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a b s t r a c t
To operate Navy ships 24 h per day, watchstanding is needed around the clock, with watch periods
reﬂecting a variety of rotating or ﬁxed shift schedules. The 5/15 watch schedule cycles through watch
periods with 5 h on, 15 h off watch, such that watches occur 4 h earlier on the clock each day – that is,
the watches rotate backward. The timing of sleep varies over 4-day cycles, and sleep is split on some
days to accommodate nighttime watchstanding. The 3/9 watch schedule cycles through watch periods
with 3 h on, 9 h off watch, allowing for consistent sleep timing over days. In some sections of the 3/9
watch schedule, sleep may need to be split to accommodate nighttime watchstanding. In both the 5/15
and 3/9 watch schedules, four watch sections alternate to cover the 24 h of the day. Here we compared
sleep duration, psychomotor vigilance and subjective sleepiness in simulated sections of the 5/15 and
3/9 watch schedules. Fifteen healthy male subjects spent 6 consecutive days (5 nights) in the laboratory.
Sleep opportunities were restricted to an average of 6.5 h daily. Actigraphically estimated sleep duration
was 5.6 h per watch day on average, with no signiﬁcant difference between watch sections. Sleep duration
was not reduced when sleep opportunities were split. Psychomotor vigilance degraded over watch days,
and tended to be more variable in the 5/15 than in the 3/9 watch sections. These laboratory-based ﬁndings
suggest that Navy watch schedules are associated with cumulative sleep loss and a build-up of fatigue
across days. The ﬁxed watch periods of the 3/9 watch schedule appear to yield more stable performance
than the backward rotating watch periods of the 5/15 watch schedule. Optimal performance may require
longer and more consistent daily opportunities for sleep than are typically obtained in Navy operations.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Navy surface operations involve watchstanding 24 h per day to
be able to operate around the clock. Watchstanding duties include
a variety of tasks essential to the operation of the ship. To operate around the clock, these duties are distributed among different
crews, which work alternating schedules called watch sections.
Usually, there are three or four such watch sections in order to
cover all hours of the day.
In most traditional watch schedules, the alternation of watch
sections is not aligned with the 24 h cycle of day and night. Various commonly used watch schedules rotate backward, causing
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desynchronization of circadian rhythms (Sallinen and Kecklund,
2010). Furthermore, in addition to watchstanding duties, Naval
personnel are assigned many other tasks. As a consequence,
sleep opportunities on board tend to be restricted (Shattuck and
Matsangas, 2015a, 2015b).
The combination of around-the-clock operations with insufﬁcient sleep has the potential to induce signiﬁcant levels of fatigue
(Åkerstedt, 2007) due to the effects of two key biological processes of sleep/wake regulation (Van Dongen and Dinges, 2005).
The circadian process, which keeps track of time of day, produces
a drive for wakefulness during the day, but withdraws this drive
during the night and early morning, thereby promoting fatigue. The
homeostatic process, which keeps track of sleep and wakefulness,
produces an elevated drive for sleep in the face of sleep loss, which
also promotes fatigue.
In this pilot study, we considered sleep and fatigue in two speciﬁc Naval watch schedules: the traditional 5/15 watch schedule
and the more recently introduced 3/9 watch schedule. The 5/15
watch schedule rotates through periods with 5 h on watch followed
by 15 h off watch, creating a 20 h watch day. Through the inclusion
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of a 4 h watch every fourth day, this schedule repeats a backward
rotating watch pattern in 4-day cycles. In contrast, the 3/9 watch
schedule involves periods with 3 h on watch followed by 9 h off
watch, which through two iterations creates a ﬁxed 24 h watch day.
Both the 5/15 and the 3/9 schedules are four-section watch schedules, meaning that four different crews alternate to ﬁll the watches
of the day.
Using a laboratory simulation of a typical Navy environment, we
investigated the effects of circadian misalignment and restricted
sleep opportunity on amounts of sleep obtained and levels of
fatigue experienced in Navy watch schedules. Controlled laboratory conditions allowed for precise measurements by standardizing
or eliminating potential confounds in the measurement of sleep
and performance, such as weather conditions, variable workload,
and hostile encounters. We compared sleep duration, psychomotor vigilance and subjective sleepiness in individuals working
simulated watch sections of the 5/15 and 3/9 schedules, keeping total watch duration and total sleep opportunity equal across
schedules.

with regular bedtimes and typical wake times between 06:00 and
09:00.
Subjects were instructed to maintain regular sleep-wake schedules during the seven days preceding the study. Compliance was
veriﬁed with wrist actigraphy, sleep logs, and a time-stamped voice
recorder on which subjects reported their bedtimes and rising
times. During the seven days before the study, subjects were to
avoid napping, caffeine or alcohol consumption, and drugs including tobacco. Compliance was veriﬁed with urine and breathalyzer
tests.
The study was approved by the Institutional Review Board (IRB)
of Washington State University. All subjects gave written, informed
consent, and were ﬁnancially compensated for their time.
2.2. Experimental design
The study took place in the controlled laboratory environment
of the Sleep and Performance Research Center at Washington State
University Spokane. Subjects were in the laboratory continuously
for six days (ﬁve nights). The ﬁrst day was an adaptation day, during
which subjects practiced laboratory performance tests. The next
four days involved simulated watchstanding schedules, described
below. These days are referred to as watch days 1–4 throughout
the rest of this paper (see Fig. 1). The last day in the laboratory
included an 11.5 h sleep opportunity for recovery before subjects
went home.
Subjects were assigned to one of four watch sections, as shown
in Fig. 1:
5/15-A: a 5/15 watch section, backward rotating, with 6.5 h
sleep opportunities beginning at 00:30 on watch day 1, 22:30 on

2. Methods
2.1. Subjects
Fifteen healthy male volunteers (ages 18–29 y) completed a
six-day, ﬁve-night laboratory study. Subjects were physically and
psychologically healthy as assessed by history, questionnaires, and
physical examination. They were free of traces of drugs and alcohol
as assessed by blood and urine chemistry and history. They reported
to be good sleepers, habitually sleeping between 6 and 10 h daily
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Fig. 1. Schematic of the study design showing each of the four watch sections simulated in the laboratory. Within each watch section, days progress from top to bottom
and time of day progresses from left to right. All watch sections began with an adaptation day, included four watch days, and concluded with a recovery day. The beginning
of each watch day is indicated with a white marker with an arrow; WD1→ indicates the beginning of watch day 1, etc. The beginning of the recovery day is indicated with
Rec→. Black bars represent scheduled sleep opportunities (time in bed), and gray bars indicate scheduled recovery sleep. Orange bars represent scheduled watchstanding
periods. Yellow bars represent all other periods of wakefulness. The red cross marks indicate the times when psychomotor vigilance and subjective sleepiness were measured
(approximately every 2 h during scheduled wakefulness).
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watch day 2, 18:30 on watch day 3, and split sleep at 19:00 (2 h)
and 03:00 (4.5 h) on watch day 4;
5/15-B: a 5/15 watch section equivalent to the 5/15-A watch
section, but shifted by 2 watch days in the four-day rotation cycle;
3/9-S: a 3/9 watch section, not rotating, with 6.5 h split sleep
opportunities beginning at 21:00 (2 h) and 04:00 (4.5 h) each watch
day;
3/9-C: a 3/9 watch section, not rotating, with 6.5 h consolidated
sleep opportunities beginning at 22:30 each watch day.
There were four subjects assigned to each watch section, except
for the 3/9-S watch section, which had three subjects.
Subjects assigned to the 5/15-A and 5/15-B watch sections were
in the laboratory at the same time, sharing laboratory space and
sleeping quarters like they would on a ship. Likewise, subjects
assigned to the 3/9-S and 3/9-C watch sections were also in the laboratory at the same time. The sleeping quarters were in a single area
of the laboratory outﬁtted with bunk beds. Subjects were instructed
to try to sleep during scheduled sleep opportunities. When sleep
opportunities of the 5/15-A and 5/15-B watch sections overlapped,
subjects were asked to minimize disturbance of the other watch
section’s sleep. The same applied to the 3/9-S and 3/9-C watch sections (see Fig. 1). The rationale for this arrangement was that any
sleep disturbance that nonetheless occurred could be reasonably
expected to occur in shared sleeping quarters in real-world Naval
operations as well.
Subjects were scheduled to stand simulated watch duties
for an average of 6 h per watch day (see Fig. 1). During simulated watches, subjects were assigned to continuous, cognitively
demanding tasks (which are beyond the scope of this paper). Relevant for the present study, Navy personnel are expected to be
operationally active at all hours of the day except when sleeping.
Therefore, psychomotor vigilance and subjective sleepiness were
measured approximately every 2 h during all scheduled periods of
wakefulness.
Subjects received three standardized meals and one snack per
watch day on average. Caffeine, alcohol, and tobacco were not
allowed. Light exposure was less than 100 lux during scheduled
wakefulness, and lights were off during scheduled sleep. Subjects
were supervised 24 h per day by trained research assistants and
kept awake during scheduled wake times.
2.3. Measurements
Subjects wore Actiwatch-2 wrist actigraphs (Respironics, Bend,
OR) continuously to record rest/activity patterns. Two actigraphs
were worn, one on each arm, to protect against critical data loss
due to equipment failure. Actigraph data were analyzed in 1 min
epochs to estimate sleep, using the Actiware 6 software (Respironics, Bend, OR) and constrained by the timing of the scheduled sleep
opportunities (see Fig. 1). For each sleep opportunity, sleep onset
and sleep offset were manually determined by ﬁnding the ﬁrst
and last epochs with consistent (>3 min) lack of movement. Intermittent wakefulness was calculated by an automated algorithm
implemented in the Actiware 6 software. Sleep duration was calculated as the interval between sleep onset and sleep offset minus
intermittent wakefulness.
Approximately every 2 h during scheduled wakefulness, a psychomotor vigilance test (PVT) and the Karolinska Sleepiness Scale
(KSS) were administered (see Fig. 1). The PVT is a 10 min simple
reaction time test requiring subjects to respond as quickly as possible to a visual stimulus appearing on a computer screen at random
intervals of 2–10 s (Dinges and Powell, 1985). The PVT measures the
ability to sustain attention in a stable manner (Doran et al., 2001)
and is a sensitive assay of fatigue due to sleep deprivation and circadian misalignment (Lim and Dinges, 2008). The number of lapses
of attention (response times ≥500 ms) was used to quantify PVT

performance. The KSS is a subjective scale of sleepiness in which
subjects rate how sleepy they feel (Åkerstedt and Gillberg, 1990).
Responses range from 1 (extremely alert) to 9 (extremely sleepy –
ﬁghting sleep).
2.4. Statistical analysis
Statistical analyses focused on sleep duration, psychomotor vigilance and subjective sleepiness during the four watch days in
the different watch sections. Analyses of sleep duration compared
each of the watch sections against each other to investigate the
effects of the different ways of scheduling sleep (see Fig. 1). Analyses of performance and sleepiness compared the combined 5/15
watch sections with the combined 3/9 watch sections in order to
investigate performance of all subjects that were in the laboratory
simultaneously as part of the simulated Navy surface operation.
Analyses were performed with mixed-effects analysis of variance
(ANOVA) with a random effect on the intercept (Van Dongen et al.,
2004), using SAS version 9.2 statistical software (SAS Institute Inc.,
Cary, NC).
Actigraphically assessed sleep duration was analyzed by means
of mixed-effects ANOVA with a between-subjects ﬁxed effect for
watch section (5/15-A, 5/15-B, 3/9-S, 3/9-C), a within-subjects ﬁxed
effect for watch day (1–4), and their interaction. Data from both
actigraphs worn by each subject were included in the analysis,
and to account for any differences between the two actigraphs,
a within-subjects covariate for arm (on which the actigraph was
worn) was included. A secondary analysis was performed to compare split sleep periods with consolidated sleep periods, using
mixed-effects ANOVA with a mixed between- and within-subjects
ﬁxed effect for sleep period (consolidated versus split), and a
within-subjects covariate for arm.
PVT lapses of attention and KSS sleepiness scores were analyzed
with mixed-effects ANOVA with a between-subjects ﬁxed effect for
watch schedule (5/15 versus 3/9), a within-subjects ﬁxed effect for
watch day (1–4), and their interaction. Furthermore, PVT and KSS
administrations were binned into 3 h time intervals covering the
24 h of the day, and then analyzed with ANOVA with a betweensubjects ﬁxed effect for watch schedule (5/15 versus 3/9), a withinsubjects ﬁxed effect for time of day (00:00–03:00, 03:00–06:00, . . .,
21:00–24:00), and their interaction.
3. Results
Fig. 2 shows the actigraphically assessed sleep durations across
watch days in each of the four watch sections. Overall sleep

Fig. 2. Actigraphically assessed total sleep duration on watch days 1–4 in each of
the four simulated watch sections. Dots indicate means; error bars reﬂect standard
errors.
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Fig. 3. Number of lapses (response times ≥500 ms) on the 10 min psychomotor vigilance test (PVT) on watch days 1–4 (left) and as a function of 3 h intervals across the 24 h
day (right) in the 5/15 and 3/9 watch schedules. Dots indicate means; error bars reﬂect standard errors.

duration was 5.6 ± 0.1 h (grand mean ± standard error) per watch
day. There was no signiﬁcant main effect of watch section
(F3,84 = 0.18, p = 0.91) and no signiﬁcant main effect of watch day
(F3,84 = 1.51, p = 0.22). However, there was a signiﬁcant interaction
of watch section by watch day (F9,84 = 3.82, p < 0.001). Both 5/15
watch sections exhibited less sleep when the sleep opportunity was
scheduled to begin early in the evening (at 18:30), i.e., on watch
day 3 in the 5/15-A watch section and on watch day 1 in the 5/15-B
watch section (see Fig. 1). Watch days with split sleep did not show
reduced total sleep duration (F1,95 = 2.19, p = 0.14).
Fig. 3 shows the number of lapses of attention on the PVT
across watch days (left panel) and as a function of time of day
(right panel) in the 5/15 watch schedule (8 subjects) and the 3/9
watch schedule (7 subjects). Because of a number of technical
problems and occasional compliance issues, 48 of the 540 PVT
data points were a priori excluded from analysis. In the analysis focusing on watch days, there was no signiﬁcant main effect
of watch schedule (F1,472 < 0.01, p = 0.98), and no signiﬁcant interaction of watch schedule by watch day (F3,472 = 1.43, p = 0.23).
However, there was a main effect of watch day (F3,472 = 12.12,
p < 0.001), indicating a progressive increase in PVT performance
impairment across watch days in both schedules (see Fig. 3, left
panel). In the analysis of the same data focusing on time of day,
there was a signiﬁcant main effect of time of day (F7,464 = 4.11,
p < 0.001) and a trend for an interaction of watch schedule by
time of day (F7,464 = 1.89, p = 0.069). In both schedules performance
was most impaired during the late night/early morning hours of
the 24 h day, and the variability in performance as a function of
time of day was greatest in the 5/15 watch schedule (see Fig. 3,
right panel).
For subjective sleepiness scores on the KSS, in the analysis focusing on watch days, there was no signiﬁcant main effect of watch
schedule (F1,519 = 0.48, p = 0.49), and no signiﬁcant interaction of
watch schedule by watch day (F3,519 = 0.59, p = 0.62). However,
there was a main effect of watch day (F3,519 = 5.70, p < 0.001). This
effect involved an increase in sleepiness from the ﬁrst to the second watch day, with no further increase in sleepiness on the third
and fourth watch days. In the analysis of the subjective sleepiness
data focusing on time of day, there was a signiﬁcant main effect of
time of day (F7,511 = 17.14, p < 0.001), but no signiﬁcant interaction
of watch schedule by time of day (F7,511 = 1.06, p = 0.39). In both
schedules, subjective sleepiness was highest from the late evening
until the late morning and lowest during the afternoon. In general, the temporal proﬁles of performance impairment observed
on the PVT were not reﬂected in subjective sleepiness scores
on the KSS.

4. Discussion
4.1. Sleep ﬁndings
In this laboratory-based pilot study of two simulated Navy
watch schedules – the 5/15 backward rotating schedule and the
3/9 non-rotating schedule – sleep was systematically restricted
(see Fig. 2). Average daily sleep duration during the simulated
watch days was 5.6 h out of 6.5 h sleep opportunity. There was
no signiﬁcant overall difference in sleep duration between the
watch sections. Nonetheless, both 5/15 watch sections exhibited
less sleep when the sleep opportunity was scheduled to begin at
18:30 (see Fig. 2). This early bedtime falls in the “wake maintenance zone”, which is the period in the early evening when the
circadian drive for wakefulness is so high that it interferes with
sleep (Lavie, 1986; Strogatz et al., 1987). On the other hand, the
splitting of sleep opportunities in the 5/15 watch sections and in
one of the two 3/9 watch sections (see Fig. 1) did not adversely affect
total sleep duration. In another simulated shift work study, split
sleep was associated with reduced sleep efﬁciency as compared
to consolidated sleep (Jackson et al., 2014). However, this effect
becomes negligible under conditions of sustained sleep restriction (Mollicone et al., 2007), as is more typical in operational
settings.
In the simulated watch schedules, sleep opportunity was standardized to a ﬁxed 6.5 h per watch day in order to be able to
compare the two schedules on an equal footing. Although the average daily sleep duration obtained by the subjects was similar to that
reported for real-world military environments (Miller et al., 2010),
ﬁeld research has found that the total amount of sleep obtained by
Naval personnel is greater on the 3/9 schedule than on the 5/15
schedule (Yokeley, 2012). In our laboratory study, subjects were
instructed to try to sleep during scheduled sleep opportunities, yet
not to take any naps beside those speciﬁcally scheduled on split
sleep days (see Fig. 1). In real-world military settings, the pressure
for sleep tends to be very high. Military personnel are inclined to
sleep whenever the opportunity arises, and they often nap to compensate for chronic sleep loss (Miller et al., 2010). It is possible that
in a ﬁeld setting, the 5/15 schedule allows less time for napping
than the 3/9 schedule due to the shorter, 20 h watch days of the
5/15 schedule.
4.2. Performance results
The systematic restriction of sleep in the simulated Navy
watch schedules resulted in a build-up of psychomotor vigilance
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impairment across watch days in both schedules (see Fig. 3, left
panel). This is in agreement with earlier laboratory studies demonstrating cumulative performance impairment due to sustained
sleep restriction (Belenky et al., 2003; Van Dongen et al., 2003,
2011; Mollicone et al., 2008). Furthermore, there was more variability in psychomotor impairment across the 24 h of the day in the
5/15 watch schedule than in the 3/9 watch schedule (see Fig. 3, right
panel). This is consistent with ﬁndings from forced desynchrony
experiments, which show large ﬂuctuations in performance due to
circadian misalignment (Lee et al., 2009; Cohen et al., 2010; Zhou
et al., 2011; Kosmadopoulos et al., 2014).
These ﬁndings indicate that Navy watch schedules have the
potential to induce considerable levels of fatigue. This fatigue may
be mitigated, to some extent, by regularity in the schedule, as
achieved in the 3/9 schedule through its consistent alignment relative to circadian rhythmicity. Field observations comparing the 3/9
watch schedule to the 5/15 watch schedule conﬁrm this (Yokeley,
2012). Other ﬁeld research comparing the 3/9 watch schedule to a
6/6 watch schedule (Shattuck and Matsangas, 2014) or a 5/10 watch
schedule (Shattuck et al., 2015) also identiﬁes the 3/9 watch schedule as more effective for maintaining psychomotor vigilance. That
said, even non-rotating watch schedules are associated with performance impairment, depending on the time of day, as was recently
demonstrated in a simulated 4/8 watch schedule (van Leeuwen
et al., 2013).
It should be noted that none of these studies, including the
present one, have speciﬁcally investigated the issue of sleep inertia – the performance impairment, disorientation and grogginess
experienced immediately after awakening (Dinges et al., 1981;
Balkin and Badia, 1988). Additionally, the extent to which the use of
caffeine, which is ubiquitous on board Navy ships (Brown, 2012), is
effective as a fatigue countermeasure has not been assessed, either
under laboratory-simulated conditions or in the real-world operational environment.
It is noteworthy that subjective sleepiness did not track objective performance impairment. That is, subjective sleepiness ratings
did not differ signiﬁcantly between the 5/15 and 3/9 watch schedules. Also, whereas there was an acute increase after the ﬁrst
day on watch (regardless of watch schedule), unlike psychomotor vigilance, subjective sleepiness showed no further build-up
across watch days. Sleepiness was highest from the late evening
until the late morning in both simulated watch schedules, which
did not mimic the temporal proﬁles of impairment observed for
psychomotor vigilance. Such discrepancy between subjective and
objective measures of fatigue, as has been documented previously
(Van Dongen et al., 2003, 2011; Zhou et al., 2012), underlines the
potential danger of relying on self-report for the evaluation of different watch scheduling options.
5. Conclusion
Sleep in the simulated Navy watch schedules of this laboratory
study was insufﬁcient to maintain psychomotor vigilance across
watch days. Furthermore, psychomotor vigilance performance was
less stable in the 5/15 watch schedule than in the 3/9 watch schedule. Psychomotor vigilance – or the ability to sustain attention in
a stable manner (Doran et al., 2001) – is an essential function of
Navy personnel for mission safety and success, and more generally
for prevention of work-related errors and accidents.
The sample size of this pilot study was small, and although
we found statistically signiﬁcant differences between the 5/15
and 3/9 watch schedules, these results should be considered preliminary. Even so, our ﬁndings suggest that maintaining optimal
performance may require longer and more consistent daily opportunities for sleep than is typically obtained in real-world Navy
operations.
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