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RESEARCH ARTICLE

                       P OWELL  DMC, S PENCER  MB, P ETRIE  KJ.  Comparison of in-fl ight 
measures with predictions of a bio-mathematical fatigue model.  
Aviat Space Environ Med 2014; 85: 1177  –  84 .  

   Introduction:   Bio-mathematical models are increasingly used for pre-
dicting fatigue in airline operations, and have been proposed as a pos-
sible component of fatigue risk management systems (FRMS). There is a 
need to continue to evaluate fatigue models against data collected from 
crews conducting commercial fl ight operations.   Methods:   A comparison 
was made between several in-fl ight studies of pilot fatigue, conducted 
over a 10-yr period on a variety of operations, and the predictions of a 
widely used bio-mathematical model, the System for Aircrew Fatigue 
Evaluation (SAFE). The in-fl ight studies collected a variety of subjective 
ratings as well as reaction time on a performance task.   Results:   Overall 
correlation between observed and predicted fatigue was stronger for 
subjective fatigue than reaction time. More detailed analysis on selected 
studies shows discrepancies between predicted and observed fatigue, 
which may be explained by a variety of confounders. Closer analysis of 
the duty time, time of day, and schedule length show discrepancies of up 
to 15% between observed and predicted fatigue.   Discussion:   This study 
provides comparison between the predictions of one bio-mathematical 
model, SAFE, and observed fatigue measures across a number of opera-
tions. Possible causes of discrepancies are discussed. There is potential 
for more comparison studies of this type with the various available 
models.   
 Keywords:   alertness  ,   FRMS  ,   pilot  ,   duty time  .     

 A RANGE OF bio-mathematical models have been 
developed and applied to the prediction of fatigue 

in airline fl ight operations ( 4 ). Most have been devel-
oped from a similar basis ( 15 ), namely the two processes 
of sleep and circadian phase ( 3 ). Guidelines published 
by the International Civil Aviation Organization ( 6 ) pro-
pose that States adopt fatigue risk management systems 
(FRMS), and suggest the use of bio-mathematical models 
as one possible component of such systems. There is in-
creasing interest in the potential use of models as part of 
the process of designing and building aircrew rosters 
( 13 ). Models have also been used in developing regula-
tions for duty time limitations and rest requirements ( 10 ). 

 The System for Aircrew Fatigue Evaluation (SAFE) is 
the application of one such model, developed by Qin-
etiQ (formerly the Defense Evaluation and Research 
Agency, DERA) for the UK Civil Aviation Authority in 
the 1990s and based on earlier fi eld research ( 2 ). The 
model was derived from two primary processes, time 
since sleep and circadian phase, with a range of addi-
tional modifying factors including time on task, in-fl ight 
rest, multiple sectors, and early starts ( 1 ). Studies have 
evaluated the various models against one another ( 8 , 15 ), 
but there is a shortage of published comparisons be-
tween the model predictions and actual measures of 

fatigue in fl ight ( 12 ). We sought to make such a compari-
son using SAFE, a model which currently is widely used 
in the aviation industry. 

 Air New Zealand collected data in a series of in-fl ight 
fatigue studies of volunteer pilots, as part of its fatigue 
management program ( 11 ). The studies were carried out 
over a period of 10 yr (    Table I  ) on a range of routine opera-
tions across a variety of aircraft and routes; they encom-
passed 2-pilot, 3-pilot, and 4-pilot operations on both 
narrow-body short-range fl ights and wide-body long-haul 
tours of duty. Some were undertaken to assess the level of 
fatigue on the tour of duty, while others were performed to 
assess the value of mitigations such as extra layover time 
or an extra pilot. In this study we evaluated how well the 
model predictions compared with the data collected from 
those in-fl ight studies, covering a broad range of durations 
of duty, crew complements, and aircraft types.      

 METHODS 

 We included 11 fatigue studies in this examination of 
the validation of the SAFE model. All of the studies were 
completed on Air New Zealand (and in one case Ansett 
Australia) aircraft between 2000 and 2010 and include a 
mix of long-haul and short-haul operations. The list of 
studies is presented in  Table I  and includes 2615 obser-
vations collected from a total of 324 pilots. Data were 
collected anonymously from pilots who volunteered for 
each study, and participated as part of their normal du-
ties, in accordance with published company study pro-
tocols. Ethical approval was therefore not sought from 
an external agency.  

    Measures 

 All 11 studies included several test sessions using the 
same reaction time measure and four subjective mea-
sures of fatigue. Test sessions were scheduled soon after 
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the top of climb and shortly before the top of descent; 
according to the length of the fl ight, further tests were 
undertaken during the cruise portion of the fl ight so as 
to be approximately every 2-3 h. Exact timing of the tests 
was determined by the pilots, as there was no experi-
menter on board, and was arranged to best fi t in with 
the in-fl ight rest and duty schedule. Pilots rated their 
level of fatigue and their level of drowsiness on two 
visual analog scales measured on 100-mm lines. Fatigue 
was rated from  “ fatigue ”  to  “ no fatigue, ”  and drowsi-
ness was rated from  “ alert ”  to  “ drowsy. ”  All studies 
also included the 7-point Samn-Perelli fatigue scale ( 14 ) 
and the 9-point Karolinska Sleepiness Scale ( 5 ). The 
Samn-Perelli scale asks respondents to rate themselves 
as: 1  “ fully alert, wide awake ” ; 2  “ very lively, responsive 
but not at peak ” ; 3  “ OK, somewhat fresh ” ; 4  “ a little 
tired, less than fresh ” ; 5  “ moderately tired, let down ” ; 6 
 “ extremely tired, very diffi cult to concentrate ” ; or 7 
 “ completely exhausted, unable to function effectively. ”  
The Karolinska Sleepiness Scale asks respondents to de-
scribe their level of sleepiness on a scale from 1  “ very 
alert ”  to 9  “ very sleepy, great effort to keep awake. ”  
Other visual analog scales were collected on some stud-
ies but were excluded from the detailed analysis as they 
yielded little additional information. 

 The performance measure included in all studies was 
the Pilot Alertness Test developed by Air New Zealand 
(Petrie KJ, Powell DMC. Palm pilot validation study: 
Report on a study of sleep-deprived volunteers. Air NZ 
Internal Report, March 2000; 11). This is a sustained 
choice reaction time task in which a stimulus in the form 
of a circle is presented at pseudo-random intervals in 
one of four corners of the screen of a  “ Palm Pilot ”  de-
vice. The respondent is required to press one of four but-
tons corresponding to the location of the circle on the 
screen as quickly as possible. This test includes 50 stim-
ulus presentations (100 in earlier studies), taking pilots 
around 4 min (previously 8) to complete ( 11 ). The alert-
ness test is conceptually similar to the psychomotor 
vigilance task (PVT) which has been widely used in 

fatigue studies, including those in the early days of the 
Air New Zealand program. The validation of the Pilot 
Alertness Test included, as well as fi eld trials alongside 
PVT, a crossover comparison with PVT in sleep-deprived 
volunteers (Petrie KJ, Powell DMC; 2000).   

 Procedure 

 A comparison was made between the fatigue data 
and the predictions from SAFE version 5.0. The original 
model was based on performance data from a series of 
laboratory experiments ( 9 ) that investigated the effects 
of irregular patterns of work and rest, during conditions 
of partial isolation. The experiments were specifi cally 
designed to provide irregular patterns of work and rest 
that avoided overall sleep deprivation. In addition, they 
permitted effi cient estimates to be made of changes in 
performance at different times of day, during work peri-
ods of varying duration. The adaptation of the model to 
aircrew was based on subjective data from an extensive 
series of studies of aircrew fatigue on a wide variety of 
different types of operation ( 2 ). This enabled estimates 
to be made of factors specifi c to aircrew, such as the 
workload associated with single- and multiple-sector 
operations, the infl uence of time-zone transitions, sleep 
patterns on layover, and the recuperative value of in-
fl ight rest on augmented fl ights. 

 The input to the SAFE program consisted of the fol-
lowing information about each duty period: the duty 
start and end times related to base time; the start and end 
locations in the form of airport codes (from which the 
program derived the local time of day); the number of 
sectors; the crew complement (two, three or four); the 
type of rest facility (e.g., bunk or business-class seat) if 
appropriate; and the number of rest periods taken by 
each crewmember in an augmented operation. Sleep pe-
riods, including all in-fl ight sleep, did not form part of 
the input, as they were estimated by the program itself. 
The model for sleep generation was derived from diary 
data provided by aircrew on a large number of studies 
( 2 ). 

 TABLE I.        STUDIES INCLUDED IN SAFE COMPARISON ANALYSIS.  

  Route (IATA Codes) Pilots Layover (Nights) Aircraft Subjects Observations  

  SYD-KIX-BNE-SYD 2 1 KIX B747-300 21 184 
  Sydney-Osaka-Brisbane-Sydney 
 AKL-LAX-AKL 3 1 LAX B747-400 32 219 
  Auckland-Los Angeles- 
 AKL-LAX-AKL 3 2 LAX B747-400 22 146 
 SYD-LAX-AKL 3 2 LAX B747-400 33 260 
  Sydney-Los Angeles-Auckland 
 SYD-LAX-AKL 4 2 LAX B747-400 22 165 
 CHC-BNE-CHC 2 0 B737-300 24 141 
  Christchurch-Brisbane- 
 CHC-BNE-CHC 2 1 BNE B737-300 27 144 
 CHC-BNE-CHC 2 0 A320 21 117 
 AKL-PPT-AKL 3 0 B767 31 163 
  Auckland-Papeete(Tahiti)- 
 AKL-HKG-LHR-HKG-AKL 3 3 LHR B747-400 34 486 
  Auckland-HongKong-London- 
 AKL-HKG-LHR-HKG-AKL 3 2 LHR B747-400 29 410 
 AKL-ADL-AKL 2 0 A320 28 140 
  Auckland-Adelaide-  
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 The schedules from the 11 fatigue studies were input 
into the SAFE program, and predictions of fatigue on a 
100-point scale were obtained at times corresponding to 
the individual test sessions. The sign of the normal out-
put from the program was reversed, using the transfor-
mation y  5  (100 - x), so that high values corresponded to 
high levels of fatigue. A single value was output for each 
test session based on the average of the times for each 
session as recorded on the Palm Pilot devices. Where it 
was judged that a recorded time did not lie within a rea-
sonable range for that test session, that value was ex-
cluded. This judgment was made subjectively, taking 
into account the differences that might occur naturally 
due to variations in the timing of the fl ights and the be-
havior of the pilots, and resulted in the exclusion of ap-
proximately 4% of the original data. The average range 
of the timings for an individual test session was 3.85 h. 

 Several simplifying assumptions were made in order 
to derive the SAFE predictions. Where there were varia-
tions within a study in the timing of the fl ights and the 
number of time zones crossed (due to daylight saving), 
average values were taken. Similarly, on augmented 
fl ights where the timing of in-fl ight sleep was not re-
corded, predictions were based on averages for individ-
ual pilots assuming an equal distribution of in-fl ight rest. 

 A comparison was made between the predictions and 
the data, mean averaged over all pilots, for each test ses-
sion, in the form of two variables, one obtained from the 
subjective data and one from the performance data. The 
subjective variable consisted of the fi rst principal com-
ponent derived from four measures: the Samn-Perelli 
scale, the Karolinska Sleepiness Scale, the 100-mm fa-
tigue scale, and the 100-mm drowsiness scale. This com-
ponent, which was approximately equally weighted on 
the four subjective measures, accounted for 86.5% of the 
total variance. The three remaining components ac-
counted for 7.1%, 3.6%, and 2.8% of the total variance, 
respectively. The weightings on the fi rst component 
were as follows: drowsiness 0.507, Samn-Perelli 0.500, 
fatigue 0.497, Karolinska 0.496. The performance vari-
able consisted of the mean value of the log-transformed 
correct reaction times to the fi rst 50 stimuli, excluding 
the fi rst two, which tended to show greater variability. 
For convenience of presentation, these two variables, 
henceforward referred to as 'subjective fatigue' and  ‘ re-
action time ’ , were rescaled to a range between 0 and 10. 

 Comparisons with the model predictions were made 
as follows: fi rstly, the two fatigue variables were plotted 
against the predicted values, and equations of best fi t 
obtained; secondly, using these equations, mean trends 
for the data and the predictions were compared for each 
schedule. Finally, an analysis of variance model, includ-
ing schedule as a random factor, was used to investi-
gate differences between the observed and predicted 
values with respect to various factors related to the tim-
ing and duration of the schedule. These included time 
of day (home time and local time), time into the duty 
period, fl ight number (fi rst or second), the number of 
days into the schedule, the type of schedule (long- or 
short-haul) and the phase of fl ight (top of climb, cruise, 
top of descent). 

 We selected, for detailed comparison with the model 
predictions, one example each of a 2-pilot (daytime 
narrow-body) and 3-pilot (night-time wide-body) out-and-
back short-haul duty, and a third example which was 
long-haul with a combination of 3-pilot and 4-pilot duty. 
The duties not chosen were either complex, involved 
seasonal changes, had incomplete data, or in some cases 
involved duties known to have a high prevalence of 
controlled rest (cockpit napping), which may have con-
founded the results. The details of the selected duties 
are shown in     Table II  .         

 RESULTS 

 The pilots who participated were distributed by age 
as follows: under 30 yr, 1%; 30-39 yr, 29%; 40-49 yr, 37%; 
50-59 yr, 29%; 60 or more years, 4%. Of the group, 37% 
were Captains, 39% were First Offi cers, and 24% were 
Second Offi cers (in-fl ight relief pilots). 

 The scatter plots of the output from the SAFE pro-
gram against the subjective and reaction time variables 
are shown in     Fig. 1   and     Fig. 2  , respectively. As the pro-
gram predicts only average values, we have compared 
the output with data averaged over individual subjects; 
this methodology does not enable comparisons to be 
made with factors that are subject-specifi c such as age.         

 The predicted values were more closely correlated 
with subjective fatigue (r  5  0.85) than with reaction time 
(r  5  0.57). However, the correlation with subjective fa-
tigue was higher than that between the two fatigue vari-
ables themselves (r  5  0.74). The mean square for the 

 TABLE II.        STUDIES CHOSEN FOR MORE DETAILED ANALYSIS.  

  Duty Details Aircraft Crew Scheduled fl ight time  

  A Auckland-Adelaide-Auckland A320 2-pilot all-day duty  –  no crew rest 4 h 50 outbound 
 Dep 0800 - Arr 1815 1 h 00 turnaround 
 Duty length 11 h 45 min 4 h 10 inbound 

 B Auckland-Tahiti-Auckland B767 3-pilot all-night duty  –  rotating through crew bunk 5 h 05 outbound 
 Dep 1900 - Arr 0710 1 h 20 turnaround 
 Duty length 13 h 40 min 5 h 45 inbound 

 C Sydney-Los Angeles-Auckland B747 Long-haul duty 13 h 40 outbound 
 Dep 1145 - Arr 0825 Local 4 pilots outbound One night layover 
 Dep 2200 - Arr 0530 Local 3 or 4 pilots inbound 12 h 45 inbound 
 Duty 15 h 10 out 14 h 15 back One night layover LA Crew rest on board  
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regression of the SAFE prediction on subjective fatigue 
was 16,712.4, compared with a residual mean square of 
62.6 [ F (1100) 5 266.0,  P   ,  0.001], and a residual root mean 
square of 7.9. The mean square for the regression of the 
SAFE prediction was 7449.3, compared with a residual 
mean square of 155.5 [ F (1100) 5 47.9,  P   ,  0.001], and a 
residual root mean square of 12.5. 

 The comparisons of predictions with subjective fa-
tigue on the three chosen duties (    Table II  ) are displayed 
in     Fig. 3  ; the comparisons with reaction time are shown 
in     Fig. 4  .         

 On the Adelaide duty, subjective fatigue initially was 
less than predicted by the model, but it increased more 
rapidly during the duty to fi nish higher than predicted. 
Meanwhile, reaction time throughout the duty was some-
what higher than predicted. 

 On the Tahiti duty, there was close agreement both 
outbound and inbound between predicted and subjec-
tive fatigue. Agreement with reaction time was less close, 
but reasonable, apart from the fi rst test. 

 On the long-haul duty, there was reasonably good 
agreement between the subjective and predicted fatigue 
on the duty which had a three-pilot crew fl ying home. 
Agreement with reaction time was (as for Tahiti) less 
close but reasonable apart from the fi rst test. For the 
crew which had four pilots on the inbound sector, sub-
jective fatigue matched predictions closely on the out-
bound sector, while reaction time started worse than 
predicted, but stayed more or less constant throughout 
the sector, fi nishing better than predicted. On the in-
bound (4-pilot) sector, both fatigue variables were lower 
than predicted. 

 Analysis of variance tables for the differences between 
the predictions and subjective fatigue and reaction time 
are shown in     Table III   and     Table IV,   respectively, where 
the error terms are composites derived from the sepa-
rate error terms for the three main factors included in 
the fi nal model (time on duty, time of day, and duration 
of schedule). The remaining factors tested, namely fl ight 
sequence, phase of fl ight, and type of schedule, did not 
show any consistent effects.         

 With respect to time on duty (    Fig. 5  ), it appeared that 
the model tended to overestimate subjective fatigue to-
ward the start of a duty period and to underestimate it 
at the end. However, the trend for reaction time was in 
the reverse direction.     

 With respect to time of day (    Fig. 6  ), the model overes-
timated fatigue levels during the morning and underes-
timated them during the evening. This effect was more 
signifi cant when related to local time, as in the fi gure, 
than to base time. Although the differences were numer-
ically greater for the reaction time than the subjective 
data, they were only statistically signifi cant for the sub-
jective data.     

 The only other consistent differences between the pre-
dictions and the fatigue variables were related to the du-
ration of the schedule, where the model tended to 
overestimate the fatiguing effect associated with the 
length of the duty schedule (    Fig. 7  ).       

 DISCUSSION 

 Comparing the SAFE model predictions with the data 
from a series of in-fl ight studies, the overall correlation 
between observed and predicted fatigue was higher for 
subjective fatigue ratings than for reaction time mea-
surements ( Figs. 1  and  2 ). 

 Closer comparison of the data with in-fl ight measure-
ments was made for three of the studies, selected to 
show a representative range of operations. Two of these, 
Tahiti and Los Angeles, showed broadly the expected 
trends in rated fatigue with good agreement with self-
rated fatigue ( Fig. 3 ). The third, Adelaide, showed self-
rated fatigue to be initially better than predicted, and to 
fi nish more severe than predicted. Reasons for this are un-
clear but this particular duty was somewhat controversial 

  

 Fig. 1.        Scatter plot of SAFE output (normalized scale 0-100 of increas-
ing fatigue) vs. subjective fatigue (normalized scale 0-10 of increasing 
fatigue).    

  

 Fig. 2.        Scatter plot of SAFE output (normalized scale 0-100 of increas-
ing fatigue) vs. objective (reaction time) fatigue (normalized scale 0-10 
of increasing reaction time).    
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at the time of testing and motivation may have been a 
factor. 

 The agreement of the model with reaction time ( Fig. 4 ) 
is less close. For all duties, a higher than expected initial 
score may refl ect the learning or practice effect for the 
task. The best agreement appears to have been on the 
Sydney-Los Angeles route, especially on the fi rst out-
bound leg (with the exception of the fi rst test session 
due possibly to practice effect). 

 On the outbound leg of the Los Angeles duty which 
was 4-pilot, reaction time did not increase through the 

sector, and on the inbound leg of that duty, reaction time 
(like subjective fatigue) was better than predicted. The 
reasons for these differences are unclear, but the 4-pilot 
duty provides generous opportunity for in-fl ight rest, 
which may vary from that predicted in the model. 

 Examining differences between the predictions and 
fatigue variables with respect to time on duty ( Fig. 5 ), 
the model tended to overestimate subjective fatigue to-
ward the start of a duty period and to underestimate it 
at the end (with the reverse trend for reaction time), to 
a level around 5%. The possibility that the model may 

  

 Fig. 3.        Predicted vs. observed fatigue (subjective, normalized) for four different tours of duty.    
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underestimate the effect of time on duty has been noted 
previously, and the current version of SAFE has been 
modifi ed to take this into account. 

 With respect to time of day ( Fig. 6 ), the model over-
estimated fatigue levels during the morning and under-
estimated it during the evening; this effect was greater 
when looking at local time compared with base time. 
This is not unexpected, since minimal time zone adjust-
ment (or none) would be expected in the time span of 
these tours of duty. 

 With respect to the duration of the schedule, the 
model tended to overestimate the fatiguing effect asso-
ciated with the length of the duty schedule ( Fig. 7 ) by up 

to 10%. This apparent cumulative effect may be in part 
explained by time-zone shifting behaviors among the 
pilots. 

  

 Fig. 4.        Predicted vs. observed fatigue (reaction time, normalized) for four different tours of duty.    

 TABLE III.        ANOVA FOR DIFFERENCE BETWEEN PREDICTED AND 
SUBJECTIVE FATIGUE.  

  Factor
Degrees of 
Freedom

Sum of 
Squares

Mean 
Squares  F  Ratio Prob  

  Time on duty 3 645.7 215.2 17.6 0.0000 
 Time of day 3 122.3 40.8 3.3 0.0276 
 Schedule duration 2 105.5 52.7 4.3 0.0193 
 Error term 45 550.2 12.2   
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 There are several possible reasons for the observed 
disparities between predicted and observed fatigue on 
particular routes. The model predictions assume that 
the pilot is well-rested prior to the start of the tour of 
duty, which will not always be the case. The airline had 
a policy permitting controlled rest on the fl ight deck 
( “ cockpit napping ” ) and it is not known on which sec-
tors this occurred. Sectors with frequent napping would 
be expected to show observed fatigue somewhat less 
than predicted as a result of the benefi cial effect of the 
rest ( 5 , 7 ). It is more likely that such napping would oc-
cur on fl ights without augmentation and crew rest (i.e., 
2-pilot overnight duties). 

 Additionally, in this study the timing of in-fl ight sleep 
periods, on which SAFE predicted fatigue, was esti-
mated rather than recorded, and this may have resulted 
in some discrepancies between observed and predicted 
fatigue. Measurements from augmented crews (more 
than two pilots) may have been affected by in-fl ight 
bunk rest: test sessions in the cruise phase of fl ight are 
likely to have been a mixture of presleep and postsleep; 
additionally the fi nal test sessions, which were always 
around the time of top of descent, would include some 
pilots who had just woken from bunk rest, and may not 
have followed the instruction to wait 15 min between 
waking and undertaking a test session. This would al-
low the possibility of effects from sleep inertia. 

 There were differences in the season during which 
studies were undertaken, which can lead to changes in 

light exposure as well as some changes in time-zone ad-
justment, due to the start and end of daylight saving in 
the countries of destination and origin. These combined 
effects could also lead to discrepancies. 

 Most of these studies were undertaken because high 
levels of fatigue were reported on the tours of duty, and 
in some cases a change was either proposed or under 
trial. There was therefore potential for the subjective rat-
ings and also reaction times to be infl uenced by the level 
of motivation of the volunteers. This may have been a 
factor, for example, in the case of the Adelaide study, in 
which both subjective fatigue and reaction time were 
greater than predicted at the end of the duty. 

 In summary, this study addresses a practical problem 
in the application of FRMS to airline operations. There is 
a need for the use of validated fatigue predictive models 
in this setting. While general trends are consistent, and 
some duties showed good agreement between model 

 TABLE IV.        ANOVA FOR DIFFERENCE BETWEEN PREDICTED AND 
OBJECTIVE (REACTION TIME) FATIGUE.  

  FACTOR
Degrees of 
Freedom

Sum of 
Squares

Mean 
Squares F Ratio Prob  

  Time on duty 3 613.7 204.6 4.2 0.0106 
 Time of day 3 304.7 101.6 2.1 0.1158 
 Schedule duration 2 70.0 35.0 0.7 0.4932 
 Error term 45 2193.7 48.7   

  

 Fig. 5.        Observed and predicted fatigue related to time on duty.    

  

 Fig. 6.        Observed and predicted fatigue related to time of day.    

  

 Fig. 7.        Observed and predicted fatigue related to length of schedule.    
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predictions and observed measures of fatigue, this 
agreement is not consistent across all duties. There is 
better agreement of the model predictions with subjec-
tive fatigue ratings than there is with reaction time on 
our performance test. Whether or not it is acceptable to 
have discrepancies of up to 10% between observed and 
predicted fatigue is a matter for consideration by the us-
ers of the models. 

 There is potential for further work in this area: there 
are several bio-mathematical models, and there is a need 
for more published comparisons between predicted and 
observed fatigue. Future efforts to integrate predictive 
models into the computer systems which optimize and 
build aircrew rosters will require ongoing validation of 
the model predictions.    

  ACKNOWLEDGMENTS 
 The authors thank the pilots of Air New Zealand and Ansett Australia 

who volunteered to undertake the studies while fl ying commercial 
operations, and the members of the Air New Zealand Crew Alertness 
Study Group who contributed time and suggestions to the studies. 
Thanks to Kate Faasse for assistance with preparing the fi gures. 

 Mick Spencer has been involved in developing the SAFE model as an 
employee of QinetiQ and as a contractor to Fatigue Risk Management 
Science Ltd, but he has never had a fi nancial interest in the model. 
There are no other confl icts of interest to declare. 

  Affi liations and authors : David M.C. Powell, MBChB, FAFOEM, 
University of Otago, New Zealand, and Air New Zealand; Mick B. 
Spencer, M.Sc., MB Limited, Sandhurst, Berks, UK; Keith J. Petrie, 
Ph.D., Department of Psychological Medicine, University of Auckland, 
New Zealand.  

  REFERENCES 
   1.       Belyavin   AJ,     Spencer   MB   .  Modelling performance and alertness: 

the QinetiQ approach .  Aviat Space Environ Med   2004 ;  75 ( 3, 
Suppl. ) A93  –  103 .  

   2.     Civil Aviation Authority . Aircrew fatigue: a review of research 
undertaken on behalf of the UK Civil Aviation Authority. 
Norwich, UK: The Stationery Offi ce;  2005 ; CAA Paper 2005/04  

   3.       Daan   S,     Beersma   DGM,     Borbely   AA   .  Timing of human sleep: 
recovery process gated by a circadian pacemaker .  Am J Physiol 
  1984 ;  246 : R161  –  83 .  

   4.       Dawson   D,     Noy   YI,     Härmä   M,     Åkerstedt   T,     Belenky   G   .  Modelling 
fatigue and the use of fatigue models in work settings .  Accid 
Anal Prev   2011 ;  43 : 549  –  64 .  

   5.       Eriksen   CA,     Åkerstedt   T,     Nilsson   JP   .  Fatigue in trans-Atlantic 
airline operations: diaries and actigraphy for two- vs. three-
pilot crews .  Aviat Space Environ Med   2006 ;  77 : 605  –  12 .  

   6.     Fatigue Risk Management Systems Implementation Guide for 
Operators . ICAO/IATA/IFALPA  2011 ; Retrieved 15 November 
2011 from  http://www.icao.int/safety/fatiguemanagement/
FRMS%20Tools/FRMS%20Implementation%20Guide%
20for%20Operators%20July%202011.pdf .  

   7.       Gander   P,     Hartley   L,     Powell   D,     Cabon   P,     Hitchcock   E,    et al.   
 Fatigue risk management: organizational factors at the regu-
latory and industry/company level .  Accid Anal Prev   2011 ; 
 43 : 573  –  90 .  

   8.       Mallis   MM,     Meidal   S,     Nguyen   TT,     Dinges   DF   .  Summary of the 
key features of seven biomathematical models of human 
fatigue and performance .  Aviat Space Environ Med   2004 ;  75 ( 3, 
Suppl ) A4  –  14 .  

   9.       Minors   DS,     Nicholson   AN,     Spencer   MB,     Stone   BM,     Waterhouse 
  JM   .  Irregularity of rest and activity: studies on circadian 
rhythmicity in man .  J Physiol   1986 ;  381 : 279  –  95 .  

   10.     Notice of Proposed Rule-Making No 2010-14A: Implementing 
Rules on Flight and Duty Time Limitations and Rest 
Requirements For Commercial Air Transport (CAT) with 
Aeroplanes ; Retrieved 4 July 2013 from  http://easa.europa.
eu/rulemaking/docs/npa/2010/NPA%202010-14.pdf   

   11.       Powell   DMC,     Spencer   MB,     Petrie   KJ   .  Fatigue in airline pilots after 
an additional day ’ s layover period .  Aviat Space Environ Med 
  2010 ;  81 : 1013  –  7 .  

   12.       Powell   DMC,     Spencer   MB,     Petrie   KJ   .  Automated collection of 
fatigue ratings at the top of descent: a practical commercial 
airline tool .  Aviat Space Environ Med   2011 ;  82 : 1037  –  41 .  

   13.       Romig   E,     Klemets   T   .  Fatigue risk management in fl ight crew 
scheduling .  Aviat Space Environ Med   2009 ;  80 : 1073-4 .  

   14.       Samn   SW,     Perelli   LP   . Estimating aircrew fatigue: A technique 
with implications to airlift operations. Brooks AFB, TX: USAF 
School of Aerospace Medicine;  1982 : Technical Report No. 
SAM-TR-82-21  

   15.       Van Dongen   HPA   .  Comparison of mathematical model predic-
tions to experimental data of fatigue and performance .  Aviat 
Space Environ Med   2004 ;  75 ( 3, suppl. ) A15  –  36 .      

http://www.icao.int/safety/fatiguemanagement/FRMS%20Tools/FRMS%20Implementation%20Guide%20for%20Operators%20July%202011.pdf
http://easa.europa.eu/rulemaking/docs/npa/2010/NPA%202010-14.pdf

