviation was
indeed highly significant (Q = 18.18, df =2, N=12, p < 0.001).
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3.1.3 Schedule Deviation

Schedule deviation is the absol ute difference between the scheduled arrival time and the actual
arrival time. No significant effect of the displays on schedule deviation (Figure 3-3) was found
through a nonparametric Friedman two-way ANOVA by ranks. Since nonparametric statistical
tests usually do not use the full information of the original data, the analysis results tend to be
conservative with regard to making Type | errors (Siegel and Castellan, 1988). Therefore, a
repeated measures ANOV A was performed on the schedule deviations. Results show that the
displays had a significant effect on schedule adherence (F,, 2, = 4.143, p < 0.05). Scheffé'stests
found that there was a significant difference in schedule deviation between the advisor display (X
= 3.8 sec) and the basic display (X = 11.1 sec) (p < 0.05). There was atrend 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). No statistical difference in schedule deviation was found
between the predictor and the advisor displays. Note that the apparent differences in variances
among the data sets do no invalidate the results because the ANOVA is not sensitive to
violations of the assumption of homogeneity of variances when cell sizes are equal, asthey arein
this case (Shavelson, 1988).

Schedule Adherence (Routine Speed Control)

a5t Y

LYY .

g o!

E 25 1 ......

é |

§ 1

2 15 - 1

A

g o

Sop e | A

£ 0 -H—Q-L-F ..
- o
Basic Predictor Advisor

Display

Figure 3-3. Schedule Deviation.

3.1.4 Over-Speed Distance

The distance traveled when the train was above the current speed limit during atest 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 quality was measured in terms of the number of jerks incurred by the subject's abrupt
throttle manipulation in atest run. A jerk was recorded only if the rate 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
with the basic, one with the predictor, and atotal of two jerks with the advisor display. The
increase in number of jerks with increased aiding was not found to be significant by a
nonparametric Cochran Q test (Q =2, df =2, N =12, p=0.42).

3.1.6 Workload: Immediate and Absolute Ratings

Workload was measured with a subjective rating of time pressure, mental effort, and stress
immediately after each test run on a discrete scale from 1, the lowest, to 7 the highest (A ppendix
M). Table 3-1 presents the mean ratings for the displays.

A repeated measures ANOV A was performed on each of the three measures of workload. First,
as expected, time pressure was not affected by the displays (F,, 2 = 0.94, p=0.37). This
confirms the experimenter's observation that subjects did not show any indications of busyness
nor were they involved in overlapping activities in runs with routine speed control. Second,
ratings of mental effort varied significantly acrossthe displays (F, 22 = 9.72, p < 0.001). In
particular, subjects rated mental effort with the predictor display (x = 3.17 on ascale of 1 to 7)
and the advisor display (X = 2.96) significantly lower than that with the basic display (X = 4.42)
(Scheffé'stests, p < 0.005). Third, aiding had a highly significant effect on subjective ratings of
stress (F2, 22 = 7.13, p < 0.005). A significant difference in ratings of stress was found between
the advisor display (X = 2.67 on ascale of 1 to 7) and the basic displays (X = 3.83) (Scheffé's
test, p = 0.005). Stress with the predictor display (X = 3.08) was rated lower than that with the
basic display, although not statistically significant at the 5% level (Schefféstest, 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 Mental Effort Sress
Basic 3 4.4 3.8

Predictor 25 32 31

Advisor 24 3.0 2.7
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3.2 SPEED CONTROL UNDER THE EMERGENCY SCENARIO

3.2.1 Reaction Times

The reaction times to the emergency signal event are presented in Figure 3-4. Since the signal
change occurred while the train was cruising at 240 km/h which required 34% of full traction to
maintain, subjects had to bring the throttle from 34% full traction, through the neutral, to 100% of
braking. The reaction time is thus defined as the span from the time of signal onset to the time
when the throttle was brought to the neutral position. A nonparametric Friedman two-way
ANOVA by ranks on the reaction times, reveals that the effect of displays on subjects reaction
times was highly significant (Fy = 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 shorter than 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 wider dispersion of the reaction
times with the basic display than those with the predictor and advisor displays. Infact, 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 the predictor and advisor displays.
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Figure 3-4. Reaction Times.
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3.2.2 Emergency Handling

Results of emergency handling are summarized in Table 3-2. No red-light overrun was
committed with the advanced displays, as compared to two such incidents (16.7%) with the basic
display. Also, with the advanced displays, subjects responded to 96% (23 out of 24) of
occurrences of the event fast enough to safely stop the train before the occupied block 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 =12, p<0.001). In other words, 67% (8 out of 12) of al
subjects with the basic display had to use the emergency brake. Further, the speed at which the
emergency braking was activated with the predictor display (X = 19 km/h, one datum only) was
much lower than that with the basic display (X = 108 km/h, range of 40 to 183 km/h).

Table 3-2. Reaction Times and Response Typesto Emergency Scenarios

Outcome of Eventful Runs

Red-Light Overrun* with Safe Sop* with
Mean Reaction Emergency Full-Service Emergency Full-Service
Display Time (seconds) Braking Braking Braking Braking
Basic 8.6 2/12 0 6/12 4/12
Predictor 14 0 0 V12 11/12
Advisor 14 0 0 0 12/12

* Expressed in ratios of stated eventsto 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 (Scheffé'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 ANOV A was significant.

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

Subjective Ratings on

Display Time Pressure Mental Effort Sress
Basic 3.8 4.8 4.7

Predictor 2.6 3.8 3.8

Advisor 29 3.8 3.7
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3.3 SPEED CONTROL WITH SECONDARY TASK

3.3.1 Spare Visual Capacity

Performance on the secondary task, reflecting spare visual capacity, was measured by the root-
mean-sgquared (RMS) tracking error over every half-kilometer of the test course (with an error
sampling rate of 5 Hz). The results on spare visual capacity (Table 3-4) were obtained from the
individual RM S tracking errors of the subjects as shown, for example, in Figure 3-5. First, 75%
of the subjects (9 out of the 12) committed their largest tracking error with either the predictor or
the advisor display, while only 25% (3 out of the 12) did so with the basic display. Although this
difference was not 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 over the last kilometer before the station than their tracking error averaged over the first
29 kilometers (paired t-test, p < 0.05).

Table 3-4. Performance on Secondary Task

Performance Measure

Mean Tracking Mean Tracking
Num. of Error—En route Error— Appr.

Display Highest (x0.4 cm) Sation (x0.4 cm)
Tracking Error
Basic 3 2.0 0.8
Predictor 5 19 0.9
Advisor 4 18 0.9

3.3.2 Ride Quality

For ride quality, similar observations were made with the secondary 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 the displays on ride quality were found.

3-7



RMS Error (unit)

10

Secondary Task Performance (Subject 11)

T T ) T

! p
) t"i N,
I I * vy
. ' | N | A j\ (| Ny
: ! : i LY " i« N,
) . i . - I oY S . L
~ \ti - P | ’ . A J‘\ " 5 . » e ‘_..,f
-...' i W - 3 > ! _vf: -l VAt
AP e M e e
5 10 15 20

Location (Kilometer Post)

Fi