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EXECUTIVE SUMMARY

Under current law, Federal regulations, and railroad crew-calling practices, a locomotive engineer
can work for many consecutive days, at varying times of day, and for durations of up to 12 hours per
shift. Consequently, a locomotive engineer’s work schedule might never develop a consistent
circadian pattern. This study examines the impact of an example of such practices on locomotive
engineer performance.

To investigate the effect of work schedules on train handling performance and vigilance, certified
locomotive engineers performed normal job duties while operating a highly realistic locomotive
simulator on two different work schedules. The work schedules were designed to conform with
Federal regulations governing Hours of Service, to cause shift start times to rotate backwards (shifts
start earlier each day) at different rates, and to produce different levels of sleep deprivation. Both
schedules required ten hours of work, but differed in the amount of off-duty time.

The faster backward rotating schedule caused shift start times to begin four hours earlier each day
and resulted in an average sleep duration of 4.6 hours. The slower backward rotating schedule
caused shift start times to begin two hours earlier each day and resulted in an average sleep duration
of 6.1 hours. Subjective measures of alertness (Global Vigor Scale) under both schedules dechned
over the course of each work period and across successive work periods.

Job performance was continuously monitored during the course of each work day. Alertness
declines were observed in both engineer groups. Failures to sound the train horn at grade crossings,
response times to the audible warning on the alerter, and fuel use were observed to increase across
successive work periods in both groups.
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INTRODUCTION

As a result of current law !, Federal regulations 2, and railroad crew-calling practices 3, a
locomotive engineer can work for many consecutive days, at widely varying times of day, and for
durations of 12 hours per shift. The Hours of Service Act of 1907, as amended, stipulates that
locomotive engineers may work no more than 12 continuous hours without a minimum of 10 hours
off duty, and that they be given at least 8 consecutive hours off duty in every 24-hour period. An
individual can work 11 hours and 59 minutes, be off duty for 8 hours, and return to work at the end
of that 8-hour period. Moreover, such a pattern could continue for many consecutive days *, so that
the individual's work schedule would never develop a consistent circadian pattern. Crew members
are generally called approximately 2 hours before reporting time, so that the maximum duration of
uninterrupted sleep could be between 6 and 7 hours. However, since the required 8 hours off-duty
time includes travel, leisure and personal time, the duration of any sleep would be even less than
that.

Do current practices impose an excessive burden of sleep deprivation, circadian disruption,
and fatigue which could degrade the train handling performance and vigilance of locomotive
engineers?’ There are several sources of information, scientific and anecdotal, which indicate that
while the average locomotive engineer does not have a work schedule consisting of many days of
an alternating 11:59 on, 8:00 off cycle, the average schedule is conducive to fatigue and circadian
disruption ®, For instance, a 1992 GAO study of 124 engineers found that the average shift duration
was approximately 8 hours. However, nearly 19% of the engineers studied had work periods
between 8 and 10 hours in duration and nearly 15% had periods between 10 and 12 hours in
duration. Since the average shift start time variability was approximately 4 hours, many engineers

work long hours at irregular times. A direct result of long, irregular work hours.is often inadequate - -

sleep time.

_ This is supported by a recent study of work-rest schedules (see footnote 6, Pollard, 1996),
which found that nearly 25% of surveyed locomotive engineers slept 6 or fewer hours per night.
Moreover, inadequate rest time because of long work hours has been a complaint of labor unions.
In Senate testimony in 1991, Larry D. McFather, President of the Brotherhood of Locomotive
Engineers, stated: “Another of the safety hazards is that crews are not given 10 hours off duty for
rest as provided by 45 U.S.C. § 62(a) (1). The reason is that the railroads require an employee to
mark off at 11 hours and 59 minutes, even though he/she actually remains on the train much longer
and is not free to leave.” The National Transportation Safety Board has documented cases in which
engineer fatigue, caused by inadequate sleep and a long, irregular work schedule, has resulted in
serious accidents. The seriousness of this situation within the industry is indicated by the recent
formation of a labor-management task force to study work-rest schedules, as noted in the 1994
Report from the Committee on Energy and Commerce on H.R. 4545 to amend the Federal Railroad
Safety Act of 1970.



The research reported here describes an approach to determining the potential effect of the
work schedules of locomotive engineers on train handling performance and vigilance through the
use of two work schedules, each one week long, which comply with The Hours of Service Act, and
the Research and Locomotive Evaluator/Simulator (RALES) simulator. The work schedules and
the RALES simulator are designed to allow an examination of job performance within the context
of the work week schedules that a locomotive engineer might encounter. Our approach is displayed
graphically in Fig. 1. In this model, work schedules affect the time of day of work and a variety of
sleep characteristics. Time of work and sleep, in turn, affect alertness, which in turn affects work
performance.

The rationale of this approach is motivated by the relatively large number of interconnected - - -

variables which must be considered. The principal variables of concern in studying the effects of
work schedules on job performance are the duration of work, the time of day of work, and the
variability of the start of work periods. Obviously, these variables are not unrelated, so that
manipulations of one variable can affect the others. However, only a systematic variation of each
variable within the constraints of a natural 24-hour day and the limitations of the Hours of Service.
Act can adequately discern the effect of each variable on job performance. While these variables
are important determinants of performance in other occupations and on other work schedules 7, there
is no direct evidence to suggest that this is also the case for locomotive engineers. In addition to the
schedule variables already noted (duration of work, time of day of work, and start time variability),
there are a number of variables which are inherent to, and/or controlled by, the subject. These
variables are partially controlled by the work schedule and may be extremely important for job
- performance. These include sleep duration, quality of sleep, hours since last consolidated sleep, and
cumulative sleep deprivation over the week. However, the demand characteristics of the engineer's
job and self-selection for this type of work schedule could mitigate any detrimental effects which
had been seen in a different context. Thus a full-scale experimental investigation of this problem

is risky.

The alternative is to pursue a more limited objective: namely, the comparison of within-

subject performances on work schedules which comply with the Hours of Service Act, but which =~ -

differentially affect sleep and work characteristics. Two schedules were devised which had the same
total duration of work over the course of the test period, but which differed in the start times of the
work and the rest time available for sleep between work periods. The time of work and accumulated
sleep deprivation (sleep debt) on these schedules were hypothesized to differentially affect alertness
and job performance. The sleep characteristics of the locomotive engineers was obtained by the use
of an activity measurement technique called actigraphy which allowed the status of these variables
to be determined for the period of time prior to each experimental run. Alertness was predicted from
time of day and sleep debt as determined by actigraphy measures.



WORK - SLEEP DEBT, = ALERTNESS = WORK
SCHEDULE TIME OF WORK PERFORMANCE

Figure 1. Model of the effect of work schedule on job performance

METHOD
Participating Engineers

Fifty-five certified locomotive engineers ® were recruited from the local area to participate.
Each engineer was paid $250 per day. There was a $50 penalty imposed for violations of speed
limits or missed stops. Each engineer was given a brief description of the general purpose of the
study and was told that their hours of work during the study would conform with the Hours of
Service Act.

The Simulator

Participating engineers performed their work duties by operating FRA’s Research and
Locomotive Evaluator/Simulator (RALES) at the IIT Research Institute (IITRI) in Chicago. The
RALES unit consists of a fully equipped locomotive cab which is mounted on a six-axis motion base
to duplicate a locomotive's motion. The hydraulically actuated motion base is controlled by a
computer model of the track geometry and locomotive suspension characteristics and is used to
cause the cab to move as if it were really proceeding down the track. Motions include bounce and
rock associated with switches, bridges, road crossings and rail joints, lateral motion within the gauge
and in curves, longitudinal impacts resulting from coupler slack run-in and run-out, and steady state
acceleration and deceleration during motoring and braking. During simulation runs, synchronized
laser disk projection shows a wide-screen forward, side and ballast view. Transitions between day
and night are visually realistic and appropriate. The RALES simulator is provided with changing
day/night video projection capabilities so that the visual display always corresponds with the actual
time of day outdoors. As real world sunset or sunrise light levels change, the video projection keeps
track. These changes are done with video special effects manipulations which include a field-of-
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view at night dominated by simulated headlamp illumination. In addition, sounds of the locomotive
environment are also simulated. This includes blowing the horn, operation of way-side crossing gate
bells (including Doppler-effect), air brake pipe exhaust and engine sounds which vary as throttle
position and engine load are varied. Figure 2 shows two views of RALES.

RALES is computer controlled so as to simulate changes in train handling which occur as
aresult of increases in throttle, application of different braking systems (independent, automatic, and
dynamic), train composition (load, number and types of cars, amount of motive power, distribution
of weight), and terrain (undulating, graded, etc). As a result, it provides an accurate and realistic
simulation of train behavior in response to the engineer's actions and omissions. Changes in speed,
brake pipe pressure, within-train forces, slack, and consumption of fuel are all accurately responsive
to the engineer's manipulation of the locomotive controls. The realism of the simulation is such that
85% of a group of 53 professional railroad engineers indicated that there were times while using
RALES that they forgot that they weren't operating a real locomotive. -

- Two trains were simulated in the experiment. The first train, used only for familiarization - ..~ .

runs on the first day®, was a "hot" intermodal train with the characteristics of high power to weight
ratio and relatively easy handling. Train orders for this train were prepared to allow each engineer
to make two runs over a territory of 190 miles in one eight-hour shift.

The second train was a unit coal train of 88 cars and four locomotives. The train was 5,000
feet in length and had a gross weight of 12,400 tons. Total power was 12,000 HP for a total of 0.98
HP per ton. There were 134.6 tons per operative brake.'

The locomotive cab temperature was maintained at 78° F. Real time VHEF railroad radio-
audio was added to the cab and locomotive sound was maintained at real world levels. The alerter'!
was functional, with light flash followed after an interval by sound alarm. Failure to respond to the
sound alarm, after an interval, would result in an emergency application of the air brakes.

During the study, engineers wore a wrist-borme activity monitor called an Actigraph 2. The
device was worn on the left wrist and was removed only for showers. During shifts the simulator
cab movement was the dominant motion recorded by the device. Off-duty period data, however,
reflected engineer activity, and these periods were assessed with Action 3 personal computer
software'? to determine sleep during the off-duty period, total number of awakenings, and latency
to sleep onset. '

Procedure
General

During runs, the RALES operator played the role of dispatcher, and an in-cab observer



T Locomotive Engineer operating RALES =

Figure 2. RALES viewed from inside (left) and outside (right).

played the role of conductor. During runs, infrared light source video tape records were made of
each engineer.

Runs and shift schedules were prepared to represent, as realistically as possible, the
conditions encountered by over-the-road engineers in terms of tasks, shift rotations, and shift
durations. The schedule and activities chosen were ones which were likely to provoke fatigue and
decrease vigilance.

The Run

The run was 190 miles long and was used for each work shift. The run covered terrain which
is representative of the Midwest United States. This terrain lacks the extremes of grade and
curvature found in other locations and is, at numerous locations, typified by the Association of
American Railroads’ designation "undulating terrain." This territory was felt to be within the
capabilities and experience of the engineers.

The engineers were provided with a paper timetable and a track profile. These resources are
generally available to locomotive engineers. Engineers were expected to learn and navigate the
territory on this basis. One concession made in regard to identifying track location was the provision
of a milepost video monitor display in the locomotive cab. The monitor would display milepost



number at a location point where the milepost could be seen in the real world and continue to display
that number until the milepost location was past. Hence, the milepost number was only visible for
as long as it would be normally. This alteration was necessary due to the difficulty in achieving a
sufficient level of dynamic light range in projected video images.

The runs were, from Tuesday morning onward, 10 hours in length. The run was divided into
ten continuous segments, each with a red stop signal at its end. The run was managed by holding
engineers at signals for an amount of time intended to pace time. Operations on each segment began
at the same approximate time for all engineers making that run.

Actual stopping time averages ran from 15 to 30 minutes, depending on the running time the
engineer had for the previous segment. Engineers were free to leave the locomotive cab during
stops, but were not told the intended duration of the individual stop.

At each of the ten stops during a run, engineers responded to a computerized visual analogue.
scale to measure general subjective level of vigor and affective state . The Global Vigor scale
assesses subjective alertness, sleepiness, effort and weariness. The Global Affect scale assesses
subjective emotional state (happy, calm, sad, tense).

The engineers were advised that they would have to provide their own food, just as they
would in their daily work. A 24-hour convenience store was located within walking distance of the
place of rest. Cold water was provided aboard the locomotive. Personal rest stops during the
experimental runs were limited to stops at red signals (there were nine such stops during a run, plus
a final red signal at the end). There were no other stops or breaks.

The Shift Schedules
Table 1.
Shift Schedule - Fast Backwards Rotating Group (“Fast Group”).

DAY HOURS RUNS
Monday 8:00 am to 6:00 pm 1&2
Tuesday 8:00 am to 6:00 pm 3
Wednesday 2:00 am to Noon 4
Wednesday 10:00 pm to 8:00 am Thursday 5
Thursday 4:00 pm to 2:00 am Friday 6

The fast backward rotating schedule. The fast backward rotating schedule was arranged.
so as to agree with hours of service rules, but also to provide as disruptive an effect as possible on



normal sleep cycles. The schedule began on a Monday. In all cases, the engineers did not work the
prior two days. The Monday shift and the Tuesday morning shift were arranged to encourage

adaptation to day work. Following the 10-hour run beginning Tuesday morning, however, the

schedule began to follow hours of service rules with shift times which rolled backwards, causing the
engineers to arise earlier each day. Table 1 presents the fast schedule. The engineers were not told
what the work schedule would be, although by the end of Run 4, they all independently stated that
they assumed it would continue to follow Hours of Service rules.

The place of rest, a motel, was located approximately 20 minutes from the simulator site with
transportation provided. Crew calls, as is customary, were made two hours prior to the beginning
of the shift. As an additional disruption of sleep, engineers were always given a "wrong number"”
telephone call at the midpoint of their rest period, beginning on Tuesday evening.

During fast schedule runs, the dispatcher was instructed not to respond to engineer calls and -
to limit communications to those indicated by the experiment script. The conductor was instructed
to call signals !* only when the engineer did and to converse only in response to engineer initiated
discussion. There were 35 engineers in the Fast Group.

The slow backward rotating schedule. The slow backward rotating schedule was identical
to the fast schedule on Monday and Tuesday. The following days, the slow schedule required 10-

hour work shifts as on the fast schedule, but also allowed a longer off-duty period between shifts. .

As aresult, the slow schedule, which is presented in Table 2, also rotated backwards over days but
at a slower rate. During slow runs, the conductor was instructed to call signals and to initiate
conversation with the engineer at 15-minute intervals. Otherwise, all other conditions remained the
same as for fast runs. There were 20 engineers in the Slow Group.

Table 2.
Shift Schedule - Slow Backwards Rotating Group (“Slow Group”).

DAY HOURS , RUN
Monday ~ 8:00 am to 6:00 pm 1&2
Tuesday 8:00 am to 6:00 pm 3
Wednesday 6:00 am to 4:00 pm 4
Thursday 4:00 am to 2:00 pm 5
Friday ) 2:00 am to Noon 6
Data Analysis

The run was divided, for purposes of schedule control and subsequent data analysis, into ten




segments of roughly equivalent time durations. This is schematically presented in Figure 3. The
segments ran from stop signal to stop signal to afford "dispatcher" control over the run. This control
allowed the shift length to be controlled by manipulating the delays at stop signals while holding the
running conditions of each segment constant regardless of shift length. Run scheduling was
organized in such a way as to cause all engineers to run at the same clock time over each segment
for a given scheduled shift. This organization afforded a comparison of train handling across
engineers for specific tasks at specific times. An additional four noncontiguous segments (labeled
csp 1, etc. in Fig. 3) were superimposed on the run to assess the ability of the engineers to maintain
a constant speed over varied terrain.

Performance measures. A wide variety of job-specific performance measures were
obtained in this study. However, for the sake of brevity, this report focuses on only those measures
which appear to be particularly pertinent to safety and operational efficiency issues. Additional
discussion of other performance measures is available in a technical report ¢,

Two of the performance measures were simple response items: blowing the horn for grade
crossings and responding promptly to alerter flashes. Most grade crossings during the run were
marked with whistle boards 7. The number of times an individual failed to blow the hormn for a
crossing within each of the ten stop-to-stop segments was counted. Latencies of responses to the
alerter were recorded as the alerter progressed from flashing to an auditory signal.

The expenditure of fuel by the engineer within each of the stop-to-stop segments was also
measured. Fuel was measured in gallons and was calculated from the dynamic computer model of
the train. A high expenditure of fuel by the engineer indicates that the engineer is aggressively
accelerating and braking the train, or powering the train while the brakes are applied. Engineers are
trained and constantly reminded to avoid this type of operation since it increases fuel consumption
and can be the cause of excessive slack action, which is a primary cause of engineer-caused
accidents. An increase in fuel expenditure by a given engineer is likely to be caused by a lack of
attention to train control. For instance, delayed reactions to changes in train speed would result in
heavier use of throttle or braking systems in order to maintain control.

RESULTS
Age, Experience, Schedule, Sleep and Time of Work
The Fast Group engineers had an average age of 43.3 years as compared with the Slow Group

engineers whose average age was 40.5 years. Average years of service for the two groups was 14.5
and 13.85, respectively. Neither factor was reliably different between groups '®
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Figure 3. Segments within each run

The two groups were exposed to work schedules which were both designed to produce
progressive sleep loss over the course of the experiment. Moreover, it was expected that sleep loss
would be greater for the Fast Group than for the Slow Group. The actigraph measures of sleep
duration as a function of runs are presented in Figure 4 for each group. Both groups began run 3
with approximately the same amount of sleep, but the Fast Group got less sleep than the Slow Group
on all subsequent runs. Both groups exhibited a decrease in sleep durations relative to run 3 on
subsequent runs, although the pattern differed between groups. The Fast Group had the least sleep
before run 4, while the Slow Group had the least sleep before run 6. A nonparametric analysis of
variance ' indicated that there were reliable differences between groups and between runs, as well
as a reliable group by runs interaction 2.

Figure 5 shows sleep onset as a function of runs for each group. Sleep onset is similar to the
multiple sleep latency measure ?! in that nonsleep deprived individuals have long latencies to sleep,
- while sleep deprivation progressively decreases sleep latency. As can be seen in Fig. 5, both groups
have approximately the same latency before run 3. However, in subsequent runs latencies become
shorter, with each group showing a different pattern. A nonparametric analysis of variance again
showed reliable group, run, and interaction effects 2.

The two schedules were also designed to differentially affect time of work in the two groups.
For the Fast Group, work start times began four hours earlier on each successive shift. By
comparison, work start times began two hours earlier on each successive shift for the Slow Group.
Table 3 summarizes important sleep and work schedule characteristics for the two groups.
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Figure 4. Actigraph measures of sleep duration in minutes as a function of runs for each group.
Sleep Debt, Time Of Day And Alertness

The pattern of amount of sleep and sleep onset for each group suggests that the two work
schedules had the desired effect of producing a progressive sleep debt in each group which differed
in rate of accumulation and final, total sleep debt. Sleep debt and time of day are two of the most

important variables that modulate job performance. Numerous.studies have demonstrated that, .

regardless of prior sleep, performance is at a nadir in the vicinity of 3 A.M. Z. Time of day is
critically important in the present context because each schedule rotates backward, with the result
that the segment for which the poorest performance is expected would change on each run.
Moreover, the 10 segments in each run differ in their performance demands in keeping with the goal
of the study to maintain a maximum level of realism. Consequently, the subsequent analyses below
compare individual segments across runs with respect to sleep debt and circadian time of day. An
alertness model, described below, is used for this purpose.

As indicated in Appendix I, time of day influences on alertness can be modeled by a simple

cosine function with a period of 24 hours. An “offset” is added to this function so that the output - - -

of the model is always a positive number. The offset is an exponential decay function of total sleep
debt, so that the offset has a range between 1 and 0. Sleep debt accumulates at a rate of 1 hour for
each hour awake, and it is repaid at a rate of 1 hour for each hour asleep. Predicted alertness is the
output of the model which is 100 times the offset plus the cosine function. A comparison of the
predicted alertness on the two schedules as a function of segment is shown in Fig. 6. Note that since
each run has 10 segments, it is easy to visually distinguish the daily runs.

10



Table 3.
Summary of Sleep and Work/Rest Schedule Characteristics.

4.6 HOURS 6.1 HOURS'
2.3 HOURS 3.0 HOURS
- 4 HOURS -2 HOURS
9.3 HOURS 12 HOURS
10 HOURS ~ 10 HOURS

The predicted patterns of alertness for the two groups are identical in run 3. Alertness is
predicted to differ to different degrees on subsequent runs and depends critically on the specific
segment which is examined. For example, the first segment in the Fast Group decreases between
runs 3 and 4 but increases on runs 5 and 6. In the Slow Group, there is a steady decline in alertness
across runs for this same segment. The last segment shows a different pattern. For the Fast Group
predicted alertness declines from run 3 to 4, increases from 4 to 5, and then decreases to run 6. For
the Slow Group, there are slight increases from run 3 to 5 followed by a slight decrease on run 6.
It is clear that the pattern of predicted alertness varies between and within groups in a complex
fashion.

Global Vigor. The Global Vigor scale measures subjective fatigue and alertness and should, -
therefore, be sensitive to the combined effects of sleep debt and circadian time of day. Since it is
not a performance measure, it should not be sensitive to skill or other differences between the groups
or between segments. Therefore, on the basis of the alertness model, global vigor is not expected
to differ between groups on run 3 because sleep debt and circadian time of day are similar for the

two groups in run 3.

Figures 7 and 8 show the mean Global Vigor scale values and the alertness predictions for
the Fast and Slow Groups. The alertness model shows good agreement with global vigor across
groups and segments . There is a clear pattern for both groups. The model and scale values do
not differ between groups during run 3. Subjective ratings of alertness and lack of fatigue are
highest at the beginning of each run and decrease progressively to the end of the run. The groups
differ with respect to changes in global vigor across runs, however. The Fast Group shows a
decrease between run 3 and 4 and slight increases from runs 4 to 6. The Slow Group, on the other
hand, shows a progressive decline across runs. A nonparametric analysis of variance for Global
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Figure 5. Acitgraph measures of sleep onset in minutes as a function of runs for each group.
Vigor confirmed these observations. It showed reliable segment, runs, and runs by group effects 2°.
Performance measures.

Analysis. From the previous section, it should be clear that performance measures in this
experiment are not capable of a simple analysis. There are two reasons for this. First, after run 3,
the same segment in each run occurs at a different time of day within and between groups.
~ Consequently, the sleep debt in each segment also differs within and between groups. If alertness
(time of day and sleep debt) affects performance, then performance will be modulated within and
between groups in the pattern depicted in Fig. 6. Second, segments differ considerably from one
another with regard to operating requirements demanded of the locomotive engineer. Segments each
have various combinations of mileage, curvature, grade, speed limits, grade crossings, signals, etc.
Every performance measure can be expected to vary across segments because of the differences in
operating requirements between segments.

Because segments differ, only performances across runs on the same segment should be
compared. Because the same segment in each run occurs at different times of day between and
within groups, comparisons of performance must take relative sleep debt and time of day influences
into account. The alertness model is used in the following analysis of performance measures
because it allows individual segments to be compared on the basis of relative sleep debt and

12
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Figure 6. Predicted alertness for the Fast and Slow Groups as a function of segments. Each run
has ten segments.

circadian time of day (i.e., predicted alertness). Without the alertness model the effects of these
variables are confounded. '

The alertness model suggests that, on the basis of sleep debt and circadian time of day alone,
there should be no differences in performance between groups on run 3. Global Vigor, which is not
a performance measure but a measure of fatigue and alertness, validates this prediction of the model.

- A group difference in a performance measure on run 3 would indicate that performance was affected
by some factor other than the sleep debt and circadian time of day influences (alertness) operating
under the two schedules. Since the alertness model does not consider group differences in skill or
other factors, the model will be inadequate when such differences exist. A strategy was adopted,
therefore, for the analysis of performance measures in which it was first determined if the groups
differed during run 3. In the absence of difference, analysis would proceed as for the global vigor
scale data. Otherwise, each group’s performance would be analyzed using its performance on run
3 as a baseline.

Missed horns. Figure 9 shows the mean number of missed horns for the Fast and Slow
Groups as a function of run. Missed horns do not differ statistically between groups onrun 3. A
non-parametric analysis of variance further indicated that there were no overall group or group by
run effects, although there was a reliable runs effect. Since there were no reliable performance
differences evident in run 3, the alertness model was used to reanalyze the pattern of missed horns
with regard to sleep debt and circadian time of day. A reliable negative correlation was found
between missed horns and changes in performance predicted by the model. The negative correlation
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indicates that more horns are missed as performance is predicted to decline 26,

Alerter response times. Figure 10 shows the mean alerter response times for the Fast and
Slow Groups as a function of runs. Again, alerter response times do not differ statistically between
groups for run 3. However, a non-parametric analysis of variance indicated reliable group, runs and. .
group by runs effects. In the absence of reliable run 3 differences between the groups, the alertness
model was used to analyze the alerter response times. In this instance, however, the correlation was
not reliable, although it was in the right direction 77,

Fuel consumption. Figure 11 shows the mean fuel consumption for the Fast and Slow
Groups as a function of runs. Fuel consumption was higher in the Slow Group than in the Fast
Group in run 3. A non-parametric analysis of variance indicated overall group and runs effects, but
no group by run interaction %, It is apparent that the Slow Group consumed more fuel on every run
than the Fast Group, which is highly suggestive of a difference in operating skill..

Performance in runs 4, 5 and 6 was consequently rescaled for each group relative to its run
3 performance. Fuel use in-each of the ten segments in run 3 was subtracted from the same segment ..
inruns 4, 5 and 6. Improved performance on subsequent runs would then result in positive scores,
while decrements in performance would result in negative scores. To facilitate comparison with the
performance model, consecutive difference scores across segments and runs were cumulated. The
resulting performance is shown in Fig. 12.

From Fig. 12 it is clear that performance decrements occurred for most segments in the Fast
Group since the deviations from baseline have a continuous positive trend from run 4 through run

6. By contrast, the Slow Group does not exhibit.a positive trend until run 5. This suggests:that. . .: .

performance differences between groups was largest on run 4, which is consistent with the alertness -
predictions of the model (see Fig. 6). A reliable correlation was found between cumulative fuel
deviations and predicted alertness %.
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DISCUSSION

The two work schedules described in this report are similar to work schedules that have been
observed in - railroad operations . It is not unusual for locomotive engineers to work for long.
periods of time on schedules in which the available time for sleep is less than 8 hours and includes-
travel time and time for personal hygiene and biological needs. The two work schedules were
specifically designed to approximate that aspect of locomotive engineer schedules. Although both
groups had identical shift lengths of 10 hours, the Fast Group averaged 9.3 hours off-duty while the
Slow Group averaged 12 hours off-duty. It was anticipated that such schedules would, in turn, result
in less sleep for both groups than the general population. While the general population obtains
approximately 7.5 hours of sleep per night 3!, the Fast Group obtained 4.6 hours of sleep and the
Slow Group obtained 6.1 hours of sleep. It is clear that the schedules had the desired characteristic
of allowing both groups to accumulate a progressive sleep debt across the duration of the
experiment, and that sleep debt was allowed to accumulate faster for.the Fast Group. .

However, individuals differ with respect to the amount of sleep per night that they-require. -
The schedules in this experiment were designed to allow an accumulation of sleep debt relative to .. .

the amount of sleep required by the general population. It is possible that locomotive engineers self-
select for a type of employment that requires long hours of work and less than 8 hours of nightly
sleep because they require less than an average amount of sleep per night. Two pieces of
information in this report indicate that the engineers were, indeed, sleep deprived during the course
of the experiment. First, subjective ratings of alertness (Global Vigor, see Figs. 7 and 8) indicate
that alertness declined over the course of each run in each group. After run 3, when the schedules
began to restrict sleep duration, alertness was consistently lower in each segment of runs 4, 5 and

6 than for the same segment of run 3. This pattern of subjective alertness is consistent with an . -

accumulation of sleep debt which is only partially repaid during intervening off-duty periods. If the
engineers in this study were receiving as much sleep as they required, they would not have indicated
a consistent pattern of lowered alertness on runs 4, 5 and 6. Second, the sleep onset measure in
Table 3 and Fig. 5 indicates that engineers in the Fast Group went to sleep sooner than engineers in
the Slow Group. A faster sleep onset is consistent with a faster accumulation of sleep debt in the
Fast Group.

The two schedules were also designed to cause shifts to start earlier on each successive day.
This backward rotation of shift start times is counter to the normal biological circadian rhythm which
rotates slowly forward. The Fast Group rotated backwards 4 hours per day and the Slow Group
rotated backwards 2 hours per day. This backward rotation was expected to exacerbate the effects
of sleep deprivation on alertness and job performance. Alertness and job performance are often
modeled, as in this report, as functions of sleep debt and time of day *2. The alertness model in this
report predicted subjective alertness based on accumulated sleep debt and time of day with 68%
accuracy 3.
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On the basis of the alertness model, it was expected that job performance would decline
across runs in both groups. The data for missed horns, alerter response time and fuel consumption
are consistent with the predicted pattern. For all three measures, performance declined from run 3
to run 6 as predicted. Both schedules were designed to allow the accumulation of a sleep debt across-
runs, the engineers subjective ratings of their own alertness confirmed that they felt progressively-
less alert across runs, and their job performance measures, correspondingly, declined across runs.

As noted previously, differences between the groups with regard to time of day at which
particular segments occurred, differences between segments with regard to operating demands, and
differences between the groups with regard to operating skill, all make a simple analysis of group
differences in job performance extremely difficult. The alertness model was used as an analysis tool
to overcome some of these difficulties. Reliable and similar correlations were obtained between
predicted alertness and missed horns and cumulative deviations from baseline fuel consumption.
These resultsare consistent with-the expectation: that individuals on more rapidly backward.rotating.. .
schedules accumulate a sleep debt more rapidly and perform job tasks:less efficiently and less safely..

The work schedules used in this study are not unusual for railroad locomotive engineers, and -
those schedules are consistent with current Federal regulations. The schedules directly cause
backwards rotation of shift start times and progressive sleep deprivation. The backward rotation of
shift start times and progressive sleep deprivation, in turn, cause decreased alertness within and
across daily runs. Job performance, including safety sensitive tasks such as sounding the train horn
at grade crossings, is clearly compromised as alertness decreases across daily runs. As was
previously noted, it has been shown in other occupations, that work schedule variables are important
determinants of performance 3*. The present study provides direct and compelling evidence to
suggest that this is also the case for locomotive engineers.

CONCLUSIONS

Current Federal regulations governing Hours of Service for locomotive engineers allow work
schedules that have backwards rotating shift start times and do not allow sufficient sleep *°.
Locomotive engineers who work under such schedules can accumulate a progressive sleep debt over
aperiod of days. The present study demonstrates that schedules which have these characteristics are
easily composed and do, indeed, result in sleep durations which are considerably less than those
obtained by the general population. The locomotive engineers in this study, while working on such
schedules, reported progressive decreases in subjective alertness across the duration of the study.
Moreover, several aspects of job performance, including safety sensitive tasks, degraded during the
same time period. This suggests, that current Federal regulations governing Hours of Service have
the potential to allow work schedules which degrade the job performance of locomotive engineers
and reduce the safety of railroad operations.
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FOOTNOTES
1. The Hours of Service Act of 1907, as amended through 1989.
2. 49 CFR 228.
3. See Pollard, 1991.
4. Ibid.
5. See, for example, Smiley, 1990.

6. United States General Accounting Office; 1992; Pollard, 1996; McFather, 1991, p. 16; National

Transportation Safety: Board, 1991; Committee on Energy.and Commerce, 1994, Section:3.- .. .. ..

7. Akerstedt, 1988; Czeisler, Moore-Ede, and Coleman; 1982; Gordon, Cleary, Parker, and Czeisler;; « =
1986; Monk, 1989a; Monk:and-Folkard; 1985; Smith-and Colligan, 1982; Smith,.Colligan,-. . - .

Frockt, and Tasto, 1979.

8. The following table shows the mean ages and years of service of each group of engineers. Group
labels are explained in the text.

Age, Years of Service, and Number of Engineers in the Groups.

|| Group Age Years of Service | Number of Engineers
Fast 433 14.5 35
Slow 40.5 13.85 20

9. Locomotive engineers must be familiar with the terrain and other features of a territory before
they are qualified to operate in that territory without the supervision of a pilot. An
experienced and certified locomotive engineer who carries a supervisor of engineers
qualification served as pilot during these familiarization runs.

10. This train was selected for two reasons. First, this train represented a very common experience
for American locomotive engineers; that is, a unit commodity train of moderate length and
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heavy weight. It was, therefore, a type of train which the engineers were likely to have
experience with. Second, this train is at once easy to operate and difficult to control.
Operation is easy because a loaded unit train has even distribution of car lengths and car
weights throughout the train. Slack action forces are more predictable in this type of train
than in mixed goods/mixed loads trains. This train is difficult to control because of its great.
mass relative to its length. Good train handling dictates control of speed by predicting the
effects of terrain on the mass of the train. Trains which are heavy can speed up or slow down
beyond the control of the engineer if the effects of terrain are not anticipated and corrective
control settings made appropriately ahead of time. Vigilance is required in terms of
recognizing track locations at which preventive actions are necessary in order to avoid loss
of control. The locomotive engineer generally must take these preventative actions prior to
any actual change in the state of the train. Once a loaded coal train begins to change its
speed as a function of grade, it can be very difficult to have any timely control over that -
change.

- .= o+ 11.. The alerter is-a. device which currently is used-in‘place of the previously.used deadman's-switchussy o - oo

Unlike the deadman's switch, ‘which required.constant operation:to. prevent-an.emergency.- . - e

application of the automatic brakes, the modern alerter needs only to be operated
periodically. In typical operation, the alerter will flash a light at a period of time which is
inversely dependent on the train speed. The alerter is reset by pressing a button on the
device, or by changing throttle or brake settings, or by operating the train horn or bell. If
none of these actions is performed within a period of time, an audible alarm is sounded.
After another period of time, continued failure to act results in an emergency brake
application.

-12. The actigraph device used was manufactured by Ambulatory Monitoring, Inc. of Ardsley, NY.

13. Action 3 software is produced by Ambulatory Monitoring, Inc. of Ardsley, NY.

14. The Global Vigor and Global Affect scales were adopted from Monk, 1989b.

15. Crew members present in the locomotive cab are supposed to verbally indicate the status of
wayside signals as they are approached. This redundancy ensures that signals are properly
read, interpreted, and complied with. '

16. Kuehn, 1996.

17. Whistle boards are wayside signs which give notice to the engineer that he is approaching a

grade crossing. Most railroads have rules which stipulate that horns will be blown at grade
crossings.
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18. Differences between groups are considered reliable if a statistical test on the data is “statistically

19.

e 200

21.

22.

23.

24.

25.

significant”. Statistical tests are used to determine if differences between groups are
sufficiently large to be considered unlikely (i.e., very low probability) under the hypothesis
that the groups are identical in the observed characteristic. “Statistically significant” usually
means that a difference between groups (identical in the observed characteristic) is observed
which would only occur by chance less than 5% of the time when samples of size N and M
are randomly drawn from the groups. If a test yields a statistically significant result, the
hypothesis that the groups are identical in the observed characteristic can be rejected in favor
of the alternative hypotheses are that the groups are different in the observed characteristic.

For the group comparisons of age and length of service a t-test was used. For age:-
t=1.23, 42 df;, p > .05; for length service: t = 0.27, 44 df, p > .05.

Bradley, 1968.

For Sleep.Duration, the:main effect: of Group was tested with-a Wilcoxon Rank Sum test(Wn - .. . .
=176,1n=20, m=35,..p'<.01), the main effect of Runs was tested with-a-Friedman:test-(S:-- =~ ..
= 3022, C=4, R=35, df =3, x> = 64.76, p < .01), and the effect-of the Group by.Run: : .-

interaction was tested with a Friedman test (S = 2089, C =4, R =35, df =3, x,* = 44.96, p
<.01).

Moore-Ede, Sulzman and Fuller, 1982.

For Sleep Onset, the main effect of Group was tested with a Wilcoxon Rank Sum test (Wn =
289, n =20, m =35, p <.01), the main effect of Runs was tested with a Friedman test (S =
1750, C = 4, R=.35, df =.3, x,2 = 37.5, p <..01), and the effect of the Group by Run

- interaction was tested with a Friedman test (S = 1202, C =4, R =35, df =3, 3,2 =25.76,p
<.01).

Moore-Ede et al., 1982.

The correlation (r) between two measures indicates the extent to which the measures agree. A
perfect correlation (r = 1) indicates perfect agreement, no agreement would be indicated by
a zero correlation (r = 0), and a perfect inverse correlation (r = -1) indicates that one measure
increases as the other decreases. For Global Vigor and alertness, r=0.83,n=80, p <.01.

For Global Vigor on run 3, the Wilcoxon Rank Sum test was used (Wn =467, n=20, m = 34,
p > .05). Predicted alertness was modeled to be identical on run 3. Group effects in Global
Vigor across all runs was tested with the Wilcoxon Rank Sum test (Wn=485,n=20, m =
34, p >.05). The effect Run was tested with the Friedman test (S = 3834, C=4,R =35, df
=3, x> = 67.66, p <.01), the effect of the Group by Run interaction was tested with the
Friedman test.(S =2758, C=4,R =35, df =3, x> = 48.67, p <.01), and the main effect of
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segment was tested with the Friedman test (S = 1282, C=4,R =10, df =3, ,> =34.96, p
<.01).

26. Missed horns between groups on run 3 were tested with a (Wilcoxon Rank Sum test (Wn =618,

n=20, m=35, p>.05). The main effect of Group was tested with the Wilcoxon Rank Sum .. . .

test (Wn = 482, n = 20, m = 35, p > .05), the main effect of Run was tested with the
Friedman test (S = 997, C =4, R = 35, x> = 11.39 p < .01), and the Group by Run
interaction was tested with the Friedman test (S =319, C=4,R=35,df=3, x,*=3.65,p
> .05). The correlation between missed horns and changes in performance predicted by the
model was reliable (r=-047,n= 80, p <.01).

27. Alerter Response Times between groups on run 3 were tested with a Wilcoxon Rank Sum test .

-~ (Wn=545; n=20, m = 35, p > .05).- The main effect of Group was tested with a Wilcoxon .. - -
- Rank . Sum:test:(Wn.=659,:n.= 20, m'=-35,p <.05), the main.effect of Run was tested with: .. ..
. the'Friedman test:(S:= 3561, C =4, R = 35, df = 3, x,” =40.70, p <.001), and the Group.by .. . - .
- Runrinteraction:was tested:with: the:Friedman-test (S-= 3515, C-=4, R =35, df =3, x 2 =c. o
"40.17; p <.001).. The correlation'between: predicted alertness-and:the:alerter:response:times w0 oo

was not reliable (r =-0.19, n= 80, p >.05).

28. Fuel Consumption between groups on run 3 was tested with a Wilcoxon Rank Sum test (Wn =
689, n =20, m = 35, p <.05). The main effect of Group was tested with a Wilcoxon Rank
Sum test (Wn = 428, n = 20, m = 35, p <.05), the main effect of Run was tested with the
Friedman test (S = 629, C =4, R =35, df =3, %, = 10.78, p <.05), and the Group by Run
interaction was tested with the Friedman test (S =265, C=4,R=135,df=3, y,2=4.54, p
> .05).

29. The correlation between cumulative fuel deviations and predicted alertness was reliable (r=-
0.43,n=60, p <.01).

30. Pollard, 1991; United States General Accounting Office, 1992.

31. Bonnet and Rand, 1995; Hobson, 1989.

32. Naitoh, 1982.

33. The coefficient of determination (1), which is the correlation (r) squared, indicates the accuracy
of predicting one measure given knowledge of the other measure. In this instance, the
correlation between subjective alertness and predicted alertness was 0.83, so that r> = .68 and

the accuracy of predicting subjective alertness from the model is 68%.

34. Akerstedt, 1988; Czeisler, Moore-Ede, and Coleman, 1982; Gordon, Cleary, Parker, and
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Czeisler, 1986; Monk, 1989a; Monk and Folkard, 1985; Smith and Colligan, 1982; Smith,
Colligan, Frockt, and Tasto, 1979.

35. In arecent keynote address at a symposium on the management of fatigue in transportation Dr.
William Dement (1995) noted that “The averge.adult sleep . requirement is a little.over eight
hours...”. Pollard (1996, p. 11) also indicates that eight hours is the amount of sleep
recommended by most experts on the subject. Pollard (1996) presents data collected by
Webb (1992) which indicates that the average amount of sleep obtained in the general
population is 7.5 hours. Consequently, the amount of sleep obtained by the “slow” and
“fast” groups is less than that which is either recommended or generally obtained. Hence,
it is not sufficent. :
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APPENDIX I.
SIMPLE SLEEP DEBT AND CIRCADIAN RHYTHM MODEL

Circadian rhythm

2m(T-¢)
A4 2 Vy1+100P
[cos( ” N+

A is the amplitude, ¢ is the phase shift, and P is the offset.
P =exp -(D/24)
D is the sleep debt. If D=0, P=1, as D increases, P -~ 0.

Sleep debt is accumulated while awake. While awake it is the sum of time awake and the value of
D remaining after sleep.

Sleep debt is decreased during sleep. Time asleep is subtracted from the sum of the (hours awake
divided by 4) and (cumulative sleep debt prior to sleep divided by 4).

For the present application of the model, the following parameter values were used:

A=5
T is time of day in 24 hour notation
¢=12
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