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Abstract  

This report summarizes our work to compare and further develop Sleep Prediction Models 
(SPMs) for crewing analysis with the integration of a DRDC Fatigue Model (DFM) into a DRDC 
naval crewing analysis tool called Simulation for Crew Optimization and Risk Evaluation 
(SCORE). We identified three sleep prediction models and then programmed them using 
MATLAB, a generic computer programming tool. We compared these models and the 
AutoSleep module in Fatigue Avoidance Scheduling Tool (FAST), commercial software, with 
empirical data from the literature and our own at-sea trial. We also added the SPMs to our DFM 
and compared crew cognitive performance predicted from both self-reported and model-predicted 
sleep. We found better predictions by SPMs than AutoSleep for both sleep and performance as 
indicated by their mean square errors against the literature data and our self-reported sleep data. 
We further improved sleep predictions for a Navy operational setting involving various work/rest 
schedules such as watchstanding schedules by optimizing some of the model parameters. The 
flexibility of our model would allow adjustment of parameter values and additions of new 
algorithms and mechanisms for other factors such as circadian phase shifts, and thus improve 
model predictions and usefulness for both civilian and military applications. Future development 
and validation of our SPM and DFM for crew fatigue analyses were warranted. 

Significance to defence and security  

Sleep deprivation-induced fatigue has been well recognized as a major factor influencing 
military’s performance across all operational environments (Army, Navy and Air Force). In this 
report, we described our work on the development of bio-mathematical models for human sleep 
and performance under various conditions including a naval operational environment. Our models 
will be used to evaluate crewing models built within the SCORE tool. In addition, our models 
could form the basis of a stand-alone application to estimate if a given duty schedule would 
provide crew members with adequate sleep to effectively complete assigned tasks. They can also 
be integrated into other analysis tools for risk assessment and decision-making process during 
sustained military operations. 



  
  

ii DRDC-RDDC-2017-R127 
 
 
  
  

Résumé  

Le présent rapport résume les travaux visant à comparer et à perfectionner des modèles de 
prévision du sommeil (MPS) pour l’analyse de l’armement en équipage par l’intégration d’ un 
modèle de fatigue de RDDC à un outil d’analyse de l’armement en équipage des navires appelé 
Simulation pour l’optimisation de l’équipage et l’évaluation des risques (SCORE). Nous avons 
défini trois modèles de prévision du sommeil et les avons programmés à l’aide de MATLAB®, 
un outil de programmation informatique générique. Nous avons comparé ces modèles et le 
module AutoSleep dans le FAST (Fatigue Avoidance Scheduling Tool—outil de planification 
pour contrer la fatigue), un logiciel commercial aux données empiriques tirées de la recherche 
documentaire et de notre propre essai en mer. Nous avons aussi ajouté les MPS à notre modèle de 
fatigue et comparé le rendement cognitif prédit par le sommeil autodéclaré des membres 
d’équipage et par celui du modèle. Les MPS ont permis d’obtenir de meilleures prévisions que le 
module AutoSleep, tant pour le sommeil que pour le rendement, comme l’indiquent leurs erreurs 
quadratiques moyennes par rapport aux données de la littérature et à nos données sur le sommeil 
autodéclaré. Nous avons amélioré davantage les prévisions de sommeil pour l’environnement 
opérationnel de la Marine mettant en jeu divers horaires de travail et de repos, comme les quarts, 
en optimisant certains paramètres des modèles. La souplesse que confère ce modèle permettra 
l’ajustement des valeurs des paramètres et l’ajout de nouveaux algorithmes et mécanismes qui 
tiendront compte d’autres facteurs comme le décalage des rythmes circadiens, ce qui augmentera 
la qualité de ses prévision, ainsi que son utilité pour les applications civiles et militaires. D’autres 
travaux de développement et de validation de notre MPS et de notre modèle d’analyse de la 
fatigue des équipages seront toutefois de mise. 

Importance pour la défense et la sécurité  

La fatigue causée par le manque de sommeil est reconnue comme étant un facteur qui influence 
grandement le rendement des militaires dans tous les environnements opérationnels (armée, 
marine et aviation). Dans le présent rapport, nous décrivons notre travail sur la mise au point de 
modèles biomathématiques du sommeil et de la performance de l’humain dans diverses 
conditions, notamment dans un environnement opérationnel naval. Nos modèles serviront à 
évaluer les modèles d’armement en équipage intégrés à l’outil SCORE. En outre, nos modèles 
pourraient constituer le fondement d’une application autonome pour déterminer si un horaire de 
service donné permettrait aux membres d’équipage de dormir suffisamment pour exécuter 
efficacement les tâches qui leur sont assignées. Ces modèles peuvent aussi être intégrés à d’autres 
outils d’analyse pour l’évaluation des risques et le processus décisionnel lors d’opérations 
militaires prolongées. 
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1.2.1 Two-process model of sleep regulation 

The model was first reported by Achermann and Borbely in Switzerland [24–28]. It considers that 
the human arousal system consists of two primary components: a circadian system and a sleep 
homeostasis system. The circadian System C oscillates in an approximately 24-h cycle, resulting 
in variations in sleepiness within a single day. The sleep homeostatic System S, in contrast, 
produces continuous increases in sleepiness as time awake increases, which then recovers with 
sleep. The two processes are mathematically described by the following equations:  

)1(1
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t

t SeS r





   during wake (1)
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t SeS d






)(

  during sleep (2)

Where S is the homeostatic sleep pressure as a function of time t; t is the time step; and r (18.2 h) 
and d (4.2 h) are time constants for the rise and decay of the homeostatic process during 
wakefulness and sleep, respectively. 
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(3)

C: circadian process independent of sleep and waking; A: amplitude of skewed sine wave (0.12); 
t: time; : period of C (i.e., 24 h); t0: defines the circadian phase at the beginning of the 
simulation (8.6 h); a1 =0.97, a2 =0.22, a3 =0.07, a4 =0.03, and a5 =0.001. 

S=0.49 at 0:00 a.m. When S>0.67+C during rest period, it is time to sleep; when S<0.17+C, it is 
time to wake up. 

1.2.2 Three-process model of alertness 

This model was reported by Akerstedt’s group in Sweden [29–33]. It is also based on two primary 
components: a sleep homeostasis system and a circadian system, but described differently in 
mathematics as compared to the model by Achermann and Borbely, and includes an additional 
process called sleep inertia. This model has gone through a number of versions in terms of 
equations describing the three processes and parameter values that have been compared [34]. The 
latest version [35] investigated in our current study is described below: 

laelaSS td
at  )(  during wake (4)

tg
rt eShahaS  )('

during sleep (5)
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where Sa, Sr are values of S at awakening and sleep, respectively, la and ha are lower and upper 
asymptotes (2.4 and 14.3), d and g are rate constants of the build-up and dissipation of sleepiness, 
and t=time since awakening or sleep.  

)12/)cos((  ptCt   (6)

Where α=amplitude (2.5) [29, 30], t=time of day in decimal hours, p=acrophase in decimal hours 
(the time of maximum alertness which varies from 15.8 to 21.8 hours [31]). We used an 
acrophase value of 16.8 h [35]. 

In order to prevent excessive speed of recovery in partial sleep deprivation, a ‘break’ point bt was 
defined using Equation (7) to split the recovery process into two parts: one with high homeostatic 
pressure and the other with low pressure, and the recovery process '

tS was modified with the 
‘break’ point as follows [30, 33]: 

))(/()( hablgSblbt r   (7)

When dt≤bt 

))((' hablgdtSS rt   (8)

When dt>bt  

)(' )( btdtg
t eblhahaS   (9)

where bl=break level=12.2, dt=delta time since falling asleep in decimal hours, Sr is S when 
falling asleep, g=ln((14.3-14)/(14.3-7.96))/8=-0.381 

In addition, the circadian component was modified and an ultradian component Ut was added to 
reflect an afternoon slump in alertness as follows [29, 30]: 

)]}3([6/cos{  ptmUt   (10)

where m=mesor (-0.5), =amplitude (2.5), and t is time of day in decimal hours, p=acrophase of 
C in decimal hours (16.8 h). 

When St+Ct+Ut<8.38 during rest, it is time to sleep; when St+Ct+Ut>13.38 during sleep, it is time 
to wake up [35]. 

It is indicated that the ultradian process occurs within sleep and represented by the alternation of 
the two basic sleep states: non-Rapid Eye Movement (nonREM) sleep and REM sleep [36].  



  
  

DRDC-RDDC-2017-R127 5 
 
 
  
  

The sleep inertia which is a transitional state of hypovigilance and temporary disturbance in 
performance immediately after awakening can be mathematically described below [29]:  

tWInitW WDecay   where W is sleep inertia, WInit=5.7, WDecay=0.65692, t=time since 
awakening. 

However, adding the sleep inertia has not shown improvement for sleep prediction in the 
literature [35] and thus not investigated in our current study. 

In addition, sleep latency could be predicted according to the following equation derived from a 
series of experimental studies [22], but was not included in the current version: 

x
lS 12.01056.0   

Where Sl=sleep latency, x=predicted alertness (St+Ct). 

1.2.3 Sleep/wake model 

This model was reported by Darwent’s group in Australia. It is based on the observation of sleep 
patterns of long-haul commercial aviation pilots during layovers following international travel 
across multiple time zones and train drivers during normal commercial operations. Specifically, 
the timing and duration of sleep were modeled based on sleep propensity rhythm and sleep 
onset/offset threshold rhythm. The model is mathematically described by the following governing 
equations [37, 38]: 

cos S (11)

Where f(t) is sleep propensity with a minimum of 0 and a maximum of 1at time of day, t. 
M represents the Midline-Estimating Statistics of the Rhythm (MESOR) of the cosine function 
with a value of 0.5. A is the parameter representing the amplitude of the cosine function with a 
value of 0.5. P (5.365) represents the phase offset of the rhythm and determines the acrophase 
rhythm. Exponential parameter S (2.81) represents slope of distribution.  

The sleep onset and offset threshold Son-off was determined as follows: 

∑ ∑

∑
 (12)

Where ∑ =the sum of sleep propensity in the 12 hours prior to time t; ∑ =the 
sum of sleep propensity in the 12 hours after time t; ∑ 	is the sum of predicted sleep 
probability over the 24-h interval.  

1.2.4 FAST AutoSleep module 

Fatigue Avoidance Scheduling Tool (FAST) is a commercial software based on the Sleep, 
Activity, Fatigue, and Task Effectiveness (SAFTE) model [39]. It includes an AutoSleep module 
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which can estimate sleep schedules from work schedules. The module was developed based on a 
set of decision rules and sleep options using data from a study of railroad engineer work/rest 
diaries [40]. 

Several studies have examined the agreement between the FAST AutoSleep estimates of sleep 
and sleep from the diary studies [41] and between AutoSleep and actigraphic estimates of Sleep 
in railroad workers [42]. The mean agreement between AutoSleep and the five diary studies was 
87.17%. The agreement between AutoSleep and actigraph was 86.92%. 

1.2.5 Other sleep models 

There are other recently reported sleep-wake models which may be more physiologically based, 
e.g., Phillips and Robinson model [43, 44] and conceptual models of sleep-wake regulatory 
networks involving neural anatomy and physiology [45]. There are fundamental similarities 
between the two-process model and the neurobiological model considering the mutual inhibition 
of sleep promoting neurons and the ascending arousal system [44].  
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balance between task demands and resources (Young et al. 2015). For example, a visual tracking 
task that requires sustained undivided attention all the time was commonly considered a 
high demanding task with a rating of 3, while seldom attention in case of automatic processing 
was given a rating of 0. The tasks requiring attention most of the time and some of the time were 
rated 2 and 1, respectively.  

 
Figure 4: GUI of DFM in MATLAB program. 

We also estimated sleep using FAST AutoSleep module and subsequent cognitive performance 
(Fatigue Science, Vancouver, BC, Canada). AutoSleep settings assumed a normal bedtime of 
11 p.m., a maximum of 8 hours of sleep during a rest period, no commute time and no sleep 
during work periods. 

2.2 Experimental data 

Literature data for sleep onset and wake-up times, and sleep durations were obtained from 
references [46] and [47]. The first literature data are associated with night shift (21:00–06:00), 
afternoon shift (14:00–21:00), and morning shift (06:00–14:00). The second study deals with two 
12-h day shifts (7:00–19:00) followed by two 12-h night shifts (19:00–7:00).  

Work and rest schedules, and subjective fatigue levels on a Canadian patrol frigate were collected 
during exercise Trident Fury from 4 to 15 May 2015 according to DRDC Human Research Ethics 
Committee Protocol [48]. Briefly, questionnaires and surveys were completed for 9 days from 
May 5 to 13 by 50 crew members of Her Majesty’s Canadian Ship (HMCS) Calgary during 
Exercise Trident Fury 2015. The data collection and analysis have been described in detail in 
another report [18]. Briefly, the study used a work, rest and fatigue log that recorded daily sleep, 
work activity, personal time and fatigue rating. Every day during the trial, each participant was 
asked to record rest times, on-duty/off-duty activities (see Table 1), and subjective fatigue levels 
at 15-min intervals by entering the information into the log once every four hours. For the 
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subjective fatigue level, a 7-point fatigue rating scale was used based on Stanford Sleepiness 
Scale [49]. Each log covers a 24-hour period where activity and fatigue are tracked for each 
15-min block (see Table 2). Daily sleep duration was calculated as total amount of sleep 
(indicated as S in the log) divided by the number of days (i.e., 9 days). Number of sleep episodes 
was defined as the number of sleep periods in between any other activities excluding sleep 
interruptions. 

Table 1: On-duty and off-duty activities and their codings. 

 

Table 2: A daily work, rest and fatigue log. 

 

2.3 Comparison methods 

Initially, we compared model predictions by all four models as described in Section 1.2 for bed 
time, rise time and sleep duration under normal 8-hour work from 8:00 to16:00. 

We then compared model predicted sleep onset and wake-up time with the reported data for shift 
work schedules [46, 47]. The difference was calculated to assess the accuracy of the model 
prediction. 

We further compared model-predicted and self-reported sleep using our field data. The work 
schedules on the ship were divided into four groups: day workers, port watch (port watch and 
starboard watch standers, and irregular shift workers. The irregular shift workers were the cooks 
and stewards who worked mostly at night. A direct comparison was made between 
model-predicted sleep duration, number of sleep episodes and self-reported values of each 
individual as well as their averages across the crew members under the same shift schedule (see 
Annex A for details).  

Finally, we ran our DFM using two kinds of sleep schedules (time to sleep and wake-up) as input 
to predict performance of each crew member, respectively. The first type was predicted by SPM 2 
based on work schedules in the log while the second type was directly from the self-reported 
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sleep activity in the log. Accordingly, each output was referred to performance predictions from 
model-predicted and self-reported sleep, respectively. 

Given different scales used to report sleepiness and cognitive performance in the literature and 
model predictions, data were transformed by a linear regression method as detailed below for 
comparison. 

In step one experimental data were plotted against the predicted performance. The model 
prediction at each time point was matched up with the experimental data at the same time point to 
give a set of experimental against model data. The line of best fit was taken and the slope (a 
value) and y intercept (b value) were obtained from the linear line fit. In step two scaled 
predictions were generated by multiplying slope with predicted value then plus y intercept values. 
Mathematically, this can be represented as follow: 

Step one: experimental data yexp, i ~ a*model predictions + b 
Step two: scaled predictions ypred., i= a*model predictions +b 

The Mean Square Error (MSE) between the prediction ypred,i and experimental data yexp,i was 
calculated as: 

∑
=

−=
n

i
iipred yy

n
MSE

1

2
exp,, )(1

 
(13) 

where n is the number of data points. 

We also compared the predicted and experimental sleep for each 15 minutes based on a similar 
method as reported [41, 42]. A correct estimate of 15 minutes was counted when the predicted 
sleep fully agreed with the experimental sleep, otherwise an incorrect estimate of zero was 
counted. The percentage of the correct estimate over total experimental sleep duration was then 
calculated and named as accuracy of sleep prediction (%)  

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 =  
∑ 𝑚𝑚𝐴𝐴𝑡𝑡𝐴𝐴ℎ𝑖𝑖𝑁𝑁
𝑖𝑖=1

𝑇𝑇𝑇𝑇𝑡𝑡𝐴𝐴𝑇𝑇 𝑠𝑠𝑠𝑠𝑇𝑇𝑓𝑓 − 𝐴𝐴𝑠𝑠𝑟𝑟𝑇𝑇𝐴𝐴𝑡𝑡𝑠𝑠𝑟𝑟 𝑠𝑠𝑇𝑇𝑠𝑠𝑠𝑠𝑟𝑟 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝑖𝑖𝑇𝑇𝑑𝑑
 (14) 

Where  

matchi  = 15 minutes if the predicted and self-reported sleep match; and 
N   = total number of time intervals (Δt = 15 minutes). 

The Mean Error (ME) for model predicted sleep episodes was calculated as follows: 

∑
=

−=
n

i
iipred NN

n
ME

1
exp,, )(1

 
(15) 
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Where 

Npred,i  = Number of modeled sleep episodes of each crew member; 
Nexp,i   = Number of self-reported sleep episodes of each crew member; and 
n  = Number of participants in the group. 

The Mean Absolute Percentage Error (MAPE) for model predicted sleep episodes was calculated 
as follows: 

𝑀𝑀𝐴𝐴𝑃𝑃𝑀𝑀 =  1
𝑜𝑜
∑ |𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖−𝑁𝑁𝑝𝑝𝑒𝑒𝑝𝑝,𝑖𝑖|

𝑁𝑁𝑝𝑝𝑒𝑒𝑝𝑝,𝑖𝑖
× 100𝑜𝑜

𝑖𝑖=1   (16) 

Where 

Npred,i  = Number of modeled sleep episodes of each crew member; 
Nexp,i   = Number of self-reported sleep episodes of each crew member; and 
n  = Number of participants in the group. 

2.4 Sensitivity analysis 

Given the physiological representation of a number of parameters in SPM 2 and hypotheses of 
physiological adaption under various work/rest schedules, we selected the model for sensitivity 
analysis. Specifically, one of the following three parameter values in the model was adjusted each 
time while keeping the rest of parameters at the original settings: the acrophase as represented by 
p, the decay in sleep recovery as represented by g, and thresholds for sleep and wake-up. 

SPM 2 was also run while adjusting the acrophase p value by 1 each time using the following 
hypothetical port watch schedule with two work periods for 6 days: 20:00–4:00 and  
12:00–16:00 per day, and ‘virtual’ starboard watch with two work periods for 5 days: 4:00–12:00 
and 16:00–20:00 per day.  

2.5 Statistical methods 

Paired t tests were used to compare experimental and model-predicted sleep duration, sleep 
episodes as well as performance predictions from self-reported and model-predicted sleep. 

Independent t tests were used to compare model predictions for different work/rest schedules.  

Pearson correlation analyses were conducted between the performance prediction from the 
self-reported sleep and that from the model-predicted sleep. The correlation analysis was 
performed with the data averaged from all participants under the same shift schedule. 

Unless specified, data are expressed as mean ± Standard Deviation (SD). Statistical analyses were 
performed using Statistical Package for the Social Sciences Version 23 (IBM Corp., New York, 
USA) with a significant value of P < 0.05. Post hoc analysis of statistical power was computed 
using G*Power Version 3.1.9.2 (Universität Kiel, Germany). 
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3 Results 

The section discusses the comparison between self-reported data and model predictions using 
various methods, compares model predictions for various work schedules and describes 
sensitivity analyses of modeling parameters affecting sleep predictions. 

3.1 Normal work/rest schedule  

Table 3 compares the normal sleep and predicted sleep for five consecutive days. SPM 1 and 2 
predicted that sleep onset and wake-up time are within 0.25-h deviation from normal sleep. 
SPM 3 provided reasonable predictions while FAST AutoSleep could not predict the normal sleep 
likely due to the empirical nature of the model.  

Table 3: Model-predicted sleep schedules for normal conditions. 

Sleep episodes Normal sleep SPM 1 SPM 2 SPM 3 FAST AutoSleep 
Day 1 Bed time 23:00 23:00 23:00 0:00 16:00 

Rise time 7:00 7:00 7:00 8:00 0:00 
Duration (h) 8.00 8.00 8.00 8.00 8.00 

Day 2 Bed time 23:00 23:00 23:00 0:00 16:00 
Rise time 7:00 7:15 7:00 8:15 0:00 
Duration (h) 8.00 8.25 8.00 8.25 8.00 

Day 3 Bed time 23:00 23:15 22:45 23:00 16:00 
Rise time 7:00 7:15 6:45 8:15 8:00 
Duration (h) 8.00 8.00 8.00 9.25 8.00 

Day 4 Bed time 23:00 23:15 23:00 23:00 16:00 
Rise time 7:00 7:15 6:45 8:15 8:00 
Duration (h) 8.00 8.00 7.75 9.25 8.00 

Day 5 Bed time 23:00 23:15 23:00 23:00 16:00 
Rise time 7:00 7:15 6:45 8:15 8:00 
Duration (h) 8.00 8.00 7.75 9.25 8.00 

3.2 Shift work schedules from literature 

Table 4 and Table 5 show the experimental data and model-predicted sleep (bed time, rise time 
and sleep duration) for various shift work schedules.  

Analysis of the sleep model predictions incorporated into our fatigue model DFM was conducted to 
compare with experimental sleep data for two sets of shift work schedules from literature [46, 47]. 
As indicated in Table 4, SPM 1–3 predicted all sleep episodes in agreement with the experimental 
findings and the predictions for sleep, wake-up time and sleep duration were within a 2-h range 
compared to the experimental data, showing the largest discrepancies for the sleep onset of night 
shift by SPM 3 (0.67 h), wake-up time of morning shift by each model (1.52 h) and sleep duration 
of night shift by Model 1 (1.98 h). As indicated in Table 5, the SPMs predicted all sleep episodes 
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in agreement with the experimental findings and the predictions for sleep duration were within 
a 2-h range compared to the experimental data, showing the largest discrepancies for the sleep 
duration between the day shifts by Model 3 (-1.62 h). The discrepancy depends on the type of 
shifts, being most accurate prior to the shift and becoming less accurate at the end of the shift. 
The SPM was considered acceptable for sleep predictions between night and afternoon shift when 
within one standard deviation of the experimental mean was used as a criterion.  

FAST AutoSleep missed the sleep episode during the day between the night- and afternoon-shift 
(6:00–14:00) (see Table 4) and between the two night shifts (7:00–19:00) (see Table 5), giving 
the worst sleep predictions. 
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Table 4: Comparison between model-predicted sleep schedules and experimental data. 

Sleep episodes Experiment
al data [46] 

SPM  
1 

Delta 1 
(h) 

SPM 2 Delta 2  
(h) 

SPM 3 Delta 3  
(h) 

FAST 
AutoSleep 

Delta  
(h) 

Sleep before 
N-shift 

bed time 23:20±1:13 23:00 0.33* 23:00 0.33* 0:00 -0.67* 23:00 0.33* 

rise time 8:04±1:31 7:15 0.75* 7:00 1.07* 8:15 -0.18* 7:00 1.07* 

duration (h) 8.73±1.86 8.25 1.98 8:00 0.73* 8.25 0.48* 8.00 0.73* 

Sleep 
between 
N- and 
A-shift 

bed time 6:22±0:22 6:00 0.37* 6:00 0.37* 6:15 0.12* No sleep  

rise time 11:15±0:45 10:30 0.75* 11:30 -0.25* 10:15 1.00  

duration (h) 4.89±0.75 4.50 0.39* 5.50 -0.61* 4.00 0.89 0.00 4.89 

Sleep 
between A- 
and M-shift 

bed time 22:35±0:44 23:00 -0.42* 22:45 -0.17* 23:00 -0.42* 21:00 1.58 

rise time 4:29±0:22 6:00 -1.52 6:00 -1.52 6:00 -1.52 5:00 -0.52 

duration (h) 5.91±0.67 7.00 -1.09 7.25 -1.34 7.00 -1.09 8.00 -2.09 

Experimental data were represented as mean ± standard deviation and taken from [46]. N=night shift (21:00–06:00), A=afternoon shift (14:00–21:00), 
M=morning shift (06:00–14:00). Delta=Experimental—model-predicted data. * Within 1 standard deviation of the experimental data. 
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Table 5: Comparison between model-predicted sleep schedules and literature data. 

Sleep episodes Experiment
al data [47] 

SPM 
1 

Delta 1 
(h) 

SPM 2 Delta 2  
(h) 

SPM 3 Delta 3 
(h) 

FAST 
AutoSleep 

Delta  
(h) 

Sleep 
before the 
first day 
shift 

bed time N/A 23:00  23:00  0:00  23:00  

rise time 5:30  5:30  7:00  7:00  

duration (h) 7.72±1.48 6.5 1.22* 6.5 1.22* 7.00 0.72* 8.00 -0.28* 

Sleep 
between the 
two day 
shifts 

bed time N/A 22:00  22:15  23:00  19:00  

rise time 5:30  5:30  7:00  3:00  

duration (h) 6.38±2.24 7.50 -1.12* 7.25 -0.87* 8.00 -1.62* 8.00 -1.62* 

Sleep 
before the 
first night 
shift 

bed time N/A 22:15  22:30  23:00  19:00  

rise time 7:00  6:45  8:15  3:00  

duration (h) 9.26±1.79 8.75 0.51* 8.25 1.01* 9.25 0.01* 8.00 1.26* 

Sleep 
between the 
two night 
shifts 

bed time N/A 5:30  5:30  7:15  
No sleep 

 

rise time 10:15  11:00  10:45   

duration (h) 4.91±1.52 4.75 0.16* 5.5 -0.59* 3.5 1.41* 0.00 4.91 

Experimental data were represented as mean ± standard deviation and taken from [47]. Day shift (07:00–19:00) and night shift (19:00–07:00); N/A=not 
available. Delta=Experimental—model-predicted data. * Within 1 standard deviation of the experimental data. 
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Figure 5 depicts the quantitative comparison of model predictions with subject sleepiness [46]. It 
shows that model predictions followed the trend, but did not match the experimental data very 
well with SPM 1 being least accurate, as indicated by MSE of 0.51 versus 0.25 and 0.24 for 
SPM 2 and 3. This may be due to differences in scales between experimental (1–9) and model 
predictions (0–1 for Model 1 and 3, 1–14 for Model 2). 

 
Figure 5: Comparison of model predictions using sleep models in S-DFM with experimental data 
for sleepiness analysis under a shift work schedule. The experimental data were taken from [46]. 
Linear regression was used to convert model predicted sleepiness to Karolinska Sleepiness Scale 

(KSS) as reported in the literature [35]. MSE= 0.51, 0.25 and 0.24 for SPM 1, 2, and 3, with 
lower values indicating a better fit (see Section 2.3 for details). 

Figure 6 and Figure 7 depict the simulations of two shift work schedules in comparison with the 
experimental measures of cognitive performance [46, 47]. The accuracy of the model is reflected 
by the consistency in the values of predicted performance with the experimental data for both 
shift schedules. Clearly, both model simulations and experimental studies consistently illustrate 
the reduced performance during the night shifts. In addition, our models provided a more accurate 
prediction for cognitive performance than FAST in both sleep scenarios as indicated by their 
MSEs (e.g., 4.13 and 23.47 vs. 8.44 and 31.40). 
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Figure 6: Comparison of model predictions using S-DFM and FAST with experimental data for 

performance analysis under shift work schedule. Based on the shift work schedule, sleep time and 
wake-up time were predicted by SPM 1-3 in S-DFM and AutoSleep module in FAST, and then 
used to predict cognitive performance. The experimental data were taken from [46]. Linear 

regression was used to convert experimental reaction time to percent performance to calculate 
the mean squared errors as follows: 3.51, 4.13, 3.30, 8.44 for SPM 1, 2, 3-DFM and 

AutoSleep-FAST. N=night shift (21:00–06:00), A=afternoon shift (14:00–21:00),  
M=morning shift (06:00–14:00). 
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Figure 7: Comparison of model predictions using S-DFM and FAST with experimental data for 
performance analysis under shift work schedule. Based on the shift work schedule, sleep time and 

wake-up time were predicted by SPM 1–3 in S-DFM and AutoSleep module in FAST, and then 
used to predict cognitive performance. The experimental data comprised two day shifts  

(07:00–19:00) and two night shifts (19:00–07:00) [47]. Linear regression was used to convert 
experimental reaction time to performance in percentage to calculate the mean squared errors 

as follows: 22.80, 23.47, 21.99, and 31.40 for SPM 1, 2, 3-DFM and AutoSleep-FAST. 

3.3 Naval work/rest schedules 

As described in Section 2.2, we collected work/rest schedules at sea on a Canadian patrol frigate. 
We compared the model predictions for sleep with the self-reported data for each work schedule.  

As depicted in Figure 8, all models show some differences between model-predicted and 
self-reported sleep duration for the three distinct work schedules: day shift, port and starboard 
watch and irregular shift schedules. Overall, SPMs 1–3 tend to under-estimate sleep duration than 
the self-reported especially for port and starboard watches and irregular shift. On average, there is 
significantly less sleep as predicted by SPM 2 than the self-reported sleep for day shift. There is 
more sleep as predicted by FAST AutoSleep than self-reported sleep for day shift. In addition, 
SPMs 1–3 under-predicted daily sleep by 2–3 hours for port and starboard watches and for 
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irregular shift, while FAST Autosleep over-predicted sleep duration for starboard watch, but 
under-estimated sleep duration for port watch and irregular shift. Overall, the best predictions 
were achieved for day shift. On the other hand, the deviation from the observed data was the 
largest for the irregular shift, followed by port and starboard watches.  

Figure 8: Comparison between model-predicted and self-reported sleep duration for day shift, 
port and starboard watch and irregular shift schedules. Data represent mean ±SD. * Significant 

differences from the self-reported sleep duration under the same work schedule. 

The numbers of daily sleep episodes are shown in Figure 9. SPMs 1–3 predictions agreed with the 
self-reported with no significant differences for day shift and irregular shift, but under-estimated 
the sleep episodes for port and starboard watch schedules. FAST AutoSleep over-predicted daily 
sleep episodes for day shift and starboard watch. There is a large variation (30.1% and 36.5%) 
among FAST-predicted sleep episodes for the day shift and port watch. The self-reported data 
showed more than one daily sleep episode under the two watch schedules. All models predicted 
sleep episodes with large variations for the irregular shift.  
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Figure 9: Comparison between model-predicted and experimental sleep episodes for day shift, 
port and starboard watch and irregular shift schedules. Data represent mean ±SD. * Significant 

differences from the self-reported sleep episodes under the same work schedule. 

3.4 Comparison of model predictions for crew cognitive 
performance  

Given the physiological basis of SPM 2 and its overall accuracy for sleep predictions, we 
compared DFM-predicted crew cognitive performance under different work/rest schedules based 
on self-reported and SPM 2-predicted sleep schedules during the 10-day at-sea trial. In addition, 
the parameter values in SPM 2 have been varied and optimized in the literature [35]. We have 
compared model predictions of sleep with the self-reported sleep from our field study and found 
that SPM 2 provided more accurate sleep predictions than SPM 1 and 3 [50].  

As shown in Figure 10–Figure 13, the performance predicted using self-reported and 
model-predicted sleep followed the same trend with various degrees of discrepancies with respect 
to different work schedules. 
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Specifically, Figure 10 shows that the performance predicted from self-reported sleep time and 
wake-up time for the day shift schedule had a similar trend with the performance predicted based on 
model-predicted sleep. It remained at approximately the same level initially and then was generally 
higher in comparison with the model-reported sleep performance. The performance predicted from 
the self-reported sleep when averaged over the 10-day study period was higher than the 
corresponding model-predicted sleep performance (90.32±3.71 vs. 87.71±5.41, P<0.001). There is a 
significant correlation between the self-reported and model-predicted-sleep performance (r=0.74, 
P<0.001), which is consistent with the similar trends in performance predictions. 

Figure 10: Comparison in performance predictions based on self-reported and SPM 2-predicted 
sleep schedules for day shift. The performance was predicted using DFM for each day-shift crew 

member and presented as a mean (N=17).  

Similarly, Figure 11 shows that the performance prediction based on self-reported sleep time and 
wake-up time, for the port watch, had a similar trend compared to the performance prediction 
based on model-predicted sleep, but the performance predicted based on the self-reported sleep 
was constantly higher. Accordingly, the performance predicted from the self-reported data and 
averaged over the 10-day trial period was higher than the corresponding model-predicted sleep 
performance (89.62±6.98 vs. 86.34±7.13, P<0.001). There is a strong correlation between the 
self-reported and model-predicted-sleep performance (r=0.89, P<0.001). 
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Figure 11: Comparison in performance predictions based on self-reported and SPM 2-predicted 
sleep schedules for port watch. The performance was predicted using DFM for each Port watch 

crew member and presented as a mean (N=12).  

Figure 12 shows that the averaged performance predicted based on self-reported sleep, for the 
starboard watch, matches the performance predicted based on model-predicted sleep at the 
beginning (up to 60 hours). Then it deviates from the model-predicted sleep performance. 
However, near the end of the period, the deviation was lower. The performance predicted from 
the self-reported data and averaged over the 10-day study period was higher than the 
corresponding model-predicted sleep performance (89.03±3.72 vs. 85.20±4.27, P<0.001). There 
is a significant correlation between the self-reported and model-predicted-sleep performance 
(r=0.43, P<0.001). 
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Figure 12: Comparison in performance predictions based on self-reported and SPM 2-predicted 
sleep schedules for starboard watch. The performance was predicted using DFM for each 

starboard watch crew member and presented as a mean (N=11).  

Figure 13 shows continuous decline in performance predicted from model-predicted sleep in 
contrast with steady performance predicted from self-reported sleep for irregular shift. The 
self-reported sleep performance does not show the same profile as the model-predicted sleep 
performance with two distinct peaked performances for each 24-h cycle. The performance 
predicted from the self-reported sleep and averaged over the 10-day study period was higher than 
the corresponding model-predicted sleep performance (89.76±8.45 vs. 82.92±10.64, P<0.001). 
There is a significant correlation between the self-reported and model-predicted-sleep 
performance (r=0.76, P<0.001). 
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Figure 13: Comparison in performance predictions based on self-reported and SPM 2-predicted 
sleep schedules for the irregular shift. The performance was predicted using DFM for each 

irregular shift crew member and presented as a mean (N=5).  

Overall the S-DFM predicted performance followed the same trend as the performance predicted 
from the self-reported sleep, but was under-estimated as a result of under-estimated sleep by the 
model. As summarized in Table 6, the differences were most profound for the irregular shift, and 
least for the day shift. This is in consistent with the accuracy of model predictions for sleep under 
these work schedules. 

Table 6: Comparison of model accuracy for sleep and mean square error (MSE) 
 for performance predictions under different work schedules. 

Day shift 
(N=17) 

Port watch 
(N=12) 

Starboard watch 
(N=11) 

Irregular shift 
(N=5) 

Accuracy (%) for sleep 
prediction 

86.27 71.93 77.57 46.05 

MSE for performance 
prediction 

20.14 21.10 32.99 93.90 
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3.5 Sensitivity analysis 

Given the likely effects of work/rest schedules on some of the physiological representations in 
SPM 2, we conducted sensitivity analyses of the model to improve prediction and optimize the 
following parameters: acrophase (the time of maximum alertness in Equation (6)), sleep recovery 
rate constant and thresholds for sleep onset and wake-up.  

3.5.1 Acrophase effect 

The acrophase as represented by p in SPM 2 was varied from 0.8 to 23.8 hours to examine its 
effects on sleep predictions in two 1-in-2 watch systems: port watch with two work periods 
20:00–4:00 and 12:00–16:00 per day and starboard watch with two work periods 4:00–12:00 and 
16:00–20:00 each day. It should be noted that the variation is hypothetical and much larger than 
the reported phase change of 4 hours in the acrophase position [51]. 

Figure 14 and Figure 15 confirm that sleep duration is dependent on the acrophase value. Total 
sleep time is varied in the range of 27.75 hours to 46.5 hours for port watch and 25.25 hours to 
46.75 hours for starboard watch. Since the virtual schedule was run for 5 days, the predicted total 
sleep is expected to be around 40 hours assuming 8 hours of normal daily sleep. The figures also 
show that sleep episodes had doubled for some acrophase values. The acrophase analysis 
demonstrates that the sleep pattern is correlated with the acrophase value. Thus, it is important to 
consider the effect of circadian type (i.e., extreme morning type, morning type, intermediate type, 
evening type, and extreme evening type) in the model by adjusting the acrophase value 
accordingly including different circadian types under various work schedules [35].  

As illustrated in Figure 14, within a physiological range of circadian phase between 10 and 22 [35], 
an acrophase of 10.8 h appears to result in an intermediate level of predicted total sleep and a 
maximum of predicted sleep episodes, and thus provide a good overall estimate for both under the 
hypothetical port watch schedule. Alternatively, an acrophase of 18.8 h appears to result in 
reasonable predictions for both total sleep and number of sleep episodes under the hypothetical 
starboard watch schedule as other acrophase values within the range show contrasting effects 
(Figure 15).   
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Figure 14: Effects of the variation of acrophase p on model-predicted total sleep and sleep 
episode for port watch. All other parameters were set at the default values. The sleep predictions 

were obtained from SPM 2 using hypothetical port watch schedule with the following work 
periods: 20:00–4:00 and 12:00–16:00. An acrophase of 10.8 hours (blue vertical line) is the 

optimal value that gives an acceptable prediction of both total sleep and maximum  
sleep episodes port watch. 
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Figure 15: Effects of the variation of acrophase p on model-predicted total sleep and sleep 
episode for starboard watch. The sleep predictions were obtained from SPM 2 using hypothetical 

starboard watch schedule with the following work periods: 4:00–12:00 and 16:00–20:00. An 
acrophase of 18.8 hours (blue vertical line) is the optimal value that gives an acceptable 

prediction of both total sleep and maximum sleep episodes for starboard watch. 

Considering the model under-estimated both daily sleep duration and episode number for the 
two watch schedules, an adjusted acrophase of 10.8 h and 18.8 h may improve model predictions 
for the port and starboard watch, respectively. We then conducted the sensitivity analysis for 
model predictions using the self-reported work schedules obtained from the trial. 

Figure 16 shows a significant decrease in the accuracy of model prediction for sleep across all 
work scenarios (86.3±8.0 vs. 48.1±7.5 h, N=17, P=0.001, power=1.00 for dayshift; 71.9±11.2 vs. 
50.8±11.7 h, N=12, P=0.002, power=0.51 for port watch; 77.6±9.4 vs. 63.2±9.1 h, N=11, 
P=0.007, power=0.54 for starboard watch) except irregular shift (46.1±24.7 vs. 25.9±12.2 h, N=5, 
P=0.11, power=0.55) when the acrophase p in the model was changed from 16.8 hours to 10.8 hours 
while other model parameters were kept at initial default values. 
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Figure 16: Effects of acrophase p values on the agreement between model-predicted and 
self-reported sleep time for different work schedules. The sleep predictions were obtained  
from SPM 2 using the self-reported work schedules from the trial. * Significant differences 

from the self-reported values under the same work schedule. 

Figure 17 shows a significant deviation of model-predicted number of sleep episodes from the 
self-reported values for port watch (14.8±3.5 vs. 9.6±0.9, N=12, P=0.001, power=0.71) and 
starboard watch (13.4±3.8 vs. 10.4±0.9, N=11, P=0.03, power=0.52) when the acrophase p was 
set at 16.8 hours. In addition, when the acrophase p was changed from 16.8 to 10.8 hours the 
predicted number of sleep episodes was significantly increased for day shift (10.8±1.0 vs. 
17.2±4.6, N=17, P=0.001. power=0.84), port watch (9.6±0.9 vs. 16.3±3.0, N=12, P=0.001, 
power=0.99), and starboard watch (10.4±0.9 vs. 14.5±2.8, N=11, P=0.001, power=0.59).  
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Figure 17: Effects of acrophase p values on the agreement between model-predicted and 
self-reported number of sleep episodes for different work schedules. 

3.5.2 Recovery constant 

The parameter g in SPM 2 (Equation 7) is used to calculate the recovery of alertness as a function 
of time asleep. It was calculated using the following equation: ln .

.
/ , where ha is the 

higher asymptote of the alertness scale for the homeostatic process and T is the hours of sleep 
required for full recovery. Normal 8-h and longer recovery time (11 h) were reported [52]. Longer 
recovery time is required following sleep loss [53].  

Figure 18 depicts significant increases in the percent agreement between self-reported and 
model-predicted sleep across all work schedules (86.3±8.0 vs. 91.1±6.7, N=17, P=0.001, 
power=1.00 for day shift; 71.9±11.2 vs. 80.1±10.6, N=12, P=0.001, power=0.99 for port watch; 
77.6±9.4 vs. 83.2±9.4, N=11, P=0.001, power=1.00 for starboard watch; 46.1±24.7 vs. 57.9±22.1, 
N=5, P=0.001, power=0.52 for irregular shift) when sleep recovery constant g was changed from 
-0.381 (calculated using a T value of 8 h) to -0.277 (calculated using a T value of 11 h).  
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Figure 18: Variation of sleep recovery constant (g values) to compare model-predicted to 
self-reported sleep time for different work schedules. * Significant differences compared to the 
default parameter values (acrophase p=16.8 h, lower threshold L=8.38 and upper threshold 

U=11.38) under the same work schedule. 

Figure 19 shows significant differences in the number of total sleep episodes between 
self-reported and model predicted at g=-0.381 for port watch (14.8±3.5 vs. 9.6±0.9, N=12, 
P=0.001, power=0.71) and for starboard watch (10.4±0.9 vs. 13.4±3.8, N=11, P=0.030, 
power=0.52). It also depicts increases in the predicted number of total sleep episodes for day shift 
(10.8±1.0 vs. 11.0±1.1, N=17, P=0.041, power=0.51) and starboard watch (10.4±0.9 vs. 12.4±2.9, 
N=11, P=0.031, power=0.52) when the g value was changed from -0.381 to -0.277. As a result, 
the model prediction using g=-0.277 for the starboard watch was not different from the 
self-reported value any more (12.4±2.9 vs. 13.4±3.8, N=11, P=0.41, power=0.55) in contrast with 
the model prediction using g=0.381 (10.4±0.9 vs. 13.4±3.8, N=11, P=0.030, power=0.52).  
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Figure 19: Effects of sleep recovery g values on the agreement between model-predicted and 
self-reported number of sleep episodes for different work schedules. 

3.5.3 Sleep and wake-up thresholds 

Different thresholds for sleep and wake-up time have been used in the literature with a default 
value of L=8.38 for falling asleep and U=11.38 for waking up. In a recent study the best fit was 
found with the threshold for falling asleep of St+Ct+Ut < 8 and the threshold for awakening of 
St+Ct+Ut >13 [35]. 

Figure 20 illustrates decreases in the accuracy of sleep prediction for day shift (86.3±8.0 vs. 
83.4±7.1, N=17, P=0.001, power=0.61) and starboard watch (77.6±9.4 vs. 75.9±10.0, N=11, 
P=0.027, power=0.52), but an increase for port watch (71.9±11.2 vs. 78.7±11.0, N=12, P=0.001, 
power=0.54) when the thresholds were adjusted from 8.38 and 11.38 to 8 and 13, respectively.  
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Figure 20: Effects of sleep (L) and wake-up (U) threshold values on the agreement between 
model-predicted and self-reported sleep time for different work schedules. * Significant 

differences compared to the default parameter values under the same work schedule. 

As presented in Figure 21, the model-predicted numbers of sleep episodes at L8.38, U11.38 are 
less than the self-reported for port watch (9.6±0.9 vs. 14.8±3.5, N=12, P=0.001, power=0.71) and 
starboard watch (10.4±0.9 vs. 13.4±3.8, N=11, P=0.03, power=0.52). In addition, there are 
significantly less model-predicted sleep episodes at L8, L13 than the self-reported for day shift 
(10.5±0.7 vs. 11.1±1.4, N=17, P=0.029, power=0.51), port watch (9.5±0.7 vs. 14.8±3.5, N=12, 
P=0.001, power=0.73) and starboard watch (10.3±0.4 vs. 13.4±3.8, N=11, P=0.024, power=0.52). 
The change in the thresholds had a slight effect only on the sleep episode of day shift crew 
members (10.8±1.0 vs. 10.5±0.7, N=17, P=0.02, power=0.51).  
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Figure 21: Effects of sleep (L) and wake-up (U) threshold values on the agreement between 
model-predicted and self-reported number of sleep episodes for different work schedules.  

Taken together with the aforementioned effects of the parameters, the model predictions could be 
improved by adjusting some of the parameter values as summarized in Table 7. No adjustment 
was required for model predictions for the sleep episode under day and irregular shifts.  

The optimized SPM 2 provides 91% and >80% agreement between model predictions and 
self-reported data for day shift and watch schedules, and 66% for irregular shift which requires 
further improvement. With the same parameter values, the model-estimated numbers of sleep 
episodes agreed well with the self-reported values for all work schedules except for the port 
watch which required different parameter values to improve sleep episode predictions. There is a 
remarkable difference between the optimal parameters for sleep and number of sleep episodes 
under different work schedules except port watch. The predictions for irregular shift still need 
improvement. 
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Table 7: Summary of sleep predictions using optimal parameter values compared to the 
self-reported sleep for crew members under different work schedules. 

Work 
schedules Day shift Port watch Starboard watch Irregular shift 

Optimized 
parameter 

values 

P=16.8  
g=-0.277*/-0.381# 

U11.38 L8.38 

P=16.8*/10.8#  
g=-0.277*/-0.381# 
U13 L8*/U11.38 

L8.38#  

P=10.8 
g=-0.277  
U13 L8 

P=16.8,  
g=-0.277  
U13 L8 

 Agreement between model-predicted and self-reported sleep 
Accuracy (%) 91.05/87.09 81.01/50.82 85.48 65.90 

SD 6.46/6.84 10.12/11.19 7.78 15.76 
n 17 12 11 5 

 
Differences between model-predicted and self-reported number of total sleep 

episodes 
Mean error 

(ME)  -0.18/-0.35 -5.17/1.42 -0.82 6.20 
SD 1.12/1.17 3.56/4.58 5.42 8.14 

 P values  0.68/0.23 <0.001/0.31 0.63 0.16 
* Optimal for the accuracy of sleep prediction; # Optimal for the prediction of the number of sleep episodes. 
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4 Discussion 

Based on the type of inputs, bio-mathematical models of human fatigue and performance have 
been classified into one- and two-step models [15, 54]. In the past few years, we have developed 
a bio-mathematical model (DFM) to predict cognitive performance under sleep deprivation [16]. 
The DFM falls into the one-step model which directly uses sleep-wake data to predict subjective 
alertness or neurobehavioral performance. To integrate with SCORE for Navy crewing analysis 
under the current RCN Crewing and Human Factors project, an SPM is required to use the 
work-rest data (timing and duration of shifts outputs) from SCORE to infer sleep-wake 
behaviour. The estimated sleep-wake schedule is then used as the input by our DFM to predict 
neurobehavioral performance. The SCORE-integrated DFM (S-DFM) is a two-step model. This is 
an important distinction since the one-step model has been well characterized compared to any of 
the two-step models. To date, there has been very little data published to validate the predictions 
of the two-step model on the basis of work–rest. This is the first report to compare and validate 
sleep predictions using mathematical models in the naval environments.  

All four sleep prediction models described in this report have been validated in different settings. 
SPM 1 and 2 are physiologically driven by two main neurobiological processes: homeostasis and 
circadian rhythm, while SPM 3 is semi-empirical with a circadian sleepiness rhythm, and FAST 
AutoSleep is empirically based on a collection of decision rules and options, such as preferred 
bedtime and maximum sleep per day. Predicted sleep times by SPM 1 and 2 agreed very well 
with those observed in laboratory conditions [26, 31, 55]. SPM 3 was developed and validated 
using data from aviation pilots and train drivers as a ‘learning dataset’ for estimating model 
parameters and ‘validation dataset’ for validating the model as well as ‘evaluation dataset’ for 
assessing intra-individual variation across time periods [37, 38]. The agreement between the SPM 
3-predicted and observed sleep periods for train drivers was 85% [37]. The FAST AutoSleep 
module was developed and validated using data of sleep periods, commute time, work time and 
time for personal activities from diary studies of railroad employees [40, 42].  

In this study, we first ran all SPMs and FAST AutoSleep under a normal condition with a 
standard work period (8:00–16:00) and confirmed that SPMs could predict sleep patterns as 
expected (i.e., 8-h sleep from 23:30–7:00), with SPM 1 and 2 being more accurate than SPM 3. 
On the other hand, FAST AutoSleep needs to be calibrated to predict normal sleep from the 
standard work period. This is likely because FAST AutoSleep is specifically for railroad work 
schedule without the physiological nature as SPM 1 and 2. 

When compared to the reported data set in the literature [46], all models provided prediction 
accuracies in agreement with their accuracies for the normal condition, with FAST AutoSleep 
showing the largest discrepancies. This comparison was limited to one shift cycle and fixed shift 
schedule. The operational significance of the discrepancies needs further investigation [56].  

Further comparison of the model predictions with subjective sleepiness as measured by 
Karolinska Sleepiness Scale showed that SPM 2 was most accurate as indicated by its minimal 
mean square error. It should be noted that each SPM provided sleep predictions in a different 
metric with different scales and definitions. For example, SPM 2 predicted alertness in a scale 
between 1 and 16 [55], while SPM 1 and 3 predicted sleep propensity [26] and sleep probability 
[38] in a scale between 0 and 1, respectively. Therefore, in order to compare the SPMs to the 
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data, we used linear regression to scale the model predictions to the same scale as the data, similar 
to a reported method [57]. On the other hand, FAST AutoSleep does not generate sleepiness 
curves and was thus not included for this comparison.  

The cognitive performance predicted based on the sleep/wake time of each SPM showed similar 
profiles, but was different from that predicted by FAST. Based on the mean square of errors 
between the predictions and experimental data for shift work from literature, the S-DFM provided 
better predictions for performance than AutoSleep-FAST. This is in agreement with their 
accuracies for sleep predictions.  

Based on the above results, we further compared and developed the SPMs in our S-DFM with the 
data collected from a field study during a RCN exercise.  

Although there are a number of empirical studies on work/rest patterns and performance of the 
US Navy crew members showing different sleep patterns [58] there are limited studies on sleep, 
wake and work activities for the RCN which operates under different work/rest schedules. For 
example, US Navy adopted 3-hour on / 9-hour off (3/9) and 6-hour on / 6-hour off (6/6) watch 
schedules under which crew members received daily sleep of 6.46 and 5.89 hours, respectively 
[59]. Another comparative study between the 3-h on / 9-h off (3/9) and the 5-h on / 10-h off (5/10) 
watchstanding schedules found sleep duration of 6.68±0.96 and 6.88±0.89 hours per day and 
number of sleep episodes 1.51±0.44 and 1.55±0.28 per day, respectively [60]. A similar study 
showed no significant differences in actigraphically estimated sleep duration between simulated 
5-h on / 10-h off (5/15) and 3-h on / 9-h off (3/9) US Navy watch schedules although 
psychomotor vigilance degraded over watch days, and tended to be more variable in the 5/15 than 
in the 3/9 watch sections [61]. In contrast, RCN adopted 4-h on / 8-h off and 8-h on / 4-h off 
watch systems under which crew members self-reported more than 9 hours of sleep per day [18]. 

Overall all the models provided best predictions of sleep durations for the day shift and worst 
predictions for the irregular shift. This is expected since the current sleep models were mostly 
developed for regular day shifts and there were substantial variabilities in sleep timing and 
duration for the irregular shift with a small sample size of five participants. For example, 
one participant (No. 202) had a total self-reported sleep of 103 h while all other four participants’ 
total sleep ranged between 58.5 and 76.75 hours (see Table A.7). A larger sample size is required 
to make a conclusion about the model prediction for the irregular shift. The differences in the 
predictions of sleep duration and episode between SPMs and FAST AutoSleep are due to 
different approaches to modeling sleep/wake regulations among these models. Studies have 
shown the dependence of sleep duration and timing on the type of shift work with the shortest 
night sleep for morning shift (mean 7.0 h) [62] and primary sleep in the nighttime hours for 
24-h shifts compared to 12-h shifts [63].  

Given the good accuracy of SPM 2 for sleep predictions and its physiological basis, we used the 
model in the S-DFM to predict cognitive performance from the naval shift schedules. The 
agreement in the cognitive performance predicted from self-reported sleep onset and wake-up 
times and from SPM 2-predicted sleep is consistent with their corresponding sleep duration and 
the reported relationship between the sleep duration and cognitive functioning [64]. It also 
implied that the model prediction for performance was mainly affected by the accuracy of the 
model prediction for sleep and obtaining good estimates of sleep is critical for subsequent 
predictions of performance. Predictive errors may propagate across the whole simulations of sleep 
and performance.  
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Alternatively, FAST has been evaluated for predicting task performance in comparison with 
actual performance of crew members onboard a US combatant warship [65]. It was found that the 
model’s homeostasis depletion/replenishment rate did not adequately account for the effects of 
long-term fragmented sleep and the factors affecting performance (e.g., ship motion) as seen in 
the operational maritime environment. The prediction was based on actigraphically-measured 
sleep and AutoSleep was not used.  

To improve model predictions for sleep and the resulting performance, we conducted a sensitivity 
analysis of model parameters using our data from the at-sea trial. Taken all the results together, 
SPM 2 provided best sleep predictions and thus was selected for further development.  

The initial acrophase value in SPM 2 was determined from a series of sleep experiments 
involving various bedtime from 23:00 to 19:00 next day and duration of sleep from eight hours to 
two hours [31]. The effects of work schedules on circadian rhythms have been reviewed with 
mixed results in terms of acrophase changes [66]. A literature review indicated limited adjustment 
of endogenous melatonin rhythm to permanent night shifts in normal environments [67]. 

Given larger individual differences in the circadian type [68, 69], the observed changes in the 
circadian phases in accordance with work schedules [66], and the parameter representing 
circadian acrophase in SPM 2, we did a systematic/sensitivity analysis on the model acrophase 
parameter for the hypothetical port and starboard watch and found that it might be feasible to 
adjust the circadian phase parameter in the model according to circadian type and acclimatization 
to different work schedules for improved sleep predictions of crew members. 

The sensitivity analysis showed worse predictions when circadian acrophase p was decreased 
(corresponding to shift delay) implying the phase delay might not occur under watch and irregular 
shifts. Most studies found minimal phase changes during night shifts [66]. To our knowledge 
there are few studies on circadian disturbances under different shift work onboard a naval ship 
[11]. 

The homeostatic process has been modeled with two exponential functions: a decline with the 
time since awakening and an increase with the time during sleep [55]. There are 
two corresponding rate constants: one for the build-up of sleepiness during wakefulness and the 
other for the dissipation of the process during sleep recovery. Since the initial rate constant of 
g was calculated based on the 8-h sleep for total recovery and a longer recovery time might be 
required for different sleep conditions [53] we altered the value to -0.277 assuming 11-h sleep 
required for a full recovery. A recent study has found that the group-average rate constants of the 
build-up and dissipation of the process were -0.0521 and -0.370 h, respectively and were stable 
under both normal sleep and sleep loss conditions with a large individual variation 
from -0.0709 to -0.378 and from -0.833 to -0.345 [70, 71]. 

The sleep and wake-up thresholds were determined based on electrooculographic measures of 
slow eye movements and  activity [31], and different values were used in the model ranging 
from 8 to 8.5 for falling asleep and 11.38 to 14.2 waking up [30, 31, 35]. These values were 
derived primarily based on the average times of spontaneous sleep onset at 23:00 and termination 
at 7:00. Apparently, the period of the sleep-wake alternation is mainly dependent on the interval 
between the thresholds. Lowering the upper threshold would cause more sleep-wake cycles 
(i.e., sleep episodes).  
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There are several limitations of this study. Firstly, we used subjective measures of sleep based on 
self-reports as opposed to objective measures of sleep using actigraph. Studies have shown the 
discrepancies between the two methods, with most of the studies indicating longer sleep duration 
and poorer sleep quality by self-report than actigraph [72, 73]. Secondly, we only focused on 
1-in-2 watch systems. Other watch schedules e.g., 1-in-3 need to be investigated. Thirdly, current 
sleep and performance predictions were based on the assumption of standard 8-h sleep with a 
23:00 bedtime and 07:00 wake time as baseline sleep prior to the at-sea trial and excellent sleep 
quality. Future sea-trials should document participant sleep prior to the trial. In addition, the 
homeostatic values were calculated in a same way regardless of working and resting periods and 
regardless of sleep phase, sleep quality, sleep efficiency. It has been suggested that models should 
be designed to account for waking activity levels during off-duty and on-duty periods [74]. To 
develop such models for these types of operational scenarios, scientific data will ultimately be 
needed on the extent to which work stressors warrant inclusion to enhance ecological validity of 
performance models [75]. Finally, our model prediction is limited to cognitive performance for 
simple measures of alertness, attention and vigilance. Like other bio-mathematical models of 
fatigue and performance, research must be carried out to show model validity relative to the 
effects of sleep deprivation on many higher level cognitive capacities, including perception, 
memory and executive functions. A recent review suggests that cognitive performance on 
complex tasks (e.g., decision-making tasks, multiple tasks, working memory tasks, and tasks 
requiring team communication) may not be impaired by disrupted sleep as severely as cognitive 
performance on simple tasks (e.g., psychomotor vigilance task and basic reasoning tasks) [76]. 
While there may be a strong relationship between model predictions and some laboratory-based 
measures of performance it may be challenging to bridge the gap between the model-predicted 
performance and specific operational task performance in a real world.  
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5 Conclusions and recommendations 

The sleep prediction models investigated in this report are based on different guiding principles 
and thus predicted sleep duration and sleep episodes with different accuracies. FAST AutoSleep 
provided the worst predictions for sleep and performance. Its parameters should be adjusted 
according to the work settings. The current models are sufficient for sleep predictions under 
laboratory settings and their intended work environments; however, they need improvement for 
naval operations which can be achieved by optimizing certain parameters. Based on the current 
results we would recommend SPM 2 for incorporation into our DFM for further integration with 
SCORE.  

Using the S-DFM, the performance predictions were obtained based on work-rest data, but 
showed discrepancies from the predictions using self-reported sleep data under naval 
environments, suggesting a need for improving the accuracy of model predictions for crew 
fatigue analysis. This report focuses on the validation and optimization for sleep predictions in 
naval environments using self-reported data. Our S-DFM will be further validated in a future field 
trial where actigraphic sleep data and cognitive performance data will be collected [77].  

There are a few recommendations for further improvement of the SPM. First, our current 
SPM-predicted sleep and wake-up times occur right after and before a rest/work schedule. In the 
real world, sleep would start and end at least 60–90 min after and before work starts [19]. These 
restrictions would prevent flip/flop behavior of repeatedly falling asleep and waking up in certain 
conditions. Second, further parameter optimization with a systematic linear regression would 
ameliorate model predictions for sleepiness [35]. Other factors affecting the timing and episode of 
sleep and wakefulness should also be accounted for in the model such as diverse social 
commitments [78], sea conditions [79], work location of crew members [80], noise [81] and work 
stressors under high-profile operational environments [82]. Third, there are clear individual 
differences in sleep/wake patterns as indicated in the differences in circadian and homeostatic 
modulation of sleep pressure [83] and cognitive performance under extended wakefulness (36 h) 
between morning and evening sleepers [84]. These may be reflected by adjusting model 
parameters representing the circadian acrophase, and homeostatic rate constants representing the 
saturating exponential increase in sleepiness during waking and the saturating exponential decline 
during sleep period. For example, circadian phase among aircrews varied approximately from 
10 to 21 hours with most around 16 hours [35]. Adjusting the acrophase over time as circadian 
adaption to the shift schedules may also improve model predictions. There are also group 
differences in terms of gender and age in psychomotor vigilance performance under differential 
sleep pressure conditions [85]. 

New sleep models incorporating biological regulations of sleep-wake cycles have been reported 
for individual difference in spontaneous internal desynchrony patterns [86] and for forced 
desynchrony under shifts [87]. Our DFM may be improved by comparing with more recent 
bio-mathematical models that have been reported for neurobehavioral performance [88, 89]. 
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Table A.2: Comparison between experimental and model-predicted sleep episodes  
for day shift crew members. 

Subject 
# of Total Sleep Episodes 

Self report SPM 1 SPM 2 SPM 3 
FAST 

AutoSleep 
227 14 13 13 13 22 
228 14 10 11 11 16 
229 10 10 10 10 15 
231 10 10 10 10 23 
232 11 11 11 12 19 
233 11 10 11 11 30 
234 13 11 12 13 17 
235 10 10 10 10 17 
236 11 11 11 13 20 
237 10 10 10 10 22 
247 10 11 11 11 13 
249 11 12 13 14 14 
250 10 10 10 10 25 
251 10 10 10 15 25 
253 12 10 10 11 24 
255 10 10 10 14 31 
256 12 10 10 11 37 

Mean 11.12 10.53 10.76 11.71 21.76* 
SD 1.37 0.85 1.00 1.60 6.54 

P values compared to self-reported sleep 0.076 0.23 0.24 <0.001 
 # of Daily Sleep Episodes 

Mean 1.24 1.17 1.20 1.30 2.42 
SD 0.15 0.094 0.11 0.18 0.73 

* Significant difference from the experimental mean (p<0.001). 

Table A.3 and Table A.4 summarize and compare the self-reported and model-predicted sleep 
durations and sleep episodes for individual crew member under port watch. 
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Table A.3: Comparison between experimental and model-predicted sleep duration  
for port watch crew members. 

Subject 
Total Sleep (hrs) 

Self report  SPM 1 SPM 2 SPM 3 FAST 
AutoSleep 

203 55 43.5 49.25 41 35 
209 77 71.25 69.75 73.75 90.5 
211 60.5 71 70.25 76.25 85.75 
215 72.5 44 49 41.25 35.75 
217 75.75 46 51.75 43.75 37.5 
218 86.75 61.25 55.25 44 103.75 
224 58 48.25 54 49.5 42 
240 62.5 47.25 52.75 45.25 43.5 
245 81.75 49.75 54.25 49.75 44.5 
246 62 48.5 53.25 46.75 35.25 
248 73 49.25 53.75 48 42.75 
252 98.5 47 52.5 44.75 42.25 

Mean 71.94 52.25* 55.48* 50.33* 53.21* 
SD 12.46 9.47 6.74 11.36 24.74 

P values compared to self-reported sleep 0.001 0.003 0.002 0.025 
 Daily Sleep (hrs) 

Mean 7.99 5.81 6.16 5.59 5.91 
SD 1.38 1.05 0.75 1.26 0.03 

* Significant difference from the experimental mean (p≤0.025). 

Table A.4: Comparison between experimental and model-predicted sleep episodes  
for port watch crew members. 

Subject 
# of Total Sleep Episodes 

Self report  SPM 1 SPM 2 SPM 3 
FAST 

AutoSleep 
203 15 9 9 9 10 
209 12 10 10 10 20 
211 11 10 10 10 28 
215 15 10 9 9 10 
217 21 9 9 9 13 
218 19 10 10 10 19 
224 17 12 12 12 16 
240 11 10 10 9 11 
245 15 9 9 9 12 
246 14 9 9 9 11 
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Subject 
# of Total Sleep Episodes 

Self report  SPM 1 SPM 2 SPM 3 
FAST 

AutoSleep 
248 10 9 9 9 14 
252 18 9 9 9 12 

Mean 14.83 9.67* 9.58* 9.50* 14.67 
SD 3.31 0.85 0.86 0.87 5.35 

P values compared to self-reported sleep <0.001 <0.001 <0.001 0.94 
 # of Daily Sleep Episodes 

Mean 1.65 1.07 1.06 1.06 1.63 
SD 0.37 0.09 0.10 0.10 0.59 

* Significant difference from the experimental mean (p<0.001). 

Table A.5 and Table A.6 show significant differences between self-reported and model-predicted 
sleep durations and sleep episodes except for SPM 3 with a significant level of 0.07.  

Table A.5: Comparison between experimental and model-predicted sleep duration  
for starboard watch crew members. 

Subject 
Total Sleep (hrs) 

Self report SPM 1 SPM 2 SPM 3 FAST AutoSleep 
205 74.75 69.5 68 72.5 82.75 
210 77.5 61.5 56.25 48 97 
213 64.5 61.5 55.5 48 90.5 
214 75.75 70 67.5 73 80.5 
216 80.5 69.5 67.75 70.25 83.5 
219 95.75 61.5 56.25 46.25 93.5 
221 61.5 60.25 64 65.75 83 
225 67.25 71 69.25 70.25 102.75 
238 66.5 60.75 55.25 45.5 102.25 
239 59 61.5 55.5 45 91.25 
241 75 59 54 42.75 87.25 

Mean 72.55 64.18* 60.84* 57.02* 90.39* 

SD 9.92 4.47 6.04 12.36 7.85 

P values compared to self-reported sleep 0.028 0.009 0.011 0.001 

 Daily Sleep (hrs) 
Mean 8.06 7.13 6.76 6.34 10.04 

SD 1.10 0.50 0.67 1.37 0.87 
* Significant difference from the experimental mean (p≤0.028). 



  
  

DRDC-RDDC-2017-R127 51 
 
 
  
  

Table A.6: Comparison between experimental and model-predicted sleep episodes  
for starboard watch crew members. 

Subject # of Total Sleep Episodes 
Self report  SPM 1 SPM 2 SPM 3 FAST AutoSleep 

205 10 10 10 10 23 
210 12 10 10 12 18 
213 10 10 10 11 26 
214 10 10 10 12 15 
216 11 10 10 10 16 
219 17 10 10 11 16 
221 12 12 13 11 23 
225 10 10 10 10 37 
238 18 10 10 14 25 
239 20 10 10 10 23 
241 17 10 11 11 25 

Mean 13.36 10.18 10.36 11.09 22.45 
SD 3.65 0.57 0.88 1.16 6.30 

P values compared to self-reported sleep 0.023 0.030 0.070 0.003 
 # of Daily Sleep Episodes 

Mean 1.48 1.13 1.15 1.23 2.49 
SD 0.41 0.06 0.10 0.13 0.7 

* Significant difference from the experimental mean (p≤0.023). 

Table A.7 and Table A.8 indicate significant differences between self-reported and model 
predicted sleep duration, but no differences in self-reported and all model-predicted number of 
sleep episodes.  

Table A.7: Comparison between experimental and model-predicted sleep duration  
for irregular shift crew members. 

Subject 
Total Sleep (hrs) 

Self report  SPM 1 SPM 2 SPM 3 FAST AutoSleep 
202 103 41 47.75 32.5 35 
207 58.5 52.25 54.75 48 62 
208 68.75 38.5 51.75 39 24 
212 76.75 36.25 53.25 36 34.75 
222 76 31.5 53 36.25 19.75 

Mean 76.6 39.9* 52.1* 38.35* 35.1* 
SD 14.74 6.92 2.37 5.25 16.45 

P values compared to self-reported sleep 0.016 0.044 0.017 0.027 
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Subject 
Total Sleep (hrs) 

Self report  SPM 1 SPM 2 SPM 3 FAST AutoSleep 

 Daily Sleep (hrs) 
Mean 8.51 4.43 5.79 4.26 3.9 

SD 1.64 0.77 0.26 0.58 1.83 
* Significant difference from the experimental mean (p≤0.044). 

Table A.8: Comparison between experimental and model-predicted sleep episodes  
for irregular shift crew members. 

Subject 
# of Total Sleep Episodes 

Self report SPM 1 SPM 2 SPM 3 FAST AutoSleep 
202 14 10 10 10 9 
207 14 13 16 9 20 
208 9 16 18 17 11 
212 9 21 24 22 17 
222 13 27 33 30 17 

Mean 11.80 17.40 20.20 17.60 14.80 
SD 2.32 6.02 7.81 7.81 4.60 

P values compared to self-reported sleep 0.19 0.12 0.26 0.25 
 # of Daily Sleep Episodes 

Mean 1.31 1.93 2.24 1.96 1.64 
SD 0.26 0.67 0.87 0.87 0.51 
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Subject ln 8 (P=16.8), 
U11.38L8.38 

ln 8 (P=10.8), 
U11.38L8.38 

ln 8 
(P=16.8), 
U13L8 

ln 11 (P=16.8), 
U11.38L8.38 

ln 11 (P=10.8), 
U11.38L8.38 

ln 11 
(P=16.8), 
U13L8 

ln 11 
(P=10.8), 
U13L8 

256 96.69 45.59 94.49 99.63 59.93 98.53 81.99 
  

AVG 86.27 48.11 83.35 91.05 61.08 87.09 79.78 
SD 7.79 7.27 6.89 6.46 8.70 6.84 8.23 

Table A.10: Predicted vs experimental sleep episodes for day shift workers. 

Subject Observed 
ln 8 

(P=16.8), 
U11.38L8.38 

APE 
ln 8 

(P=10.8), 
U11.38L8.38 

APE 
ln 8 

(P=16.8), 
U13L8 

APE 
ln 11 

(P=16.8), 
U11.38L8.38 

APE 
ln 11 

(P=10.8), 
U11.38L8.38 

APE 
ln 11 

(P=16.8), 
U13L8 

APE 
ln 11 

(P=10.8), 
U13L8 

APE 

227 14 13 7.1 16 14 12 14.3 13 7.1 16 14.3 13 7.1 14 0 
228 14 11 21.4 11 21 11 21.4 11 21.4 11 21 11 21.4 11 21 
229 10 10 0.0 14 40 10 0.0 10 0.0 14 40 10 0.0 10 0 
231 10 10 0.0 21 110 10 0.0 10 0.0 21 110 10 0.0 12 20 
232 11 11 0.0 13 18 11 0.0 11 0.0 14 27 11 0.0 12 9 
233 11 11 0.0 19 73 11 0.0 11 0.0 19 73 11 0.0 11 0 
234 13 12 7.7 16 23 11 15.4 13 0.0 16 23 12 7.7 12 8 
235 10 10 0.0 13 30 10 0.0 10 0.0 13 30 10 0.0 12 20 
236 11 11 0.0 18 64 10 9.1 12 9.1 18 64 12 9.1 13 18 
237 10 10 0.0 20 100 10 0.0 10 0.0 20 100 10 0.0 16 60 
247 10 11 10.0 11 10 10 0.0 11 10.0 11 10 11 10.0 10 0 
249 11 13 18.2 13 18 12 9.1 13 18.2 14 27 12 9.1 13 18 
250 10 10 0.0 15 50 10 0.0 10 0.0 15 50 10 0.0 14 40 
251 10 10 0.0 21 110 10 0.0 11 10.0 21 110 10 0.0 21 110 
253 12 10 16.7 20 67 10 16.7 11 8.3 20 67 11 8.3 17 42 
255 10 10 0.0 24 140 10 0.0 10 0.0 24 140 10 0.0 20 100 
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Subject Observed 
ln 8 

(P=16.8), 
U11.38L8.38 

APE 
ln 8 

(P=10.8), 
U11.38L8.38 

APE 
ln 8 

(P=16.8), 
U13L8 

APE 
ln 11 

(P=16.8), 
U11.38L8.38 

APE 
ln 11 

(P=10.8), 
U11.38L8.38 

APE 
ln 11 

(P=16.8), 
U13L8 

APE 
ln 11 

(P=10.8), 
U13L8 

APE 

256 12 10 16.7 27 125 10 16.7 10 16.7 27 125 10 16.7 23 92 
  

MAPE     5.8   59.6   6.0   5.9   60.7   5.3   32.8 

Table A.11: Accuracy in (%) of sleep predictions for port watch schedule. 

Subject ln 8 (P=16.8), 
U11.38L8.38 

ln 8 (P=10.8), 
U11.38L8.38 

ln 8 (P=16.8), 
U13L8 

ln 11 (P=16.8), 
U11.38L8.38 

ln 11 (P=10.8), 
U11.38L8.38 

ln 11 
(P=16.8), 
U13L8 

ln 11 
(P=10.8), 
U13L8 

203 80.00 71.82 80.45 80.45 87.27 81.36 97.73 
209 87.34 47.73 85.39 92.86 61.04 89.29 79.87 
211 88.43 39.67 94.21 95.04 55.79 95.45 76.86 
215 66.21 60.69 73.79 74.48 74.48 74.83 82.07 
217 63.37 57.76 71.95 72.61 71.29 72.61 78.88 
218 61.10 58.79 59.37 65.71 69.16 64.55 69.16 
224 65.52 54.74 76.72 77.16 65.52 78.45 71.55 
240 84.00 33.60 93.20 93.60 58.80 94.40 69.20 
245 66.06 49.54 72.78 72.48 67.89 72.78 75.84 
246 74.19 56.45 84.27 83.87 71.37 84.68 84.27 
248 73.63 31.85 88.01 88.01 53.42 94.18 70.55 
252 53.30 47.21 63.71 65.23 64.21 69.54 64.21 

  
AVG 71.93 50.82 78.66 80.12 66.69 81.01 76.68 
SD 10.70 11.19 10.50 10.12 8.81 10.12 8.55 
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Table A.12: Predicted vs experimental sleep episodes for port watch schedule. 

Subject Observed 
ln 8 

(P=16.8), 
U11.38L8.38 

APE 
ln 8 

(P=10.8), 
U11.38L8.38 

APE 
ln 8 

(P=16.8), 
U13L8 

APE 
ln 11 

(P=16.8), 
U11.38L8.38 

APE 
ln 11 

(P=10.8), 
U11.38L8.38 

APE 
ln 11 

(P=16.8), 
U13L8 

APE 
ln 11 

(P=10.8), 
U13L8 

APE 

203 15 9 40.0 18 20.0 9 40.0 11 26.7 19 26.7 10 33.3 18 20.0 
209 12 10 16.7 13 8.3 10 16.7 10 16.7 13 8.3 10 16.7 13 8.3 
211 11 10 9.1 19 72.7 10 9.1 10 9.1 19 72.7 10 9.1 15 36.4 
215 15 9 40.0 17 13.3 9 40.0 9 40.0 17 13.3 9 40.0 17 13.3 
217 21 9 57.1 18 14.3 9 57.1 9 57.1 19 9.5 9 57.1 19 9.5 
218 19 10 47.4 10 47.4 10 47.4 10 47.4 11 42.1 10 47.4 10 47.4 
224 17 12 29.4 21 23.5 11 35.3 12 29.4 22 29.4 12 29.4 19 11.8 
240 11 10 9.1 14 27.3 10 9.1 10 9.1 17 54.5 10 9.1 16 45.5 
245 15 9 40.0 16 6.7 9 40.0 9 40.0 18 20.0 9 40.0 18 20.0 
246 14 9 35.7 18 28.6 9 35.7 9 35.7 18 28.6 9 35.7 18 28.6 
248 10 9 10.0 16 60.0 9 10.0 9 10.0 19 90.0 9 10.0 18 80.0 
252 18 9 50.0 15 16.7 9 50.0 9 50.0 19 5.6 9 50.0 16 11.1 

  
MAPE     32.0   28.2   32.5   30.9   33.4   31.5   27.7 
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Table A.13: Accuracy in (%) of sleep predictions for starboard watch members. 

Subject ln 8 (P=16.8), 
U11.38L8.38 

ln 8 (P=10.8), 
U11.38L8.38 

ln 8 (P=16.8), 
U13L8 

ln 11 (P=16.8), 
U11.38L8.38 

ln 11 (P=10.8), 
U11.38L8.38 

ln 11 
(P=16.8), 
U13L8 

ln 11 
(P=10.8), 
U13L8 

205 88.96 63.88 88.63 94.65 78.60 91.97 90.97 
210 72.58 73.87 69.68 80.32 86.77 78.39 89.68 
213 82.56 80.23 80.62 89.53 95.74 86.05 100.00 
214 86.80 48.18 85.48 92.41 61.39 88.12 82.18 
216 79.50 52.80 82.30 87.58 66.15 86.02 82.61 
219 58.75 61.62 56.92 66.32 72.06 63.97 76.76 
221 73.58 61.38 67.48 76.02 76.83 73.98 92.28 
225 89.96 60.59 86.62 95.91 76.58 92.57 93.31 
238 72.56 57.52 71.43 76.32 71.80 74.81 74.81 
239 78.39 66.53 77.97 79.66 79.66 79.24 79.66 
241 69.67 68.33 67.33 77.00 78.67 74.00 78.00 

  
AVG 77.57 63.18 75.86 83.25 76.75 80.83 85.48 
SD 8.95 8.64 9.53 8.94 8.90 8.48 7.78 
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Table A.14: Predicted vs experimental sleep episodes for starboard watch members. 

Subject Observed 
ln 8 

(P=16.8), 
U11.38L8.38 

APE 
ln 8 

(P=10.8), 
U11.38L8.38 

APE 
ln 8 

(P=16.8), 
U13L8 

APE 
ln 11 

(P=16.8), 
U11.38L8.38 

APE 
ln 11 

(P=10.8), 
U11.38L8.38 

APE 
ln 11 

(P=16.8), 
U13L8 

APE 
ln 11 

(P=10.8), 
U13L8 

APE 

205 10 10 0.0 18 80.0 10 0.0 11 10.0 18 80.0 11 10.0 17 70.0 
210 12 10 16.7 11 8.3 10 16.7 11 8.3 13 8.3 10 16.7 11 8.3 
213 10 10 0.0 14 40.0 10 0.0 13 30.0 14 40.0 13 30.0 14 40.0 
214 10 10 0.0 14 40.0 10 0.0 11 10.0 14 40.0 11 10.0 14 40.0 
216 11 10 9.1 12 9.1 10 9.1 10 9.1 12 9.1 10 9.1 12 9.1 
219 17 10 41.2 10 41.2 10 41.2 11 35.3 10 41.2 11 35.3 10 41.2 
221 12 13 8.3 15 25.0 12 0.0 14 16.7 16 33.3 13 8.3 16 33.3 
225 10 10 0.0 19 90.0 10 0.0 10 0.0 19 90.0 10 0.0 19 90.0 
238 18 10 44.4 17 5.6 10 44.4 16 11.1 18 0.0 14 22.2 16 11.1 
239 20 10 50.0 15 25.0 10 50.0 10 50.0 17 15.0 10 50.0 12 40.0 
241 17 11 35.3 15 11.8 11 35.3 19 11.8 16 5.9 18 5.9 15 11.8 

  
MAPE     18.6   34.2   17.9   17.5   33.0   18.0   35.9 
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Table A.15: Accuracy in (%) of sleep predictions for irregular shift workers. 

Subject ln 8 (P=16.8), 
U11.38L8.38 

ln 8 (P=10.8), 
U11.38L8.38 

ln 8 (P=16.8), 
U13L8 

ln 11 (P=16.8), 
U11.38L8.38 

ln 11 (P=10.8), 
U11.38L8.38 

ln 11 
(P=16.8), 
U13L8 

ln 11 
(P=10.8), 
U13L8 

202 40.05 40.78 46.84 49.51 47.33 55.34 47.09 
207 88.03 35.90 86.75 95.30 51.71 93.16 55.13 
208 24.00 18.55 35.64 38.18 19.64 49.82 38.18 
212 44.63 11.40 60.59 58.63 22.48 73.62 19.87 
222 33.55 22.70 38.82 48.03 30.92 57.57 33.55 

  
AVG 46.05 25.86 53.73 57.93 34.41 65.90 38.76 
SD 22.10 10.92 18.63 19.78 12.95 15.76 12.01 

Table A.16: Predicted vs experimental sleep episodes for irregular shift workers. 

Subject Observed 
ln 8 

(P=16.8), 
U11.38L8.38 

APE 
ln 8 

(P=10.8), 
U11.38L8.38 

APE 
ln 8 

(P=16.8), 
U13L8 

APE 
ln 11 

(P=16.8), 
U11.38L8.38 

APE 
ln 11 

(P=10.8), 
U11.38L8.38 

APE 
ln 11 

(P=16.8), 
U13L8 

APE 
ln 11 

(P=10.8), 
U13L8 

APE 

202 14 10 28.6 12 14.3 10 28.6 11 21.4 12 14.3 10 28.6 12 14.3 
207 14 16 14.3 16 14.3 16 14.3 17 21.4 18 28.6 16 14.3 15 7.14 
208 9 18 100 20 122 15 67 19 111 24 167 16 77.8 17 88.9 
212 9 24 167 26 189 18 100 25 178 29 222 17 88.9 27 200 
222 13 33 154 30 131 30 131 33 154 34 162 31 138 32 146 

  
MAPE     92.7   94.1   68.1   97.1   119   69.6   91.3 
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Mean Absolute Percentage Error 
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RCN 

R&D 
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SD 
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