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Abstract

Prior studies have demonstrated a need to find effective countermeasures to operator fatigue and
drowsiness in the transportation industry. The objectives of this study were to refine
experimental designs and protocols for future phases of the fatigue/alertness project at the Volpe
Center and to evaluate some alertness/fatigue monitoring techniques and devices. Techniques
and devices tested were the Arithmetic Alerter, the Train Sentry Alerter, Oasis, PVT, FIT2000,
and Waypoint. Experiments on human subjects were conducted in the train simulator lab at the
Volpe National Transportation Systems Center in Cambridge, MA and subjective as well as
objective data was collected and analyzed. The experimental results indicated that the
alertness/fatigue monitoring techniques and devices were not effective. However, more
experiments on more subjects are needed to support this possible conclusion. This is a
preliminary study that serves as a test bed for future studies.
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1. Introduction

1.1 Background & Motivation

There has been an emergence of interest in the transportation industry in the study of
fatigue/drowsiness and its contribution to human error resulting in accidents or near accidents. A
near accident is defined as an incident that may have happened due to unintentional errors in
human performance that may have resulted in accidents had circumstances been different, e.g. if
the error had occurred during rush hour traffic. Unintentional human performance error is the
most frequently identified cause of accidents (Dinges, 1995). In aviation, 68% of accidents
were attributable to errors performed by the cockpit crew (Dinges 1995). In the USA in 1993,
over 25% of all single motor vehicle crashes occurred in which no alcohol was involved (Dinges
1998). Although many factors may contribute to the single-vehicle crashes, there is evidence
that fatigue/drowsiness may contribute to more crashes than current estimates show. Studies
have shown that operator fatigue may contribute to as many as 41% of truck accidents (Scerbo,
1998) and in 2% to 23% of motor vehicle crashes (Dinges, 1998). Fatigue has also been linked

to the grounding of the Exxon Valdez (Scerbo, 1998) and to locomotive accidents.

On September 16, 1998, the Administrator of the Federal Railroad Administration (FRA) stated
before the Senate Subcommittee on Surface Transportation and Merchant Marine that “about
one-third of train accidents and employee injuries and deaths are caused by human factors. We
know fatigue underlies many of them™ (National Transportation Safety Board, 1999). There
were about 2,500-3,000 train accidents per year from 1988-1994 and thus approximately 833-
1000 human factor related accidents per year (Department of Transportation Bureau of
Transportation Statistics, 1995). Although the exact number of accidents due to fatigue is
difficult to determine, estimates of alertness-related accidents have been made from witness

statements and the locomotive operator's behavior and work/sleep schedule prior to the accident.

The relationships between railway accidents and locomotive crew fatigue, shift duration, and

circadian rhythms have been documented as early as 1866 (Buck, 1993). However, minimal
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attempts to address this issue have been made until recently. Therefore, policies are needed that
address and work to minimize fatigue/drowsiness in locomotive engineers as well as
technologies to detect and counter dangerous levels of fatigue/drowsiness before an accident

occurs are needed.

1.2 Prior Research & Technology

The Federal Railroad Administration (FRA) has mandated studies exploring methods and
technologies to prevent fatigue/drowsiness-related accidents. Recent efforts in
fatigue/drowsiness countermeasures include studies in employee time management, work hours
and scheduling, possible federal work regulations, and the development of fatigue/drowsiness
detection technologies. Not all efforts are equally effective or acceptable to all interested parties:
the government, industry, labor, public, and science (Dinges, 1995). The scope of this study is
on the detection technologies, so perspectives on the different efforts will not be presented here.
Instead, the discussion will focus on technologies aimed at detecting, predicting, managing or

preventing fatigue/drowsiness.

The concept of keeping locomotive engineers awake and alert by countering fatigue/drowsiness
has existed since the early days of the railroad industry. Initial countermeasure devices were of
the “deadman” variety. For example, deadman’s pedal required a locomotive engineer to apply
constant foot pressure to a heavy pedal. Otherwise, the train would come to an emergency stop.
The reasoning was that as long as the pedal was being pushed, the locomotive engineer must be
awake or at least “not dead”. There were many shortcomings to the deadman devices because
they required locomotive engineers to maintain tiring static muscular contractions and could be
easily circumvented (Buck, 1993). For example some locomotive engineers placed a heavy

object such as some bricks on the deadman pedal rather than their foot.

The next line of devices aimed at keeping the locomotive engineers alert , “train alerters”,
require the locomotive engineer to push a button or toggle a lever when an intermittent light and
sound alarm comes on. The alarm must be reset in a certain time period by pushing the button,

using the train controls, or touching window frames; otherwise a penalty breaking or emergency
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stop will occur. This is the standard variety of alerter devices currently used in North American
trains. Some locomotive engineers may be able to reset the alarm almost reflexively while in a
hazardous state of awareness. Spouses of locomotive engineers have reported seeing the
locomotive engineers make arm and hand movements to reset an “alerter” while in bed asleep.
Although forms of these alerter devices have been in use for decades, there have been no studies

that show that the alerters, themselves, make the locomotive engineer more alert.

Only in the past decade has there been considerable efforts to develop new technologies aimed at
preventing fatigue/drowsiness related accidents. The technologies being developed can belong
to one or more of four generic classes (Dinges, 1998). Because technological development is on

going, there may be more than four classes, but only four will be discussed in this section.

1.2.1 Fitness-for-Duty Technologies

Fitness-for-duty technologies claim to provide some predictive behavioral or biological estimate,
relative to the person's baseline or a group norm, of his capability for performing work. They
give a prediction of a person's functional capability at the beginning of a work cycle. Many of
theses technologies are aptitude and language-skill sensitive and have high learning curves,
which makes them less ideal for use in a diverse population (Dinges, 1998). There are some
biologically based technologies such as "FIT" by PMI, Inc. and "Pupilscan” by Fairville Medical
Optics, Inc. (Dinges, 1998). Some of these devices have been used in industry as replacements
for urine screens for drugs and alcohol and have been validated as effective predictors of drug
and alcohol use. Manufacturers of these devices hope to expand the use to fatigue/alertness

predictions. Many of these devices have not been validated to be sensitive to fatigue.

1.2.2 Mathematical Models of Alertness & Ambulatory Technologies

This class involves the development and application of mathematical models that predict a
subject's alertness and performance at different times based on interactions of biological

indicators of fatigue/drowsiness such as sleep, circadian rhythm and body temperature (Dinges,
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1998). Companies developing these models seek to use their models on the biological sources of
fatigue to predict performance capability and fatigue/drowsiness occurrences over a period of
time. Samples of devices based on this approach are the Actiwatch by Minimitter, Inc. and the

Motionlogger Sleepwatch by PMI, which combine mathematical models and wrist actigraphy.

1.2.3 Vehicle-based Performance Technologies

These technologies attempt to measure the behavior of the transportation systems hardware that
the person controls. Proponents of this approach hypothesize that vehicle-based performances
such as truck lane deviation and steering or speed variability can reflect a person's level of

fatigue.

1.2.4 In-vehicle, On-line Technologies Monitoring Operator Status

This class of technologies seeks to record biobehavioral aspects, such as eyelid closure,
heartbeat, facial expressions, and brain electrical activity of the person while he is operating the
vehicle. This class of devices is the most common and diverse of the fatigue-monitoring
approaches (Dinges, 1998). The table below shows examples of devices in this category. The

table was adapted from Dinges, 1998.

Table 1 : Examples of biobehavioral measures and devices

Type of Measurement Examples of Technologies

Video of the face e QOasis/Perclos
(may include eyelid position, eye blinks, eye e Ford Motor Co. (UK) & HUSAT Res. Inst.
movements, pupillary activity, facial tone, e Nissan Research & Development, Inc.

direction of gaze, head movements) e Toyota

e Gaze Control System

Eye Trackers e Eyegaze Systems by LC Technologies

e Eye Tracking System by Applied Science
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Wearable Eyelid Monitors e Alertness Monitor by MTI Research, Inc.
e Blinkometer by IM Systems, Inc.

» Nightcap by Healthdyne Technologies

e Eyelid Activity Measurement

e Stay-Awake Eye-Com Biosensor

Head Movement Detector e Proximity Array Sensing System by
Advanced Safety Concepts, Inc.

EEG Algorithms ¢ Drowsiness Detection by Consolidated

Research, Inc.
¢ EEG Algorithm adjusted by CTT
e EEG Spectral Analysis
¢ Quantitative EEG Analysis

ECG Algorithms e MAP Process by PALS Technology

EMG Algorithms (myo-motor sensing) e NOVAlert by Atlas, Inc.

Actigraphs or Ambulatory Motion Monitors e Actiwatch by MiniMitter, Inc.

e Motionlogger Sleepwatch

Temperature Sensors e CorTemp

Video of the face

Video of the face involves recording images of the face, which may include eyelid position, eye
blinks, eye movements, pupillary activity, facial tone, direction of gaze, and head movements.
Some technologies in this category are being developed by Carnegie Melon, Ford Motor

Company, Nissan, and Toyota.

One type of measure that seems the most promising in previous studies by the Department of
Transportation is PERCLOS. PERCLOS is the percentage of eyelid closure over the pupil over
time. In other words, it is the measure of the portion of time the subject's eyes were closed at
least some percentage (e.g. 80% eyelid closure) over a one minute period judged by a trained

observer. It deals with slow eyelid closures, droops, instead of blinks. OASIS is a device under
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development that records PERCLOS values. OASIS was tested in this study and will be

discussed in more detail in the Chapter 3.

Head Movement Detector

Developers in this category believe there may be head motion patterns that indicate fatigue or
drowsiness such as micro-movements of the head that occur prior to nodding off. The Proximity
Array Sensing System (PASS), developed by Advanced Safety Concepts, Inc. is a non-contact
head-monitoring device. ASC believes that PASS may detect micro-sleeps based on head
movement patterns. The head may begin to bob or roll when a person is fatigued and is starting
to fall asleep. PASS records the x, y, and z coordinates of the head at electronic rates using three
electromagnetic fields. Changes in the X, y, z coordinates of the head may indicate fatigue onset.
The system consists of an array of three capacitive sensors that are contained in a foam-core
module mounted above the person's head. These sensors create hemispheric sensing fields
around a person's head position. The proximity of the head to each sensor is determined and
gives a triangulated position of the head. The center of the head is the point of intersection of the
three proximities. This center point is tracked over time to determine the patterns of head
motion. PASS may be susceptible to electromagnetic interference from radios. Metal objects

may also interfere with the field. (Advanced Safety Concepts, 1996)

Eye tracker

The eye tracker system follows and records or tracks the pupil's diameter and point of gaze. The
eye tracker from Applied Science Laboratories uses the pupil to corneal reflection technique. It
consists of an optics module (includes pupil camera, locating camera, illuminator, mirror), a
camera positioned behind the driver's shoulder to provide a video image of the same seen the
subject sees, and the eye tracker control unit and computer. A 2-axis servo-tracking mirror is
directed by a computer to continually attempt to re-center the pupil image within the pupil
camera's field of view. Eye closure is measured to get blink frequency and duration. Another
eyetracker working on similar principles is the "Eyegaze Systems" developed by LC

Technologies.

17



Wearable eyelid monitors

Wearable eyelid monitors are monitors that are worn by the subject. Such monitors include the
Nightcap, the Alertness Monitor, and the Blinkometer. These monitors may remedy to problem
of video of the face technology and eye trackers by continuously monitoring the eye; the later
detectors may report false alarms if the eyes or head leave the line of sight of the detectors.
However, they may also inconvenience or bother subjects who do not want to wear the monitors.
The Nightcap system was created originally for medical use in sleep studies, but developers hope
the device might also be effective in identifying drowsiness early enough to alert a driver.

The Nightcap is a vigilance monitoring system that is being developed in the Laboratory of
Neurophysiology at Harvard Medical School and Healthdyne Technologies. The Nightcap is a
two channel recording device that can differentiate wake, REM sleep, and non-REM sleep, and
is sensitive to the transition from wakefulness to sleep. One channel monitors eyelid movement
and the other monitors body movements, specifically the movements of the head. The

movements are recorded in quarter-second or one-minute epochs.

The eyelid sensor records movements in the eyelid that are caused by passive movements of the
eyeballs as well as active movements of the eyelid resulting from the contraction of the levator
palpebrae muscle. Eyelid movements (ELM) are deformations of the lid which produce voltages
in the sensor in excess of ImV for vigilance monitoring. ELM density decreases as drowsiness
onsets. An indication of drowsiness is "the loss of voluntary control over the levator palpebrae
muscle and a decrease in tonic activation of the muscle which normally holds the upper eyelid

up" (Stickgold,1999).

The eyelid sensor is an adhesive-backed piezoelectric film (2.5 mm X 8mm). It is applied to the
upper eyelid and attached to a sensor mount worn on the forehead. The mount is connected to a
wallet-sized signal-processing and recording unit. The piezoelectric film has been worn for
periods in excess of 10hrs without causing significant discomfort or vision interference. The
body movement sensor is a multi-polar cylindrical mercury switch and is mounted on the
forehead. Tt detects rotations of the head. The recorded data is transferred to a Macintosh

computer for analysis.
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The Alertness Monitor developed by MTI Research, is an eye blink device that is supposed to

detect and track fatigue. It measures the ratio of eyelid closure to eyelid open. It is attached to
an eyeglass frame. The optical electronics is mounted on the frame in a position such that an
emitted infrared beam falls along the axis of the eye blink. The source of the infrared beam is
transmitted from an emitter on the nosepiece of the eyeglasses to a sensor. The sensor is located
on the arm of the eyeglasses. Care must be taken to minimize the risk that the infrared beam
may shine on the subject's eye. The Alertness Monitor glasses must be fitted and calibrated for

each subject. The glasses are connected to a PC to allow data collection.

The Blinkometer, developed by IM Systems Inc. is a blink recording device that uses an
algorithm that is supposed to be capable of detecting drowsiness/sleep. It consists of a sensor
that is placed at the outer canthus of one eye and a small recording device powered by lithium
batteries. The sensor has a piezoelectric film that moves with eyelid activity. The Blinkometer
has two possible modes: blinks per minute (approximately twenty per minute) or blink-to-blink

interval.

EEG Algorithms

Electroencephalographic activity (EEG), recorded from the scalp, is composed of waveforms
that can be placed in three main categories, beta, theta, and alpha waves. Each type of wave
correlates with the level of arousal. Highly aroused individuals have greater beta activity and
lower alpha and theta activity. As arousal decreases, beta activity decreases and alpha activity
increases. Further declination in arousal results in alpha activity decrease and theta activity
increase. Different EEG algorithms attempt to make this wave correlation with fatigue or
drowsiness. The equipment, including electrodes, gel, wires, and monitor, can be messy,
difficult to apply, and cumbersome to the driver, and thus make EEG monitoring devices an
unlikely technology for in field use. However, research in the development of a reliable, dry

electrode is underway.
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Myo-Motor Sensors

The NOV Alert is a wrist sensor that is supposed to predict drowsiness and sleep. It is an
apparatus developed by Atlas Researches Ltd. in Israel. The sensor can be attached to a
wristwatch and can record data in real time with a lag of approximately sixty-four seconds.
NOVAlert detects and processes high-resolution myo-motor and vaso-motor wrist signals. It

monitors wrist surface EMG signals to detect muscle mass variations.

During the transition from wakefulness to sleep there is decreasing grip muscle activity and an
un-tensing of the muscle. NOVAlert tracks the second-by-second variations of the forearm
flexor muscles. The wrist sensor also emits a skin vibro-tactile stimulator at fixed or random
intervals. The stimulator evokes a grip response, a grip in muscle tone. The quality of the grip
response is related to the arousal level of the subject. When the subject is completely awake, the
response is a quick and intense increase in grip muscle tone. As the subject becomes drowsy,
the grip response becomes lower. The response is given a number according to an index that is
computed with respect to a baseline. NOVAlert can also be tested in the non-alerting condition,

in which no alerter or vibro-tactile simulator is activated.

Ambulatory Motion Monitor

These devices are supposed to assess mental fatigue by monitoring limb movements. The
Actiwatch, made by the MiniMitter Company, is a cordless monitor that resembles the form of a
wristwatch and attaches to the wrist. It measures micro-motions and force. The movement of the
wrist may indicate sleep occurrences; little to no motion detected during sleep. Actiwatch does
not allow evaluation and warning of drowsiness in real time. However it may still be useful in
recording the sleep pattern of the subject one week before the in train simulator experiments.
Since the amount of sleep a subject has had when she begins the experiment may affect

performance, this data may be valuable in comparing experimental data between subjects.

Temperature Monitors

These devices measure internal body temperature over a period of time to record a person's

circadian thythm. Troughs in body temperature over a period of twenty-four hours indicate low
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points in a person's biological activity level and alertness. There are usually two troughs in a
person, one during the early morning hours and one during the late afternoon hours. These
devices are not for field tests, but rather are used as baseline data in conjunction with other

devices in studies such as this one.

Most of these technologies are in the early stages of development, prototyping and testing. Most
are proprietary and haven’t been proven in scientific studies to be effective, reliable, practical, or
valid. As new technologies are developed, independent studies are needed to ensure their

effectiveness, reliability, practicality, and validity.

1.3 Objectives of the FRA

The FRA has contracted the John A. Volpe National Transportation Systems Center in
Cambridge, MA to test some of the current technologies that claim to detect fatigue/drowsiness.
The objective is to find the most reliable, effective, and practical technology that may be used in
the railroad industry, with possible applications in other transportation fields. The project has

been divided into six phases.

Table 2: Phases of Volpe Fatigue/Alertness Project

PHASE DESCRIPTION # of SUBJECTS to Be Used
Phase I e Pilot Study 4 Subjects
e Develop protocols and design MIT students

e Use Volpe Train Simulator
e Collect and analyze initial data to refine

future studies

Phase II e Short Pilot Study (Volpe Train Simulator) 1 Subject

e Run-through refined design and protocols MIT student
Phase 111 e Volpe Employee Study 30 Subjects
e Data Collection Volpe employees

e Use Volpe Train Simulator
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Phase IV .

Locomotive Engineer Study
Data Collection

Use Volpe Train Simulator

# of Subjects to be determined

Real locomotive engineers

Phase V e Locomotive Engineer Study # of Subjects to be determined
e Data Collection Real locomotive engineers
e Use Amtrak Acela Simulator in Delaware

Phase VI ¢ Field Experiments # of Subjects to be determined

Data Collection

Test technologies on trains, train stations

Real locomotive engineers

1.4 Objectives of this Study

This study focuses on Phase I of the project. Phase I is the pilot study stage in which initial

experimental designs and protocols are tested on human subjects. The primary objective of

Phase 1 is to refine experimental designs and protocols for future phases of the project. An

example of a possible refinement in experimental design is to get a baseline of how long an

experimental run on the train simulator is needed to observe fatigue/drowsiness in subjects. The

secondary objective is to evaluate the effectiveness of some fatigue/alertness technologies. This

is a secondary objective because the small subject pool for this pilot study will not yield enough

data with which to conclusively determine the validity of the technologies.

The following are specific questions this pilot study hoped to answer:

1.

Is there a difference in human performance on the Arithmetic, Train Sentry,

LED, and Speed conformity tasks as the train simulation progressed?

Do the measurements from the PVT, FIT2000, and Waypoint devices detect

any difference in human performance on the Arithmetic, Train Sentry, LED,

and Speed conformity tasks as the train simulation progressed?
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10.

Is there any difference in human performance between the arithmetic task and
the Train Sentry task? If so, can these differences indicate that one task is
more effective than the other in keeping subjects awake and alert?

Is there a difference in human performance on the Arithmetic, Train Sentry,
LED, and Speed conformity tasks between day and night runs?

Do the Oasis, FIT2000, PVT, and Waypoint devices detect any differences in
human performance between day and night runs?

Are there differences in human performance on the Arithmetic, Train Sentry,
LED, and Speed conformity tasks between 4hr and 8hr simulator runs?

Is the duration of the simulator run (4hr or 8hr) long enough to see
degradations in human performance on the Arithmetic, Train Sentry, LED,
and Speed conformity tasks?

Do any of the Oasis, PVT, FIT2000, and Waypoint devices correlate with
each other?

Do the measurements from the Oasis, PVT, FIT2000, and Waypoint devices
correlate with subjective measures (from subjective rating scales and
questionnaires the subjects filled out)?

Do any of the subjects' responses to the subjective categories in the subjective

ratings questionnaire correlate?

2. Fatigue, Alertness, Vigilance

The discussion of fatigue, alertness and vigilance in this section will lay the basis for some of the

choices made in the experimental design and protocol described in the next section.

2.1 Definitions

First, what exactly is fatigue? Most people know it when they experience fatigue, but are not

able to define it. [.D. Brown defined fatigue as a "disinclination to continue performing a task

because of perceived reductions in efficiency” (Scerbo, 1998). Fatigue is a condition related to
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the amount of time spent working on a given task, duration of sleep, quality of sleep, shift work,
work schedules, circadian rhythms, and time of day (National Transportation Safety Board,

1999).

Drowsiness is a state preceding sleep. Drowsiness and fatigue are not necessarily the same state.
Studies have found that fatigue may be related more to time on task and drowsiness may be

related to workload (Scerbo, 1998).

Vigilance is a state of readiness to detect infrequent, simple signals over prolonged periods of
time (Boff, 1988). Vigilance involves sustained attention. In this study, alertness is used

synonymously with vigilance.

2.2 Contributors of Fatigue

External factors such as work schedules and work environment and biological factors contribute
to fatigue. Many drivers recognize the problems of fatigue, sleepiness, and inattentiveness.

They cite irregular and unpredictable work schedules, especially those involving late night and
early morning shifts, and in cab conditions such as noise, vibration, and draftiness as contributors

to these symptoms (Buck 1992).

Time of day also contributes to fatigue. Higher levels of fatigue and inattentiveness occur in
early morning, approx. 5-6am and mid-afternoon, and approx. 2-3pm. The cycle of work, sleep,
and rest around a twenty-four hour period is called the circadian rhythm. There are phases in the
24-hour period where there are decrements in performance ability. Because of the nature of
current scheduling policies, many locomotive engineers must work against their normal circadian
rhythms. In addition to possibly not getting enough rest prior to an unanticipated work call,
some locomotive engineers have to work during low performance periods of their circadian

rhythm.
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2.3 Vigilance as a Measure of Fatigue/Drowsiness

Fatigue, drowsiness and alertness levels are difficult to measure because there are no known
chemical or physical tests to identify them as there are for identifying alcohol or drug presence.
How then, are the various "fatigue/drowsiness-monitoring" devices described in the previous

chapter to be tested?

Studies have shown that the ability to be vigilant and to react quickly degrade as fatigue and
drowsiness increase (Dinges, 1992). Deficits in performance on vigilance tasks include
performance lapses, increased periods of non-responding or delay in responding, and increased
reaction times. Therefore, we may be able to indirectly measure a subject’s level of fatigue or

drowsiness by measuring their performance on vigilance tasks.

2.4 Locomotive Engineer Task Likened to Vigilance Task

Vigilance tasks are characterized by the following conditions:

e Subject has to exercise continuous vigilance over an extended period of time.

e Signals to be detected occur at irregular intervals and without advance warning

e Signals are of low intensity

¢ Frequency of critical events, which are unexpected events or emergency situations, is low

with a maximum of 60 critical stimuli per hour. (Schuhfried, 1996)

The overall task of the locomotive engineer is to maintain the train speed within a range
corresponding to restrictions of each track segment at the correct position. The locomotive
engineer must also respond to unexpected tasks or emergency situations. Locomotive engineers
may fail this task by forgetting temporary speed restrictions, missing or misinterpreting track
signals, forgetting the presence of maintenance of way workers, and having to make emergency
break applications or actions (Lamonde, 1992). Thus, operating a locomotive may be likened to

a vigilance task.
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3. Experiment

The focus of this study was to refine experimental designs and protocols for future phases of the

project and to evaluate some fatigue/alertness monitoring devices.

3.1 Apparatus

The experiment took place at the Volpe National Transportation Systems Center in Cambridge,
MA. The equipment used can be divided into two categories, train simulator equipment and

fatigue/alertness monitoring devices.

3.1.1 Volpe Train Simulator

The High Speed Train Simulator at the Volpe Center was modified to allow for fatigue/alertness
testing. The cab was stripped of its console control boxes and throttle. A joystick, which
allowed static one-push input, replaced the throttle to avoid learning curve effects, which would
result from training non-locomotive engineer subjects to control vehicle dynamics with the
throttle. A numeric keypad was used for the subject to input arithmetic answers and to press the
<ENTER> key to start the simulation. The simulator consists of two Silicon Graphics Indigo2
computers (SGIs), a Barco Projector, a 6ft X 8ft projector screen, a PC, and a sound woofer. The
Projector screen showed the out-the-window view (OTW). One of the SGIs showed the
instrument panel. The PC generated train sound. A drop cloth blocked the rest of the room from

the subject's view. The simulator setup is shown below.
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Figure 1: Train Simulator System Setup
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The simulator instrument panel was stripped of all gauges and dials, except for the speedometer
and arithmetic task box. An instruction box appeared at the beginning of the simulation and at
the end of breaks. The OTW showed a night display because of the outdated graphics
capabilities. The night view also decreases the number of possible stimuli for the subject and aid

in getting the subject fatigued and drowsy. The figure below shows the instrument panel .

Figure 2: Train Simulator Instrument Panel
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3.1.2 Devices Tested

The devices tested in this study were the FIT2000, Waypoint, OASIS, Actiwatch, Motionlogger
Sleepwatch, NOV Alert, CorTemp, PVT, Train Sentry Alerter, and the Arithmetic Alerter. The
Actiwatch and Motionlogger Sleepwatch were used for baseline data collection during the
baseline phase of this experiment. The PVT, FIT2000, and Waypoint were tested during the
baseline phase and the breaks between the train simulator sessions. OASIS, CorTemp, and
NOVAlert collected data on the subject while he was in the train simulator cab. The Train
Sentry Alerter and Arithmetic Alerter were also used during the simulation. The devices are

described below.

Devices tested during baseline data collection

Actiwatch-AW64

The Actiwatch is an activity monitor designed for long term monitoring of gross motor activity
in human subjects. It contains an accelerometer that is capable of sensing any motion with a
minimal resultant force of 0.01g. The MiniMitter Company, which developed the Actiwatch,
has created an algorithm to analyze sleep/wake cycles according to data stored in the watch. The

watch can store several days of data. (See figure below.)

Figure 3: Actiwatch-AW64

Accelerometer orientation
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Motionlogger Actigraph Sleepwatch-S Model

The Sleepwatch is also an activity monitor designed for long term monitoring of gross motor
activity in human subjects. The Sleepwatch utilizes a precision piezoelectric bimorph-ceramic
cantilevered beam, which generates a voltage each time the Actigraph is moved. The voltage is
passed to the analog circuitry where the original signal is amplified and filtered. The Sleepwatch
scores sleep using an algorithm called the Cole-Kripke algorithm. It also keeps track of the
amount and duration of light the watch is exposed to. The Sleepwatch also has a time display on

its face of the local time.

Figure 4: Motionlogger Actigraph Sleepwatch-S Model

Devices tested during baseline data collection and simulator session breaks

PVT

The PVT-192 is a computerized test-presentation and data capture system to measure a subject’s
reaction time to stimuli. Human reaction time (RT) is used as an index of motor performance.
The figure below is a picture of a PVT-192 unit. The unit has two push buttons, one on the Right
and one on the Left, and two displays. The smaller display is a 4-digit LED numeric display. A
series of numbers used to test a subject’s reaction time and his performance feedback will show
in this display. The larger display, labeled "Instructions” in the figure below, is a 16 character
LCD alphanumeric display. The larger display is used for programming the PVT. The subject’s
task is to push the left or right button with his dominant finger or hand as quickly as possible

when he sees numbers in the "Visual Stimulus" display. The numbers represent milliseconds
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passed until the subject pushes a button. The subject must push the button that corresponds to

his dominant hand. For example, if the subject is right-handed, he must push the right button.

Figure 5: PVT

Visual Stimulus
(reaction time in milliseconds)

Instructions

Left and Right Buttons
(programming and response)

Waypoint

Waypoint is a computerized test presentation and data collection system that tests a subject’s
awareness of important events, such as events seen while driving. The goal of Waypoint is to
predict how safe a driver a person is by computing a high-risk odds ratio for his performance on
the test. Simple instructions on the computer screen guide the subject through the test. The task
is to touch letters and numbers in order, a number first followed by a letter. The number and
letter buttons will be scrambled on the screen and you are to touch them according to the
following sequence: 1 —-A-2-B-3-C-4-D-5-E, etc. The subject should do this as

quickly as possible without making a mistake. Once the test is completed, a message will appear
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that tells the subject what his high-risk odds ratio is. The lower the high risks odds ratio, the
safer a driver he is predicted to be. The odds ratio is calculated according to a proprietary

algorithm that was unavailable at the time of this report.

FIT2000

The FIT 2000 is a test that claims to reduce the risk of human error and accidents in the
workplace by screening for the current effects of factors that may cause a person to be at “high
risk”. FIT2000 defines “High risk™ as the active presence of a factor(s) that will cause a person’s
motor skills, decision-making ability or alertness to decrease. The main testing unit of FIT2000
is the Screener. (See figure below.) The screener looks like an eye-examining machine often
used in the optometrist’s office. The FIT2000 takes eye measurements such as pupil diameter

and saccadic velocity.

Figure 6: FIT2000 Screener
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Devices tested during the train simulation

Train Sentry Alerter

The Train Sentry III is an electronic device designed and currently widely used to monitor the
alertness of the locomotive engineer. It belongs to a class of standard alerter devices used in
North American trains. After a predetermined period of time, the system requests
acknowledgement by the means of visual and auditory alarms. First, the light on the alerter
response button will illuminate. If the subject does not respond to this light, the auditory alarm
will start and another set of lights in the front corner of the train cabin will flash red. To respond
to the alarms, the subject must press the response button. Once the subject responds, the alarms
will stop and reset themselves. In a real locomotive, failure to respond to the alarms results in
the system de-energizing a magnet valve in the locomotive brake system. This results in a
power-down sequence, which will bring the locomotive to a safe and complete stop. If subjects
don’t respond to the alarms during the simulation, the simulation will go into an emergency

pause state.

Arithmetic Alerter

The Arithmetic Alerter is currently being developed and works in conjunction with the Train
Sentry Alerter. The arithmetic alerter imposes a cognitive task, a simple addition or subtraction
problem, in addition to the sequence of alarm events imposed by the Train Sentry Alerter. When
the alerter first starts, an addition or subtraction problem will appear on the instrument panel.
The subject should enter the correct answer to the problem on a numeric keypad. The subject
should just press the number once. If the answer is correct, the problem will disappear and the
alarms will turn off and reset. If the answer was incorrect, the problem will remain on the
instrument panel until you enter the correct answer. If subjects do not enter the correct answer in
a predetermined time, the auditory alarm will start and the lights in the upper corner of the cab
will start flashing red. Again, if subjects do not respond to these alarms during the simulation,

the simulation will go into an emergency pause state.

OASIS/Copilot
The Copilot is a device that claims to automatically track and detect fatigue from eye position

and eyelid closure (PERCLOS). PERCLOS is the percentage of eyelid closure over the pupil
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over time. In other words, it is the measure of the portion of time the subject's eyes were closed
at least some percentage (e.g. 80% eyelid closure) over a one-minute period. The measurements
involve slow eyelid closures and droops, rather than blinks. The monitor takes two simultaneous
images of the driver at two wavelengths of light. The monitor then measures the reflection of

light from the eyes to determine eye position and eyelid closure.

Figure 7: OASIS

NOVAlert

NOVAlert is a wrist-worn sensor/monitor/transmitter for broad monitoring and alerting tasks.
Atlas Interactive Technologies, the company which developed NOV Alert claims that the device
identifies signs of performance decrement, memory impairment, distorted perception,
inattention, drowsiness and increasing propensity of impending sleep by recording and analyzing

micro muscle activity.
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Figure 8: NOVAlert

During the simulation, the subject wore the NOV Alert wrist unit on his dominant wrist and

thumb while operating the train simulator.

CorTemp

CorTemp is a wireless core body temperature monitoring system. It is a clinical electronic
thermometer system that records temperature measurements of the internal body. The CorTemp
consists of the CorTemp Temperature Sensor pill and the CorTemp2000 (CT2000) Ambulatory
Receiver. The CorTemp Temperature Sensor pill takes internal body temperature readings at
specified intervals and transmits those readings to the CT2000 Ambulatory Receiver. The first
figure below shows the CT2000 Ambulatory Receiver. The Receiver is battery-powered. The

next figure shows the CorTemp sensor pill to scale.
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Figure 9: CorTemp CT2000 Ambulatory Receiver

Figure 10: CorTemp Pill to Scale

The CorTemp Sensor pill is powered by a non-rechargeable Silver-Oxide battery and is
encapsulated in epoxy resin, which is then coated with silicone rubber. The Sensor utilizes a
temperature sensitive crystal, which vibrates in direct proportion of the temperature of the
substance surrounding it. This vibration creates an electromagnetic flux, which transmits
harmlessly through the surrounding substance. A diagram of the interior of a CorTemp Sensor
pill is shown below. The CT2000 Receiver receives this signal and translates it to digital

temperature information, which is displayed on the unit and stored to memory.
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Figure 11: Interior of a CorTemp Pill
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Before each run on the 4hr or 8hr train simulation, the subject was given the CorTemp Sensor

pill to swallow. The subject was also given a waist pouch or belt to carry the CT2000 Receiver
unit. The CorTemp Sensor pill is disposable and passes through the subject’s system according
to his metabolism. The CorTemp Sensor pill has been proven to be safe and has been approved

by the FDA.
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3.2 Experimental Design

The experiment can be divided into two parts, the baseline data collection and the simulator runs.
Baseline data were collected to get the measurements of the subject under "normal” conditions.

More detail on the baseline data phase will be discussed in the Experimental Protocol section.

The simulator part of the experiment was designed to create an environment that would foster
fatigue and drowsiness in subjects during the simulation. The lights of the simulator room were
turned off and minimal lighting came from a small light to illuminate the numeric keypad. A

rumbling train sound that was approximately 80dB continuously filled the room.

Subjects had to participate in two 4-hour simulator runs or two 8-hour simulator runs. Previous
studies show that fatigue and diminishing alertness increases in the early morning hours and mid-
afternoon, corresponding to the human circadian thythm. Thus, each subject worked on a night
run and day run on the simulator. The runs consisted of 110-minute simulator sessions followed
by a 10-20minute break. The 4-hour simulator run had two sessions and one break, and the 8-
hour simulator run had four sessions and three breaks. During the 110-minute simulator session,
OASIS, NOVAlert, and CorTemp collected data while the subject completed three types of tasks
on the simulator: alerter, LED, and speed conformity. During the breaks, subjects were given a
battery of tests, which included tests on the PVT, FIT2000, Waypoint, and a subjective rating

questionnaire.

3.2.1 Train Simulator Tasks

Subjects had to complete three different types of tasks during each 110-minute simulator session.
session. They were the alerter task (a standard alerter or the arithmetic alerter), the LED
response task, and the speed conformity task. Although the Train Sentry Alerter and Arithmetic
Alerter are devices, they do not collect their own data. The train simulation was programmed to
record response times to these two alerters. The alerters also served a role as a train task since
one of the tasks of real locomotive engineers is to respond to an alerter button. Thus, while we

are testing the Train Sentry and Arithmetic Alerter, we are also imposing a task on the subject
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during the simulation. The Speed conformity and LED tasks, on the other hand, serve solely as

tasks. The tasks required during the train simulation are described below.

Train Sentry Alerter Task

The subject had to respond to a lighted button followed by sound alarms and flashing lights. The

actual mechanical device was described in more detail in the previous section.

Arithmetic Alerter

The arithmetic alerter imposed a cognitive task, a simple addition or subtraction problem, in
addition to the sequence of alarm events imposed by the Train Sentry Alerter. This task was

described in more detail in the previous section.

LED Task

The LED task was a split attention task to ensure that the subject looked up, outside the train cab.
Red and green LEDs were set alongside the out-the-window view of the simulator (the projector
screen). If a red LED illuminated, the subject had to pull the joystick. If a green LED
illuminated, the subject had to push the joystick.

The subjects were told that the LED task was actually a cruise control task. The following is

what the subjects were told:

"This is a new technology for this industry, but one that still remains under development. Volpe
is trying to expedite the development in addition to testing the aforementioned alerter
technologies. During the simulation, you will be asked to monitor locomotive speed and to make
corrections if it falls outside the acceptable range. If the speed too high, you will pull the speed
control joystick towards your body to decrease the speed. If the speed is too low, you will push
the joystick forward, away from your body to increase the speed. You will also be asked from
time to time to make corrective movements based on LED output. Red and green LEDs are
provided alongside the out-the-window view of the simulator (the projector screen). When the
speed control algorithm detects a fault between internal speed values and speed values displayed

on the speedometer, it will light up a red LED for you to slow the train down, or a green LED for
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you to increase speed. Again to decrease speed, you will pull the speed joystick towards your
body, and to increase speed, you will push the speed joystick away from your body."
The subjects were told the truth about the LED task in the debriefing session at the end of the

experiment.

Speed Conformity

The speed conformity task was a vigilance task. The subject had to maintain the vehicle speed
within an allowed range (between 60mph and 70mph) by pushing a joystick whenever the speed
went out of range. If the speed exceeded the allowable range, the subject had to push the
joystick towards the slower position. If the speed was below the range, the subject had to push
the joystick to the faster position. The speed control was "static" rather than dynamic, i.c. a one-

push or one-pull joystick was used instead of a throttle to avoid learning curve problems.

3.2.2 Task Occurrence & Frequency

The tasks occurred at random time intervals but the total number of occurrences of each task
remained constant within each 110-minute train simulator session. The table below shows the
breakdown of the tasks, their rate of occurrence, and the total number of occurrences per 110-

minute train simulator session.

Table 3: Train Simulator Task Frequency in a 110 minute Session

Task Frequency Total Tasks | Total Tasks in 4hr | Total Tasks in 8hr
in 110 min (2 sessions) (4 sessions)
session

Alerter Every 9-13mins 10 20 40

(standard alerter

or Arithmetic)

LED Every 20-25mins | 5 10 20

Speed Every 20-25mins | 5 10 20

Conformity
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3.2.3 Measurements

The following table shows the types of measurements taken for this study. When a device takes

more than one type of measurement, the measurement used for analysis is listed.

Table 4: Measurements Taken

DEVICES & TRAIN SIMULATOR TASKS

MEASUREMENT

Fit2000

Saccadic velocity

Waypoint Odds Ratio
Oasis Perclos
Actiwatch Micromovements in the wrist

Motionlogger Sleepwatch

Micromovements in the wrist, light luminance

PVT Reaction Time
NOVAlert EMG of the wrist and thumb muscles
CorTemp Internal Body Temperature

Train Sentry Alerter

Reaction Time,

# of Correct, Wrong, and Missed Responses

Arithmetic Alerter

Reaction Time,

# of Correct, Wrong, and Missed Responses

LED Task Reaction Time,
# of Correct, Wrong, and Missed Responses
Speed Conformity Task Reaction Time,

# of Correct, Wrong, and Missed Responses

Subjective Rating Questionnaires

Subjective rating scales (mm)
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3.3 Procedure

3.3.1 Protocol

The experiment consisted of two parts:
1) Experiment Part I, baseline data collection

2) Experiment Part II, first simulator and second simulator runs.

In Experiment Part I, the subject visited the lab twice prior to the start of the first experimental
run. Data were collected from the subject’s performance in various psychometric tasks, the
subject’s sleep-wake logs, and the various vigilance monitoring devices. The subject was asked
to wear the Actiwatch and Motionlogger Sleepwatch for five consecutive days and to complete

daily sleep/wake logs.

In Experiment Part II, the subject came to the lab for two runs on the train simulation. The
length of each run was 4 or 8 hours. One of the simulation runs took place during daytime hours
and the other run occurred during the late night/early morning hours. The subject performed
simulation-based tasks for 110 minutes at a stretch, followed by time for a brief food and rest
break and non-simulation based performance and subjective testing. The second simulator run
occurred several days after the initial run. If the first simulator run occurred during the day, the
second run occurred a minimum of two days afterwards. If the first simulator run occurred
during the night, the second simulator run occurred a minimum of three days afterwards. The
differences in minimum days between phases were to ensure the subjects had returned to their
normal sleep/wake cycles before completing the second simulator run. Studies have shown that
it takes longer for a subject to return to his sleep/wake cycle after staying up during the night
than during the day (Buck, 1993). The subject was asked to continue completing the sleep log
until the completion of the second simulator run. Below is a general outline of the experimental
days comprising Experiment Parts I and II. A more detailed breakdown the N days of an

experiment is described in the Appendix.
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Table 5: Day-by-Day Experimental Procedure Breakdown

Exp | ExpPart Events Measurements Taken
Day
1 Subject came to Volpe Center for e Psychometric testing
Part 1 Introduction (digit cancellation
Subject given 6min practice run on task, subjective rating
Intro & the simulator scales)
Baseline Subject completed First Set of e FIT2000 (5 baseline
Data Baseline Tests points)
Collection Subject given Actiwatch and e PVT
Motionlogger Sleepwatch and e  Waypoint
daily log e Actiwatch &
Sleepwatch
e Daily log
2 Part I Subject continued wearing wrist e Actiwatch &
monitors and filling in daily log Sleepwatch
forms e Daily log
3 Part I Subject came to Volpe for Second e Psychometric testing
Set of Baseline Tests (digit cancellation
Second Subject given 6min practice run on task, subjective rating
Set of the simulator scales)
Baseline Subject brought with them the e FIT2000 (10 baseline
Data Actiwatch, Sleepwatch, and points)
Collection completed daily log PVT
Actiwatch, Sleepwatch, and daily Waypoint
log forms were checked to ensure Actiwatch &
data was being recorded correctly Sleepwatch
e Daily log
4 Part I Subject continued wearing wrist e Actiwatch &
monitors and filling in daily log Sleepwatch
forms e Daily log
5 Part 11 Subject came to Volpe for the first e Psychometric testing
4hr or 8hr Train Simulator run (digit cancellation
First Subject brought the Actiwatch, task, subjective rating
simulation Sleepwatch, and the completed scales)
Run daily logs e FIT2000 (5 baseline

Subject returns Actiwatch and
Sleepwatch

If the simulation run occurred
during the night, the subject was
given a ride home

points, and 2-4 data
points)
PVT
Waypoint

e Actiwatch &
Sleepwatch

e Daily log
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Exp | Exp Part Events Measurements Taken
Day
5 Part I e Train Simulator
(Alerter, LED, Speed
First Conformity)
simulation e Qasis
Run e NOVAlert
e CorTemp
6 to Part II Subject continues filling in daily e Daily log
(N-1) log forms up to day N.
N Part II Subject came to Volpe for the e Psychometric testing
second 4hr or 8hr Train Simulator (digit cancellation
Second test task, subjective rating
simulation Subject brought all his daily log scales)
Run forms e FIT2000 (5 baseline
Part II Subject completed a debriefing points, and 2-4 data
survey and was debriefed about points)
the study e PVT
If the simulation run occurred e Waypoint
during the night, the subject was e Actiwatch
given a ride home e Daily log
e Train Simulator
(Alerter, LED, Speed
Conformity)
e Oasis
e NOVAlert
e CorTemp
e Debriefing forms

3.3.2 Subject Selection

Four subjects were used in the study. They were all students between the ages of nineteen and
thirty-one. Subjects were chosen on the basis of four criteria, which were determined from their
answers to the preliminary Subject Survey. The Subject Survey can be found in the Appendix.
The selection criteria were

1. The subject must not have sleep disorders.

2. The subject must not smoke.
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3. The subject must not be overweight. Standard height/weight charts were used to
ensure subjects were not obese.

4. The subject must have an acceptable Epworth Sleepiness Score (a score of 9 or less).

The Epworth Sleepiness Test is a paper test in which the subject gives numerically rated
responses to questions such as "Do you often fall asleep watching TV?". The ratings are then
summed to get the Epworth Sleepiness Score. A score of 9 or higher may indicate that the
subject has sleep problems. The Epworth Sleepiness Test can be found on the last page of the
Subject Survey in the Appendix.

3.3.3 Subject Training

Subjects were given instruction packets during their introductory meeting. The instruction
packet is in Appendix B. During the introduction meeting, the subject was also shown the
testing devices and took tests on the FIT2000, PVT, and Waypoint. They were also exposed to
the subjective rating tests. The subjects were also given a six-minute practice session on the
train simulation during the introductory meeting and the second set of baseline tests (i.e. during
Experiment Day 1 and 3). During the train simulator demo, the subject was exposed to the
alerter task, arithmetic task, LED task, and speedometer task. The subject was instructed to try

to not talk, sing, or fidget during the simulator runs.

3.3.4 Counterbalancing

Factors that needed to be counterbalanced were the order of Day vs. Night runs and the order of
the Arithmetic vs. Standard Alerter Task per simulation run. Due to the small number of
subjects, the experiment could not counterbalance all possible combinations of conditions. The
table below shows the counterbalancing that was done. Subjects were numbered according to
the ID # on the Subject Survey they completed in order to maintain their anonymity during the

experiments.
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Table 6: Counterbalancing for the 4-Hour Simulator Run

Day Night
Subject 1 2,A 1, SA
Subject 2 1I,A 2, SA

Note: A=Arithmetic Task, SA=StandardAlerter Task

Table 7: Counterbalancing for the 8-Hour Simulator Run

Day Night
Subject 3 2, SA 1, A
Subject 4 1, SA 2, A

Note: A=Arithmetic Task, SA=StandardAlerter Task

The elements in the cells represent the order in which the Day or night run took and the type of
alerter condition (Standard Alerter or Arithmetic Alerter) used. For example, for Subject 1, the
cell containing "2, A" means the subject did the 4hr day run second and that the day run had the

Arithmetic condition.

3.3.5 Payment Incentives

Subjects were paid $40 for completing the baseline data collection phase of the experiment.
They were paid an additional $100 dollars for completing one 4hr simulation run or an additional
$200 for completing one 8hr simulation run. Subjects could also earn bonus money based on

their performance on the simulator tasks. The table below shows the payment breakdown.

Table 8: Subject Payment Breakdown

PHASE 4 HOUR CONDITION 8 HOUR CONDITION
I (baseline data) $40 $40

II (initial simulation) $100 $200

III (final simulation) $100 $200

Performance Bonus Up to $80 Up to $160

Total $240-$320 $440-3600
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To encourage subjects to try to stay awake and alert during the simulation run, subjects were

awarded bonus money for correct and timely responses or bonus money was deducted for

incorrect responses or for the lack of any response. The breakdown of the bonus system is

shown below.

Table 9: Performance Bonus System

Response Type Alerter/Arithmetic Task | LED Task Speedometer Task
Correct within Ssecs $1 $1 $1

Correct between 6-20secs* | $0.50 $0.50 $0.50

Correct between 20-30secs | -$0.50 -$0.25 -$0.25

Wrong -$0.50 -$0.50 -$0.50

No Response -$0.50 -$0.50 -$0.50

*For the Alerter or Arithmetic Task, subjects receive $0.50 for each correct response between 6-

18 seconds. After 18secs, the sound alarm comes on and $0.50 is deducted from the bonus

money.

46




4. Results & Discussion

There were several goals in this study. The primary goal was to run a test bed study to prepare

for future phases of the Volpe Study. The secondary goals were to provide preliminary answers

the following questions:

10.

Is there a noticeable difference in human performance on the Arithmetic,
Train Sentry, LED, and Speed conformity tasks between day and night runs?

Do the measurements from the PVT, FIT2000, and Waypoint devices
correlate with known indicators of fatigue such as response time?

Is there any difference in human performance between the arithmetic task and
the Train Sentry task? If so, can these differences indicate that one task is
more effective than the other in keeping subjects awake and alert?

Is there any difference in human performance on the Arithmetic, Train Sentry,
LED, and Speed conformity tasks between day and night runs?

Do the Oasis, FIT2000, PVT, and Waypoint devices detect any differences in
human performance between day and night runs?

Is there a difference in human performance on the Arithmetic, Train Sentry,
LED, and Speed conformity tasks between 4hr and 8hr simulator runs?

Is the duration of the simulator run (4hr or 8hr) long enough to see
degradations in human performance on the Arithmetic, Train Sentry, LED,
and Speed conformity tasks?

Do the measurements from the PVT, FIT2000, and Waypoint correlate with
each other?

Do the measurements from the devices correlate with subjective measures
(from subjective rating scales and questionnaires the subjects filled out)?

Do any of the subjects' responses to the subjective categories in the subjective
ratings questionnaire correlate?
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We were not able to consistently test all the technologies as discussed in the previous chapter for

several reasons:

The NOV Alert device malfunctioned during the third simulator run. The device was used for
Subject 13's 4hr night run, Subject 5's 8hr night run, and the first 2hrs of Subject 13's 4hr day
run. The wiring of the wrist unit to the recorder unit broke. The wiring connected to the
interior of the unit and could not be replaced. It was a prototype unit and removable wiring
had not been implemented yet. The unit was then held by Israeli Customs when we tried to
send it back to the manufacture in Israel for repair. Except for the first two and a half
simulation runs, no other data was collected from the NOV Alert. As a result, NOVAlert was

not evaluated in this study.

The CorTemp also malfunctioned several times. In the first three simulations, the CorTemp
did not record due to battery/battery contact-related problems. The problem was fixed, but
then the CorTemp stopped working again in the fifth simulation run. The CorTemp was
repaired and available for the next three simulations. However, due to the inconsistency in
CorTemp data available for each subject and the goal of evaluating the CorTemp's

effectiveness, the CorTemp was not evaluated here.

The Motionlogger Sleepwatch and Actiwatch was used only for baseline data collection and
not for the simulation runs. The original plan was to use the Sleepwatch in conjunction with
the subject's sleep/wake logs to determine what periods of the day would capture the subject's
trough in energy and alertness. The subject's simulation run would then include these
periods. The original plan was changed. Instead, the subjects’ simulation runs were
prescribed. The night runs started at approx. 10pm for all subjects and ended at 2am for 4hr
runs and at 6am for 8hr runs. The day runs started at approx. 9am and ended at 1pm for 4hr
runs and 5pm for 8hr runs. This was done because some of the Actigraph software was not
working at the beginning of the study. Another motivating factor was the complicated

protocols for the study. We decided to concentrate on the main protocol as described in the
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previous chapter and wait until Phase II of the Volpe study to try to match simulation run
schedules with the subject's biological clock. Therefore, there are no a detailed analyses of

the Actiwatch and Sleepwatch in this report.

e Since this is a pilot study, various subjective tests, which asked the subject to rate his level of
alertness, were tested and improved throughout the experiment. As result, there was an
inconsistency between the types of subjective tests each subject took. Only the subjective

test that was used consistently, the Subjective Rating Scale, was statistically analyzed.

e Irregularities in the data may have been caused by sound cues, clicks, from the Arithmetic
and Train Sentry Alerters, the LEDs, and the camera monitoring equipment. The problem
with the alerters and LED clicks were fixed after the first 4 experiments. The problem with
the camera monitoring equipment could not be fixed. Every time the subject went out of
camera range and experimenters had to adjust the camera angle from the proctor room. The

camera made clicking sounds each time experimenters had to adjust the camera to the left.

4.1 Objective Results

4.1.1 Question 1: Was there a noticeable difference in human performance on the
Arithmetic, Train Sentry, LED, and Speed conformity tasks between day and night runs?

The reaction times to the various train simulator tasks are the metrics we used to evaluate human
performance. We expected the reaction times to be longer when the subject was drowsy or less
alert. For each subject, the reaction times for each task was graphed over time in the simulation.
The tasks occurred randomly but the number of each task in each 110minute session remained
constant. There were five LED tasks, five Speed conformity tasks, and ten alerter tasks during
each 110minute session. We hoped to observe patterns such as greater reaction times with

increasing simulation time in the graphs.
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For each subject, there are six graphs:

1) Alerter Task- Day run,

2) LED Task- Day run,

3) Speed Conformity Task- Day run,
4) Alerter Task- Night run,

5) LED Task-Night run, and

6) Speed Conformity Task- Night run.

Some selected graphs from some subjects are shown here. The graphs shown are not
representative of or show significant differences from the other graphs. All the graphs can be

found in the Appendix.

Figure 12: Arithmetic Task Reaction Time vs. Time, Subject 1, 4hr Day

Arithmetic Task: Subject 1, 4hr Day

g 30000 5

2 25000

20000 1

2 .

3 15000 3

o] 3

% 10000 -

T 5000 7

= S SIERNNINNNNNNRNNUEN]

g o
v (=N} [« v o o (o)) — o o0
(=] (] vy - o — o o=} (o] <t
g & & & g £ 2 o4 o 9

Time

50



Figure 13: LED Task Reaction Time vs. Time, Subject 13, 4hr Day
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Figure 14: Speed Task Reaction Time vs. Time, Subject 1, 4hr Day
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Time vs. time, Subject 5, 8hr Day
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Figure 17: Speed Task Reaction Time vs. time, Subject S, 8hr Day
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In general, the graphs show no observable patterns in reaction times. Graphs with legends
indicate that the subject did not respond or had some wrong responses to the task and shows the
corresponding reaction time. A long, striped bar that goes up to 30,000 ms is shown on the
graph if the subject failed to respond to a task that occurred at that time. Otherwise, the graphs

by default show response times for correct answers.

Except for the case of Subject 5, 8hr Day Run, Speed Conformity, there were very few no
responses and even fewer wrong responses. Subject 5 fell asleep several times during the day
run and missed many speed conformity tasks during the middle of the run. The speed
conformity tasks that he missed at the beginning of the run are mainly due to inattention. His
eyes were open, but he did not look at the speedometer to see if the speed had gone out of range.
This inattention occurred a few times with the other subjects, and usually occurred with the

speed conformity task.

The peaks in some reaction times for the LED and Speed Tasks for Subjects 1, 13, and 6 could
not be accounted for in the experimental logs taken by proctors during the simulation run. Some
of the peaks in reaction times in Subject 5, however could be accounted for. Subject 5 had many

episodes of micro sleeps throughout his day run and during the last 4hours of his night run. The
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experimental logs may not be reliable because there were two proctors and there was no
methodology in the way the experimental logs were taken. This issue will be discussed later in
this chapter. Video recordings of the simulations must instead be reviewed and a rating scale for
the observations must be developed in order to account for the possible peaks in reaction times.

This is a step that will be taken in future studies.

The absence of any patterns may be due, in part, to our student subject population. Many of
these subjects reported irregular sleep/wake schedules in their sleep logs. Only one Subject 13,
kept a close to regular sleep/wake schedule, but no observable patterns in his response times
were found. This may be due in part to that fact that he had the 4hr simulation runs, and the 4hr
runs may not have been long enough to observe possible fatigue/drowsiness effects in the
reaction times. Each Subject's specific sleep/wake times during experiment are tabulated in the

Appendix.

4.1.2 Question 2: Do the measurements from the OASIS, PVT, FIT2000, and Waypoint
devices detect any difference in human performance on the Arithmetic, Train Sentry, LED,
and Speed conformity tasks as the train simulation progressed?

The relevant devices we tested were the OASIS, FIT2000, Waypoint, and PVT. OASIS

collected continuous data while the other three devices collected discrete data.

Continuous Data: OASIS

The OASIS device records Perclos values, which are measurements of the percentage of eye-lid
closure in a one-minute period. The more tired or drowsy a person is, the more his eyes would

be closed or drooping and the higher the Perclos values would be.

The following graphs show the Perclos values for each minute of the simulation run for each
subject. Oasis collected data throughout the simulation run, even during the breaks. The values
of Perclos were set at 100 for all data points within the break period. The clusters of Perclos
values of 100 in the graph represent break periods and were ignored in the data analysis. Sample

data sets are shown. Graphs for all the subjects are in the Appendix.
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Figure 18: Perclos Graph for Subject 1 (4hr Day)
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Figure 19: Perclos Graph for Subject 1 (4Hr Night)
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Figure 20: Perclos Graph for Subject 5 (8hr Day)
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Figure 21: Perclos Graph for Subject 5 (8hr night)
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Best-fit lines were drawn on the graphs to see if there were possible patterns such as increasing
Perclos values with increasing time for each 110-minute session. In other words, the Perclos

values would generally increase in the first 110-minute session, then return to low levels at the
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beginning of the next 110-minute session because the subject just had a break, and then start
increasing again as the new session progressed. The regression value or the square of the
correlation value, 1* for all the subjects were below 0.2, which indicates that there is little relation
between Perclos values and time in the simulation. An r” of 0.2 means the correlation value is
roughly 0.4. Correlation parameter r measures the strength of the linear relationship between
two variables. A correlation value of less than 0.5 indicates there is very little linear
relationship between Perclos and time. The r* value of 0.6 in session of the 8hr day run for
Subject 5 must be discarded because there were problems with camera positioning during that
session. The camera was picking up reflections from the subject’s golden necklace and had also

been knocked out of view of the subject.

To examine the relationship between Perclos values and the reactions times to various train
tasks, regressions were done. Regressions were chosen as the form of analysis in order to
examine how well Perclos predicts reaction times. For each task event that the subject
responded to, the Perclos values two minutes before the event were averaged and the Perclos
values two minutes after the event were averaged. We took the two-minute averages before and
after the event to examine the immediate Perclos values around the event. The Perclos averages
before and after the event were then separately regressed with the simulation reaction times. For
example, for Subject 1's night run, we did a correlation between the LED reaction times and the
average Perclos values two minutes before the LED tasks. Then we found the correlation value
between the LED reaction times and the average Perclos values two minutes after the LED tasks.
The tables below show the correlation values for each subject and task condition. The regression

value is the square of the correlation value.

Table 10: Subject 1, Correlation of Average Perclos 2 Minutes Before and After Task

Arithmetic |TrainSentry |LED LED Speed  |Speed
(Day) (Night) (Day)  |(Night) [(Day) |(Night)

Avg Perclos 0.0833 0.0202) 0.3081} 0.4376f 0.0767] 0.0468
2mins Before Task
Avg Perclos 0.0223 0.2016] 0.1494; 0.4040| 0.3999( 0.1876
2mins After Task
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Table 11: Subject 13, Correlation of Average Perclos 2 Minutes Before & After Task
Arithmetic |TrainSentry [LED LED Speed  |Speed
(Day) (Night) (Day)  |(Night) |(Day)  |(Night)
Avg Perclos 0.1588 0.4403| 0.2309| 0.5781| 0.8263} 0.2199

2mins Before Task

Avg Perclos 0.0774 0.2058| 0.2818| 0.3674| 0.1086| 0.2000
2mins After Task

Table 12: Subject 5, Correlation of Average Perclos 2 Minutes Before & After Task
Arithmetic |TrainSentry [LED LED Speed Speed

(Night)  |(Day) (Day)  |(Night) ((Day)  |(Night)
Avg Perclos 0.2912 0.4980{ 0.2620| 0.1749| 0.1208| 0.1340
2mins Before Task
Avg Perclos 0.4992 0.2797| 0.0203| 0.0596| 0.0004{ 0.1969
2mins After Task

Table 13: Subject 6, Correlation of Average Perclos 2 Minutes Before & After Task
Arithmetic {TrainSentry [LED LED Speed Speed
(Night) Task (Day) {(Day) (Night) |(Day) (Night)

Avg Perclos 0.5811 0.1151] 0.2966] 0.6583| 0.2276| 0.5607
2mins Before Task

Avg Perclos 0.1882 0.1085| 0.0818| 0.1111] 0.0467| 0.1142
2mins After Task

Most of the correlation values were less than 0.5 and the corresponding r* values were less than

0.2. This indicates that Perclos does not have a linear relationship with the reaction times if there
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is any relationship at all. Only the data of Subject 6 for the 8hr night for all 3 tasks (arithmetic,
LED, and speed) consistently shows a possible relationship with the train task reaction times, but
the relationships are small at less than 0.7. Subject 13 had two correlation values greater than
0.5, but the values were for tasks on different day/night conditions. For both subjects 6 and 13,
the correlations greater than 0.5 were for the Perclos average before an event. This was what
was expected, since Perclos values might predict the reaction time before an event occurs, but
after the event occurs, Perclos values taken right after the event have no effect on the event that
occurred before. The figure below is a regression plot with the highest correlation value of
0.6583. The graph is of Subject 6's 8hr night run and shows the regression between the LED RT
and the Perclos average two minutes before the LED task. Graphs of the regressions for each

subject are shown in the appendix.

Figure 22: Regression for Subject 6, 8hr Night Run ( LED & Perclos Avg Before)

Subject 6, 8hr Night: Regression of LED RT &
AvgPerclos2minBefore
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Each diamond-shaped data point on the graph represents the LED reaction time and the average
Perclos value two minutes before the LED reaction occurred. The straight line is the regression
line, which predicts the "best-fit" line for the data points. The line slants upwards to the right,
which means that the higher the Perclos values before an LED task comes on, the higher the
subject's reaction time will be. So the more closed the subject's eyelids are, the slower he'll react

to the LED task.
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The question remains on what definitive Perclos value indicates fatigue, drowsiness, or vigilance
decrement thresholds. A study by Wierwille and colleagues in 1994 established a drowsiness
criterion of a Perclos value of 80% or greater. Is that 80% cutoff consistent with the data in this

study? The table below shows the number of 80% Perclos values each subject had.

Table 14: # of Occurrences of Perclos Values >80 for each subject

session dl|d2|d3(d4|nl |n2|n3|n4
Subject5, #P>=80 | 1 {6100 ]|0([0]26
Subject6, #P>=80 | 0 [1 [0 [0 (0|0 |0 |8
Subjectl, #P>=80 | 0 | O 00
Subject13, #P>=80[ 0 | 0 00

The second session during the day run for Subject 5 should be disregarded. The high # of
Perclos values over 57 were due to OASIS camera problems. The camera fell out of place and

did not get a direct view of the subject's eyes. The problem was fixed during the break after

session 2.

Not many subjects had Perclos values of 80% or greater. However, subjects 5 and 1 were
observed to fall asleep or "nod off" several times through their simulation runs. The other two
subjects were observed to close their eyes repeatedly, but only for seconds at a time.  Subject 5
fell asleep in the fourth session of his night run and had the most incidences of Perclos values
greater than 80. The small subject size and counterbalancing precludes us from examining the

80% cutoff more thoroughly.

Discrete Data: PVT, FIT2000, Waypoint

These devices were designed to be predictive; their advocates claim the devices can predict
human performance based on a measure. Each test was performed at least twice before the day
of the simulation run and then once just before the simulation run, once during each simulation
break, and at the end of the simulation. The following graphs show the values or mean values

from each test. The codes on the x-axes of the graphs represent the baseline or simulation run,
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the day or night condition and the test number. For example, subject 1 did a PVT test during the
break in the 4hr day simulation, which would be coded as sd2 (simulator, day, test #2).

PVT

The unit of measurement of the PVT is reaction time. As the subject tires or becomes drowsy
and less alert, his response time should increase. Therefore, we would expect to see PVT
reaction time data points that increased or sloped upwards for each day and night run. The last
PVT data point for each day and night condition might be lower because the subject realized he

had finished the testing and was excited at being able to leave the lab.

Figure 23: PVT data for Subject 1
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Figure 24: PVT data for Subject 13
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Figure 25: PVT data for Subject 5
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Figure 26: PVT data for Subject 6
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Subject 6 had slightly increasing mean reaction times in his night run, which is what we
expected. Subject 13 had increasing mean reaction times during the night simulation fun, but
right after the simulation, his mean reaction time decreased (data point sd3), which is again a
possibility we expected. Subject 1 also had a slight increase in mean reaction times that
decreased right after his simulation during the day. The rest of the data show no patterns that we -

expected and are analyzed later in this section.

FIT2000

The unit of measurement is saccadic velocity. We would expect the saccadic velocity to
decrease as subjects became fatigued or less alert. We would therefore expect to see negatively
sloped patterns in graphs with increasing test sample per night or day. The last FIT2000 data
point for each day and night condition might be higher for similar reasons to the PVT

aforementioned.
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Figure 27: FIT2000 Data for Subject 1
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Figure 28: FIT2000 Data for Subject 13
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Figure 29: FIT2000 Data for Subject S
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Figure 30: FIT2000 Data for Subject 6
FIT2000: Subject 6 (Baselines, 8hr Day, 8hr Night)
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Subjects 1 and 13 had decreasing average saccadic velocities over their night runs, which is what
we expected. Subject 13 also had decreasing average saccadic velocities over his day run.
Subject 1, however had increasing average saccadic velocities over his day run, which may be
due to his sleep/wake tendencies. His sleep/wake logs indicate that he usually doesn't wake up
until the late morning, early afternoon hours, whereas the day run started at 9am and ended at

1pm. Subject 5 had "U" shaped average saccadic velocities over both day and night runs. This
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"U" shape was another possibility that we expected; the subject becomes tired and drowsy over
the run but then starts to become more alert again as they realize the run is coming to an end.

The graphs of Subject 6 show no pattern that we expected or can explain.

Waypoint

The unit of measurement is the high-risk odds ratio. We would expect the odds ratio to increase

as the subjects became tired and fatigued.

Figure 31: Waypoint Data for Subject 1
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Figure 32: Waypoint Data for Subject 13
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Figure 33: Waypoint Data for Subject 5
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Figure 34: Waypoint Data for Subject 6
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Subject 13 had increasing odds ratios during his night run. Subjects 13 and 5 had increasing

odds ratios that decreased right after their day and night runs, respectively. The rest of the data

show no expected patterns.

For all the devices, the baseline values gave us an indication of the subject's performance on the
test when not under simulator conditions. The graphs show no consistently observable
difference between the baseline data points and the test measures for the PVT, FIT2000, and

Waypoint. This may be due to the small number of tests we ran on each device.

To determine whether there were possible relationships between the devices and the train task
reaction times, a set of regressions was done. We wanted to examine how well the devices

predicted reaction times. So for each 110-minute simulator session, the average reaction time for
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each train task was calculated. These train task reaction time averages were compared with the
measurements from the devices. There weren't enough data points to do regressions for each
subject. So for each task, the subjects' average reaction times were combined and a set of
regressions was done between these average reaction times and the corresponding FIT2000,
Waypoint, or PVT values. This increases the power of the test so that even small differences in
the data may be significant. The table below shows the correlation values, r. The corresponding

regression values are just the square of the correlation, .

Table 15: Correlations between Train Task RTs & FIT, PVT, Waypoint

TrainSentry |Arithmetic |LED Speed
PVTmeanRT 0.3993 -0.0304{ 0.2136] 0.6549
FITmeanSaccadicVelocity -0.4268 -0.0520( -0.4311] -0.2909
WaypointOddsRatio -0.1023 -0.3998] -0.0102| 0.0776

The correlation values are less than 0.7 or greater than -0.7, which indicates there are no strong
linear relationships between the train tasks and the devices. A negative correlation value
between two variables means that there is an inverse relationship between them. The FIT2000
and Waypoint generally have negative correlations; this means that as saccadic velocity or odds
ratio increases, the reaction times decrease. The PVT and Arithmetic Task had a negative
correlation value and the Waypoint and Speed Task had a positive correlation, which is the
opposite of what we would expect. However, since the correlations are so small, close to zero,
we can simply say the data shows there is no linear relationship between the PVT and arithmetic
task reaction time and that there is no relationship between the Waypoint and the speed task
reaction time. Only the PVT and speed task have a correlation that nears 0.7. The regression for
this relationship is shown in the plot below. Although r = 0.655, the regression value is only

0.4288. Regression plots for the other combinations of device and train task are in the Appendix.
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Figure 35: Regression of PVT mean RT and Speed Conformity Task Mean RT
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4.1.3 Question 3: Is there any difference in human performance between the arithmetic
task and the Train Sentry task? If so, can these differences indicate that one task is more
effective than the other in keeping subjects awake and alert?

The FRA recommended adding a cognitive task to a vigilance device such as the standard alerter.
The reasoning is that a cognitive device requires some mental process by the subject and so the
subject will be more alert or vigilant under the cognitive-related task. This study tested whether
such reasoning could be validated in experiments. Questions asked in conjunction with this goal
are whether the arithmetic task required more time to respond to than the standard alerter. If so,
how much more time, by what factor (e.g. Factor of 2), do the arithmetic tasks take. In
addition, does the arithmetic task put too much workload or mental demand on the locomotive

engineer such that it takes the engineer's attention from the main task of driving the train.)

The Student t-test was done on the reaction times to the standard alerter and arithmetic tasks for
each subject. The table below shows the two-tailed t-statistic and corresponding p-values for a
95% acceptance region. The hypothesis was that there was no significant difference in the

alerter and arithmetic response times. A p-value of 0.05 or less means the hypothesis is rejected.
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Table 16: P values for T-test Between Train Sentry RT & Arithmetic RT

Subject 1 Subject 13 [Subject 5 Subject 6
T Stat 3.6795 4.9974 1.5128 -2.6324
Pvalue 0.0008 0.0001 0.1378 0.0114

The p-values show that there was a statistically significant difference in the mean value of the
Standard Alerter task and the Arithmetic task for Subjects 1, 13, and 6. The p-value for Subject
5 indicates that there was no statistically significant difference in his reaction times to the
Arithmetic task and Train Sentry Alerter task. Subject 5 slept for several minutes at time during
the train simulations and awoke to the Arithmetic or TrainSentry alarm ringing more than once,
which may account for the non-significant p-value. The p-values across the subjects indicate
that there probably is a significant difference in the amount of time needed for a subject to react
to Arithmetic problem and TrainSentry Alerter. The table below of mean reaction times shows

that overall, the Arithmetic task took longer to respond to.

Table 17: Mean & Variance of Arithmetic RT & Train Sentry RT

Subject 1  [Subject 13 [Subject 5  |Subject 6
Arithmetic Mean RT 2345 2570 2175 1510
TrainSentry Mean RT 1855 1310 3608 3043
Arithmetic RT Variance 140500f 1251593 1499872| 12268528
TrainSentry RT Variance 214184 19895| 34366865 1289128

The mean reaction times to the arithmetic task were generally greater than those for the Train
Sentry task. Again the data for Subject 5 is the exception; the data shows that the mean reaction
time to the arithmetic task is greater than that for the Train Sentry task. A possible reason for
Subject S's result is that he was more tired and sluggish on the simulator run testing the Train
Sentry task. His sleep logs indicate that he slept at approximately Sam and then had to come to
lab to do the experiment at 8:30am. His Arithmetic simulator run occurred at night, several days

before the day run and he was much more awake for the first half of the night run.
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To increase the power of the t-test, all the subjects' response time data points were grouped so
that the only differences between two groups were arithmetic or standard alerter task conditions,

and the t-test was run on the means of the overall arithmetic or standard alerter task.

Table 18: P Values for T-test on Arithmetic & TrainSentry -Combined Subject RTs

with all data points without some Subject 5 data points
Arithrithmetic RT |TrainSentry RT [Arithrithmetic RT |TrainSentry RT
Mean 2558.36 2233.33 2594.90 1718.80
Variance 4870476.64 12700896.36 4925963.42 1912746.83
t Stat 0.85 3.62
P-value 0.40 0.00

The first p-value was calculated from combining data from all the subjects and indicates that
there was no significant difference in reaction times between the Arithmetic and Train Sentry
task. This result does not seem reasonable since three of the four subjects independently had p-
values that indicated there was a difference in reaction times. The data of Subject 5 must be so
different that it causes the p-value to be statistically insignificant. Three of the reaction times for
Subject 5 were much greater than the values of the rest of the data. These reaction times were
approximately 19000 ms or greater and were due to the subject falling asleep and being
awakened by the sound alarms. The three reaction times were removed from the data set, and a
new t-test was run that resulted in a p-value of 0.0004, indicating a significant difference in
reaction times between the Arithmetic and Train Sentry tasks. The corresponding mean values
show what overall, the Arithmetic Task took approximately 1.5 times longer to respond to than

the Train Sentry Task.

To evaluate the immediate affects of the Standard Alerter and the Arithmetic task on the subject,
regressions were run on the subject's arithmetic or standard alerter reaction times and the
corresponding Perclos values two minutes after the alerter or arithmetic event. (See the
discussion in the previous section for more details on how the two-minute Perclos average values
were calculated.) For each subject, we would expect to see repeatedly lower Perclos values with

the arithmetic or alerter task that was more "effective” in keeping the subject alert. Some results

71



from the previous section on Perclos are shown in the table below. Re-examining these results,
we found that there was no correlation between response times and the Perclos values

immediately after the response to an Arithmetic or Train Sentry task.

Table 19: Correlation of Avg Perclos 2Mins After Arithmetic & Train Sentry Task

Subject 1  |Subject 13 [Subject 5 |Subject 6
Arithmetic Task 0.0223 0.0774 0.4992 0.1882
TrainSentry Task 0.2016 0.2058 0.2797 0.1085

Further, a t-test between the Arithmetic and Train Sentry Perclos values (2mins after the task)
was done to see if there was a significant difference between them. The p-values are shown in
the table below. The p-value was only significant for Subject 5, indicating that there was a
significant difference in Subject 5's eye closure between completing a Train Sentry task and
Arithmetic task. Possible reasons for the differences in Subject 5's data and the rest of the

subjects were discussed above.

Table 20: P values for T-test on Avg Perclos 2Mins After Arithmetic & TrainSentry Task

Subject 1 |Subject 13 |Subject 5 [Subject 6
T statistic -0.3194 -1.0486 218211  -1.3326
P value 0.7512 0.3020 0.0324 0.1867

The table of means and variances for the average Perclos two-minutes after a task response
(Table below) shows that Subject 5's eyelids were more open (smaller Perclos value) on average
after responding to an Arithmetic task than after responding to a Train Sentry task. Subject 1 and
13 also had eyelids more open after responding to an arithmetic task. We expected that subjects
would have smaller Perclos values after responding to an arithmetic task because they would
have to look for the correct number to enter on the numeric keypad rather than just pushing a
lighted button on the side of the cab. However, since the average Perclos values two-minutes
after the Arithmetic and Train Sentry tasks are not significantly different (as indicated in the p-
values) for Subject 1 and 13, we cannot conclusively say that the Arithmetic task generally

makes subjects open their eyes more. Instead, more experiments must be run on more subjects.
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Table 21: Mean & Variance of Avg Perclos 2Mins After Arithmetic & TrainSentry Task

Subject 1  |Subject 13 [Subject 5 |Subject 6
Arithmetic Mean Perclos 15.83 12.56 18.92 23.09
TrainSentry Mean Perclos 17.17 16.89 32.83 18.07
Arithmetic Perclos Variance 163.20 232.57 571.70 348.89
TrainSentry Perclos Variance 186.20 107.48] 1054.04 218.57

In general, the arithmetic cognitive task does not seem to increase the subject's level of alertness
but rather adds additional response time to the task of responding to an alerter. This doesn't
eliminate the arithmetic task as a possible alteration to existing standard alerter devices, but
rather prompts us to try, in later studies, slightly more difficult arithmetic problems, possibly

problems requiring two digit rather than one digit responses.

4.1.4 Question 4: Are there differences in human performance on the Arithmetic, Train
Sentry, LED, and Speed conformity tasks between day and night runs?

In order to determine whether it is necessary to run future subjects in both a day and night
condition or whether running them only during the night or only during the day was sufficient to
capture their decrements in performance due to fatigue, drowsiness or lack of alertness, the

reaction times to the various tasks between night and day runs were evaluated.

Comparing the day and night run graphs in section 4.1.1 showed no general trends in reaction
times. The alerter task graphs may look like they are showing a difference between day and
night runs but the difference may be due to the difference the alerter type, Train Sentry standard

alerter or Arithmetic alerter, rather than time of day.

To quantitatively see if there were possible differences in the time of day and reaction times, the
Student t-test was run on the reaction times between day and night conditions for each task for
each subject. Due to the small sample sizes throughout this study, analysis of variance tests were

not run. Since each subject did one run under the arithmetic task condition and one run under the
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Train Sentry alerter condition, the difference between day and night condition for the arithmetic
task and Train Sentry conditions could not be determined for an individual subject. The
hypothesis for each task was that there were no significant differences in the means of the
reaction times. The acceptance region was 95%, so p-values less than 0.05 would mean there
was a significant difference between day and night runs. The tables below show the results of the

two-tailed t-tests.

Table 22: P values for T-test between LED RT in Day & Night Runs

Subject 1 |Subject 13 [Subject 5 |Subject 6
T statistic 0.3087 0.1442| -1.5067| 0.1586
P value 0.7611 0.8872 0.1468 0.8749

Table 23: P values for T-test between Speed RT in Day & Night Runs

Subject 1 |Subject 13 |Subject 5 |Subject 6
T statistic 0.6701 -1.2049 0.0377 -0.1420
P value 0.5113 0.2590 0.9701 0.8878

We expected reaction times to be longer during night runs than during day runs. However, p-
values show that there was no difference in the reaction times to the Speed Conformity task or
the LED task between day and night runs. This result may be due to our subject population of
students. The students did not follow regular sleep/wake schedules, so their performance on the
train tasks during the day and night showed no differences. Since none of the p-values were
significant, we didn't combine the subject’s data to run one t-test between day and night reaction

times for the LED or Speed Task.

Although there were no significant differences, the means and variances of the Day vs. Night
reaction times were compared to see whether there might be a general trend of longer reaction
times at night. Looking at the tables below, only Subject 5 had longer response times during the
night for the LED task. For the Speed task, Subjects 13 and 6 had higher mean reaction times
during the night run.
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Table 24: Mean & Variances of LED RT for Day & Night Runs

Subject 1  |Subject 13 [Subject 5  |Subject 6
Day Run, Mean 3480 2200 2615 3380
Night Run, Mean 2990 2150 5150 3235
Day Run, Variance 14230667 797778 2581342 10725895
Night Run, Variance 10956556 405000| 54035263 5997132

Table 25: Mean & Variance of Speed RT for Day & Night Runs

Subject 1  [Subject 13 |Subject 5  [Subject 6
Day Run, Mean 3400 560 5615 4530
Night Run, Mean 2460 3290 5525 4790
Day Run, Variance 8295556 109333 63622395} 37863263
Night Run, Variance 11382667, 51223222 50381974 29142000

Thus these experiments indicate no differences in the effects of day vs. night runs on the
subjects' performances on the train tasks. We reiterate that this result may not be indicative of
the locomotive engineer population and that experiments on a population that more closely

resembles locomotive engineers is needed.

4.1.5 Question 5: Do the Oasis, FIT2000, PVT, and W aypoint devices detect any
differences in human performance between day and night runs?

To answer this question, the subjects’ measurements were combined for each device and t-tests
were run comparing the day and night data. For example, all the mean reaction times to the PVT
were combined so there was no distinction between subjects. This data was then divided into
two groups, day and night, and a t-test was run comparing the day and night mean reaction times.

The table below shows the t-statistics and their corresponding p-values.

75



Table 26: P values for Day vs. Night Comparisons of PVT, FIT2000, and Waypoint

PVT MeanRT |FIT MeanSaccadicVelocity [Waypoint OddsRatio

T Statistic -0.3513 0.8363 -1.4764
P value 0.7278 0.4096 0.1506

Table 27: Mean & Variance of PVT, FIT2000, Waypoint between Day & Night Runs

PVT MeanRT [FIT SaccadicVelocity |Waypoint OddsRatio
Mean Day 207.58 67.27 1.06
Mean Night 209.87 65.76 1.88
Variance Day 376.13 26.04 1.93
Variance Night 307.88 26.26 2.92

None of the p-values indicate a significant difference between day and night runs. This was
expected because the subjects performance on the train tasks also did not show a significant

difference between day and night runs.

4.1.6 Question 6: Are there differences in human performance on the Arithmetic, Train
Sentry, LED, and Speed conformity tasks between 4hr and 8hr simulator runs?

To answer this question, the problem was broken into two parts. First, we compared the first
four hours of the 8hr simulator run with the 4hr simulator run. Then we compared the first four

hours of the 8hr runs to the last four hours of the 8hr runs.

The train task reaction time graphs in section 4.1.1 do not show any trends between the first four
hours of the 8hr run and the 4hr run. T-tests were done comparing the train task reaction times
from the first four hours of the 8hr run and the reaction times in the 4hr run. The table below
shows the results of this set of t-tests. For each task, the first 4hours of Subject 6's data was
compared with the 4hr runs of Subjects 1 and 13. The same was done for the first 4hours of

Subject 5's data with the 4hr runs of Subjects 1 and 13.
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Table 28: P values for T-tests between the first four hours of 8hr run and 4hr run

Sub 6 (0-4hr) & 1

Sub 6 (0-4hr) & 13

Sub 5 (0-4hr) & 1

Sub 5 (0-4hr) & 13

ArithmeticRT 0.0001 0.7757 0.0134 0.0610
TrainSentryRT 0.0002 0.0191 0.1320 0.0693
LED RT (Day) 0.6856 0.1797 0.5962 0.4681
LED RT (Night) 0.5293 0.0603 0.5687 0.4867
SpeedRT (Day) 0.3546 0.0603 0.8290 0.1922
SpeedRT (Night) 0.6481 0.9788 0.2734 0.5625

We hypothesized that there would be a significant difference in the first four hours of the 8hr run

and the 4hr run because subjects who came in knowing they have to last eight hours in the

simulation probably came in with a different mindset than a person who only had to stay in the

simulation for half the time. However, the p-values show that there were no significant

differences between reaction times in the first four hours of the 8hr run and the 4hr run. Only the

Arithmetic and TrainSentry tasks have significant p-values between the first 4hrs of an 8hr run

and the 4hr runs. This may be due to the variability in reaction times between subjects to the

Arithmetic and TrainSentry tasks. Another possible reason is that the Arithmetic and

TrainSentry reaction times were compared across day and night runs. In other words, while the

LED and Speed reaction time data were separated by day and night runs, the alerter tasks

(Arithmetic and TrainSentry) did not distinguish between day and night runs. For example, the

t-test between Subject 6 and 1 for the arithmetic task compared Subject 6's night run with

Subject 1's Day run. This was an effect of the counterbalancing of conditions and subjects.

Therefore, it is best to disregard the data p-values for the Train Sentry and Arithmetic tasks.

We also looked at the 8hr runs and ran t-tests to find possible significance differences in train

task reaction times between the first four hours and the last four hours of the simulation. The

table below shows the results of these tests.
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Table 29: P values for t-tests between first four and second four hours of 8hr run

Sub 6 (0-4hr) & (4-8hr) |Sub 5 (0-4hr) & (4-8hr)
ArithmeticRT 0.0479 0.5457
TrainSentryRT 0.2316 0.4500
LED RT (Day) 0.2659 0.7395
LED RT (Night) 0.0853 0.1064
SpeedRT (Day) 0.3045 0.3705
SpeedRT (Night) 0.2046 0.7925

Most of the p-values indicate that there are no statistically significant differences between the
first four hours of an 8hr run and the last 4 hours of the run. Only the p-value for comparisons of
the arithmetic reaction times for Subject 6 showed was statistically significant. It means that for
Subject 6, there was a difference in the mean reaction times to the Arithmetic task between the
first four hours and last four hours of the run. Experiments on more subjects would have to be

conducted to determine whether this significant p-value holds across subjects.

4.1.7 Question 7: Is the duration of the simulator run (4hr or 8hr) long enough to see
degradations in human performance on the Arithmetic, Train Sentry, LED, and Speed
conformity tasks?

From the results of Question 6, we were unable to answer this question. In general, the p-values
found in the discussion of Question 6 show no significant differences between 4hr and 8hr runs.
Also, in earlier discussions, no temporal trends in the reaction times to the various train tasks
were found. This would indicate that 4hr and 8hr runs are not long enough to see degradations in
human performance. However subjective data from the subject and experimenters indicate that
subjects do tire and become drowsy through both 4hr and 8hr runs. The subjective data is
discussed in later sections of this chapter. The inconsistency between objective data and

subjective data further prompt us to run more experiments.
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4.1.8 Question 8: Do any of the Oasis, PVT, FIT2000, and Waypoint devices correlate
with each other?

Correlation values were found for the combinations of PVT, FIT2000, and Waypoint data. Oasis
was excluded from these correlations because it collected continuous data rather than discrete

points. The correlation values are shown in the table below.

Table 30: Correlation values between PVT, FIT2000, and Waypoint

PVTmeanRT | FITmeanSaccadicVelocity | WaypointOddsRatio
PVTmeanRT 1.0000
FITmeanSaccadicVelocity -0.1530 1.0000
WaypointOddsRatio 0.3801 -0.0565 1.0000

None of the correlations had values greater than 0.70, which means there were no strong linear
relationships between the different devices. The highest correlation, r = 0.381, was between the

PVT and Waypoint.

4.2 Subjective Results

How well do the devices predict the subjects' own subjective measures of their fatigue and
alertness as indicated by their responses to the Subjective Rating Scales Questionnaire? They
filled out the questionnaire before the simulator run, during each simulator break, and after the
simulator run. In the questionnaire, the subject rated seven qualities: level of boredom, mental
demand (MD), time pressure (TP), level of effort (LE), overall workload (OW), fatigue, and
stress level (SL), on a scale of 0 to 100. The subject filled out the scales by placing a tick mark
somewhere on or between the 0-100 range. The distance of the tick from 0 was measured in

millimeters using a ruler.
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4.2.1 Question 9: Do the measurements from the Qasis, PVT, FIT2000, and Waypoint
devices correlate with subjective measures (from subjective rating scales and
questionnaires the subjects filled out)?

Correlations of each subjective category and each device (FIT2000, PVT, and Waypoint) for
each subject were calculated and are shown in the Appendix. The subjective ratings varied
highly between subjects and their correlation values differed significantly between subjects. To
see if there was an overall relationship between the subjective categories and the FIT2000, PVT,
and Waypoint, the individual subject ratings for each category were combined and correlations
were done on the overall subjective ratings and the device measurements. The resulting

correlation values are tabulated below.

Table 31: Correlation Values between PVT, FIT2000, Waypoint & Subjective Ratings

PVT FIT2000 |[Waypoint

PVT 1.0000

FIT2000 -0.1240 1.0000

Waypoint 0.3668 0.0070 1.0000

Boredom 0.3361] -0.2149 0.0626

MD -0.3182 0.1701 0.1645
TP -0.3149) -0.1720 0.1032
LE -0.3555| -0.0048 0.0699
oW 0.0658 0.0296 0.3265
Fatigue 0.2634| -0.3532 0.2537
SL -0.2857| -0.0837 0.0564

All of the correlation values are much less than 0.70, which indicates that there was little to no
linear relationship between the device measurements and the subjects' own measure of his levels
of boredom, mental demand, time pressure, level of effort, overall workload, fatigue and stress
level. Another set of correlations was done separating the day and night conditions, which also
had no correlation valucs greater than 0.70. Thus, the measurements of the devices did not

correlate with the subject's own subjective measures.

80



4.2.2 Question 10: How well do the subjective measures correlate with each other?

As discussed in chapter 2, many people have trouble defining exactly what fatigue or alertness is.
How then do we develop subjective rating scales to capture their measures of these qualities?
The seven qualities in the subjective ratings questionnaire were chosen because we believed they
would be qualities the subject would experience during the train simulation and be able to rate.
How closely do these qualities relate to each other? The table below shows the correlations of

the subjective measures when data from the subjects are combined.

Table 32: Correlation Values between the Subjective Ratings Categories

BOREDOM |MD TP LE ow FATIGUE |SL
BOREDOM 1.0000
MD -0.6911| 1.0000
TP -0.5169| 0.7133| 1.0000
LE -0.5143| 0.7691| 0.8708 1.0000
oW -0.5664| 0.7725| 0.7175] 0.7049] 1.0000
FATIGUE 0.6768| -0.5693| -0.3333| -0.3335; -0.2952 1.0000
SL -0.3121| 0.6254| 0.8446| 0.7836/ 0.5371 -0.2275] 1.0000

The correlation values between the subjective ratings were much higher than the correlation
values between the devices and subjective ratings. Cells in the table that have significant
correlations, those that show a strong relationship between the different rating qualities are
shadowed. The correlations indicate that mental demand (MD) and time pressure (TP) have a
strong positively linear relationship. As time pressure increases, mental demand increases.
Mental Demand also correlated with the subject's level of effort (LE) and the subject's overall
workload (OW). Time pressure positively correlated with the subject’s level of effort, overall
workload and stress level. The level of effort positively correlated with overall workload and
stress level. These results were expected. What was unexpected was the lack of strong linear
relationships between fatigue and the other qualities. Fatigue had a more linear relationship with
boredom, with a correlation value of 0.677, which is very close to 0.70. Fatigue and mental

demand had a correlation value of -0.525, which indicates a slight negative or inverse
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relationship; as fatigue increases, mental demand decreases. For the most part, correlations were

0.50 or above which shows some presence of linearity between the subjective qualities.

4.2.3 Subject feedback in the debriefing forms

After the last simulator run, each subject was given a debriefing form to complete. We wanted
to get the subjects comments about their experiences during the experiment in order to enhance
and refine the final version of the protocol for future phases of the project. A sample of a

debriefing form is included in the appendix. Some questions in the debriefing form were:

1. What parts of the experiment/protocol the subject found objectionable or a hardship?
2. What defects in the simulation did the subject notice?

3. How aware of time was the subject?

The following are some of the subjects' answers to the questions.

1. Some subjects commented on how uncomfortable the chair was.

2. Subjects 13 and 5 noticed flashing lights and clicking sounds during the simulations. The
clicks came from the alerter, LED, and camera movements. The flashing lights came from small
LEDs on a box that connected some computers to the network. As a result, the noise and light
sources were removed or dimmed before Subjects 1 and 6 started the experiment.

Other comments were that the railroad tracks in the simulation were sometimes jittery. The
railroad tracks will be fixed for the next experiments. A couple of subjects noticed lights above
the projector screen. The experiments were run in a warehouse that had two large slits in the
ceiling, which allowed light to enter from the outside. This will be corrected in future
experiments.

3. All subjects stated that they were aware of time. They generally knew when a simulation
session would be over. The subjects can get rough idea of what time of day or night it was from
knowing that the sessions lasted 110 minutes each and breaks would last about 15-20mins. We
are looking at other possible ways of decreasing the subject's awareness of time in the next

experiments.
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5. Conclusion

Many of the results in this study were negative or inconclusive. We found that there were no
temporal patterns in the response times to the Arithmetic, Train Sentry, LED, and Speed
conformity tasks among the subjects. None of the measurements from the Oasis, PVT,
FIT2000, or Waypoint showed detected differences in the reaction times to the Arithmetic, Train
Sentry, LED, and Speed conformity tasks. The devices did not have strong linear correlations
with the task reaction times. The addition of a cognitive task, the Arithmetic task, to the Train
Sentry Alerter did not conclusively increase a subject's alertness level. The Arithmetic task did
yield longer response times by a factor of approximately 1.5. However, the mean Train Sentry
response times were so short, slightly over 1.5 seconds that we could not determine whether the
Arithmetic task would negatively detract from a locomotive engineer's main task of operating the
train. There were no differences in the subject's day and night response times to the Arithmetic,
Train Sentry, LED, and Speed conformity tasks. The Oasis, PVT, FIT2000, and Waypoint did
not detect differences between day and night simulation runs. There were no differences in
response times between the 4hr and 8hr simulation runs. Whether a 4hour or 8hr run was long
enough to observe degradations in human performance co