
 

D. Harris (Ed.): EPCE 2014, LNAI 8532, pp. 375–386, 2014. 
© Springer International Publishing Switzerland 2014 

Study on a Model of Flight Fatigue Dynamic Risk Index 

Ruishan Sun, Wenshan Song, Jingqiang Li, and Wanli Tian 

Research Institute of Civil Aviation Safety,  
National Key Laboratory of Air Traffic Operational Safety Technology,  

Civil Aviation University of China, 
Tianjin, China 

{sunrsh,happytianwanli}@hotmail.com, wenshan_song@163.com, 
jqli@cauc.edu.cn 

Abstract. Fatigue has been a threat to flight safety. Based on former  researches 
about pilots’ fatigue, fatigue risk and prevention measures of fatigue, a flight 
fatigue dynamic risk index is developed to evaluate the fatigue risk during flight 
operations. Flight fatigue dynamic risk index is defined as the ratio of required 
and human alertness during flight operations. The required alertness is the 
function associated with weather conditions, airport conditions, phase of flight, 
etc., while pilot alertness is calculated by an alertness prediction model which is 
based on the concept of alertness energy and constructed by human circadian 
oscillator, alertness energy consumption and restoration. The flight fatigue 
dynamic risk index prediction model should improve fatigue risk management 
system(FRMS).  
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1 Introduction 

With rapid economic growth and social progress, the civil aviation industry of China 
has an enormous development. The main transportation indicators maintain steady 
and rapid growth in recent years, such as all civil airports completed movements 
6603.2 thousand sorties in 2012, compared with 2011 there was an increase of 
an10.4%; all civil airports passenger capacity were 680 million in 2012, compared 
with 2011 there was an increase of 9.5% [1]. 

China’s civil aviation transportation volume continues to grow rapidly, and the 
uneven distribution of traffic flow is mainly concentrated in a small number of 
political, economic and tourist center city’s airports, especially in the more developed 
eastern of China. Statistical data showed that the passenger throughput capacity of 
eastern region is 389 million, accounting for 57.2% of total, only the passenger 
throughput of Beijing, Shanghai and Guangzhou airports account for 30.7% of all 
airport passenger throughput capacity [1]. The increasing civil aviation transportation 
results in increased pilot workload, flight fatigue phenomenon is becoming more and 
more common, fatigue incident occurred frequently. 
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In fact, fatigue has become a serious threat to flight safety on a global scale. On 
February 13, 2008, a Bombardier CL-600 of GO! Airlines performed flight from 
Hawaii Honolulu to Hilo. The aircraft flew over the destination and continued over 18 
minutes without contacting with controllers. The investigation revealed that ’two 
pilots were unconsciously asleep during the cruise phase’. Until they woke up and 
contacted with ATC then led back safety to Hilo Airport [2]. Colgan Air flight 3407 
crashed en route to Buffalo in February 12, 2009, the aircraft were destroyed, 50 
people on board were killed [3]. This accident reveals a common fatigue problem 
among the American commuter flight crew. Because of this accident and public 
pressure with it, FAA forced to permit American Rulemaking Committee to develop a 
proposal based on human fatigue science research. 

The ICAO definition of crewmember fatigue was given as: A physiological status 
of reduced mental or physical performance capability resulting from sleep loss or 
extended wakefulness, circadian phase, or workload (mental and/or physical activity) 
that can impair a crew member’s alertness and ability to safely operate an aircraft or 
perform safety related duties [4] Researchers in different fields study the flight crew 
fatigue problem with different views. From the measured point of view, there are two 
kinds of method in personnel fatigue real-time measurements——subjective method 
and objective method. The objective method often measure some biochemical 
indicators to determine the people fatigue situation, commonly used biochemical 
indicators involving multiple systems of heart, lung, brain and so on, such as heart 
rate, heart rate variability, electroencephalogram, pupil diameter, etc. Although this 
method can obtain the accurate fatigue information of subjects, it is usually used for 
laboratory research now, not suitable for application in actual operations. The 
subjective method mainly relies on a variety of self-rating scale, determine subjects’ 
fatigue situation through their subjective fatigue feeling. The commonly used self-
rating scale include: Karolinska Sleepiness Scale, Epworth Sleepiness Scale, Samn-
Perelli Scale, etc. However this method is more subjective, susceptible to subjects’ 
emotion. From forecasting perspective, many countries commonly used 
biomathematics model to predict the personnel fatigue situation, but this kind of 
model is considered to be imperfect and temporary scientific instruments, those 
models developed by each country also have some limitations and shortcomings. 

The flight fatigue research group in the Research Institute of Civil Aviation Safety 
of Civil Aviation University of China considered that the most direct impacts on the 
flight safety of fatigue are decreasing the alertness of pilots. The study constructed 
biomathematics to predict the pilot’s alertness. The group used the alertness to 
describe the pilot’s fatigue status from operational angel, and constructed the 
prediction model of flight fatigue dynamic risk index. 

2 Biomathematics Model on Fatigue 

In the field of fatigue prediction, there has been a lot of research achievements, 
including the human physiological parameters associated with the body fatigue for the 
data source, through the mathematical formula of quantitative calculation 
mathematical model of biological fatigue risk. Mathematical Model for Fatigue life 
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from the initial Two Process Model (Two Process Model of Sleep Regulation, 
TPMSR) [5-6] began has developed more than 30 years, spawned many new models 
of different characteristics, such as Fatigue Audit InterDyne, FAID [7], System for 
Aircrew Fatigue Evaluation, SAFE [8], Circadian Alertness Simulation, CAS) [9], etc. 

In 1987, Torbjorn Akertedt expanded on the basis of TPMSR and put forward 
Alertness Three Process Model (ATPM), also known as the Sleep/Wake Predictor, 
SWP. The Model believed that the factors that affect Sleep and awakening time 
included not only the homeostatic Process S and the circadian Process C but also the 
wakeup Process W meaning Sleep inertia [10], Now many of the mathematical 
models for Fatigue life are established on the basis of the three processes, such as 
SAFE, CAS, Fatigue, Sleep, Activity and Task efficiency (Sleep, Activity, Fatigue 
and Task Effectiveness, SAFTE) model [11]. Each model has its own advantages and 
disadvantages, carries on the contrast analysis as follows. 

 (1) SAFE is a fatigue risk management tool, which is developed by QinetiQ with 
the support of the civil aviation authority and used to help airlines crew to assess 
fatigue risk due to shifts. Model was established based on the laboratory data at first, 
then according to the short, long distance and cross intercontinental long-haul flights 
research data the model was calibrated. 

Advantages: the model according to the actual operating environment of airline has 
been corrected, including the landing airport code and time zone, flight segment 
number, the aircrew consisting and resting place (bed, sleeping on the plane, cockpit 
seats) and other factors. And as a result it made the model more suitable for the 
aviation industry, taking into account the special nature of the aircrew career and 
route length of distinction and in the long range and intercontinental voyage it added 
time zone changes and prolonged operation factors. 

Disadvantages: individual differences were not considered in. 
 (2) CAS was originally based on steady status process and circadian rhythms to 

portray individual alertness curve, after three relatively mature process development it 
will also take sleep inertia into account. With the development of the research, CAS is 
also in constant progress, now it has been updated to CAS - 5.  

Advantages: the model has been applied to some airlines’ actual operation, 
including the pilot ID, airport code, duty start/end time (briefing before the flight, 
flying, reports after the flight, setting segment, etc.) and other characteristics of civil 
aviation. Sleep also is given more consideration and sleep pattern can be divided into 
early in the morning or evening, short/long sleepers, sleepiness type, etc. 

Disadvantages: its validity only verified in the ground transportation industry. 
(3) SAFTE is a Fatigue prediction model developed by SAIC (Science 

Applications International Corporation) and NTI (Network Technologies, Inc.) with 
the support of the U.S Air Force in 2001. The model was built up on the basis of 
laboratory data. This model took sleep reservoir as the center and sleep is divided into 
own sleep regulation and flight performance adjustment two parts. 

Advantages: SAFTE specified the steady-status process and took into account the 
impact of sleep quality. If poor sleeping environment resulted in sleep disruption, the 
actual sleep starting time should be delayed five backwards minutes after falling 
asleep again. 
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Disadvantages: the model for the calculation of the period of sleep consume is too 
simple and all the consumption of nature of work is exactly the same. 

Most of the fatigue prediction models are based on sleep deprivation experiments, 
namely the prediction of fatigue is established by two parts’ correlation, and the two 
parts are individual subjective fatigue due to lack of sleep/under the limit and 
awareness. These models believed that awareness changed during pilots’ working 
process mainly because of sleep time, sleep quality and its circadian rhythm 
characteristics between the roles of the model. However, from the angle of the 
operation, the model still has many places for improvement. 

First, the design and development of the model should be combined with industry 
characteristics: the job of aircrew is different from other industries and many models 
did not specifically target in civil aviation in the beginning of establishing. Although 
the individual model according to the airlines’ relate research is improved, including 
the airport code, and the factors such as travel, but still lack of validation of real air 
operating environment. 

Second, the models should predict the flight fatigue risk in an accuracy way which 
is one of the significant means to ensure the safe operation in flight. The model is 
mainly based on laboratory data which is set up for most people in common 
situations, but there are individual differences between human beings such as age, job 
experience and so on, there is a certain gap between the individual actual risk of 
fatigue and models’ predicting results . Actual operating environment is complicated 
and cannot take all the factors into account, such as airport complexity, weather 
conditions and other important factors affecting safety, and previous models do not 
take these into account. 

3 The Basic Idea of Constructing Flight Fatigue Dynamic Risk 
Index Prediction Model 

The study aimed to study on fatigue risk during flight operations. Fatigue makes 
human’s impairment in attention and alertness, leading to human errors, which is the 
most direct impact on flight safety. 

The definition of flight fatigue dynamic risk index is given as: the ratio of required 
and one’s alertness during flight operations. The required alertness is the function 
associated with weather conditions, airport conditions, phase of flight, etc. 

The focus of study is constructing alertness prediction model, which presents the 
concept of alertness energy, proposing restoration and consumption of alertness 
energy and improvement of alertness on the basis of SAFTE model for reference. 

Alertness is given by the following equation: 

 
100*( )+C+I+B

c

Rt
E

R
=

 
(1)

 

Where Rt= current alertness energy level, Rc= one’s alertness energy threshold 
(maximum), C= alertness rhythm, I= sleep inertia and B= enhancement effect of the 
alertness. 
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Alertness rhythm is represented by the following equation: 

 = p *C A c  (2) 

Where Ap= alertness rhythm amplitude, and c=circadian oscillator. 
Alertness rhythm amplitude is represented by the following equation associated 

with Rt/Rc and age: 

 p ( )
Rt

A f
Rc

= ，z  (3) 

Where z= age. 
Circadian oscillator is represented by the following equation: 

 c cos(2 ( ) / 24) cos(4 ( ') / 24)T p T p pπ γ π= − + − −  (4) 

Where T= time of day, p=24 hr phase in hours, p’=12 hr relative phase in hours 
and γ=relative amplitude of 12 hr cycle. 

Current alertness energy level is represented by the following equation: 

 t * qR SI S dt Kdt= −   (5) 

Where SI= sleep intensity, Sq=sleep quality and K= alertness energy used rate. 
Sleep intensity is represented by the following equation associated with current 

alertness energy deficit and circadian oscillator: 

 = ( c , )SI f R Rt c−  (6) 

Where Rc-Rt= current alertness energy deficit.  
Sleep quality is represented by the following equation associated with self-

evaluation of sleep quality, sleep conditions and snoring: 

 q= ( , , )S f Sf Sc Sd  (7) 

Where Sf=self-evaluation of sleep quality, Sc=sleep conditions and Sd=snoring. 
Alertness energy used rate is represented by the following equation associated with 

type of duty, numbers of sectors, experience, airport conditions, etc.: 

 = ( t, n, e, )K f D f f fa  (8) 

Where Dt=type of duty, fn=numbers of sectors, fe=experience and fa=airport 
conditions. 

3.1 Alertness Supplement 

Sleep is an effective measure to mitigate fatigue and increase alertness energy, but 
poor quality of sleep will make it difficult to recover from fatigue. Sleep quality is 
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affected by sleep environment, sleep hygiene, individuality, etc. In this section, we 
will analyze influencing factors of sleep quality in detail. 

Sleep quality. Sleep quality measurement and evaluation methods are roughly 
divided into two categories including subjective and objective measurement. 
Subjective measurement includes filling sleep logs, questionnaires, surveys, etc. And 
objective measurement includes polysomnogram (PSG) and so on [12]. However, 
objective measurement which is not suitable as inputs to the model demands high 
standards on device and experimental conditions, so the model uses the subjective 
measurement to evaluate pilot’s sleep quality as a corrected parameter. 

Sleep condition. The various sleep conditions including sleep environment and sleep 
patterns are closely associated with sleep. The issues affecting the sleep environment 
including temperature, shading, sound insulation. The most suitable sleep 
environment is 20-23℃ of the room temperature. When the noise exceed 35 db or 
strong light would disturb sleep obviously [13]. However, objective measurements of 
the temperature, shading and sound insulation of the sleep environment are too 
complex. To simplify the system input, subjective self-evaluation is used to evaluate 
the sleep environment. 

As the civil aviation industry characteristics, pilots often fly across the region. The 
operators often arranged pilots to sleep overnight in other places to meet the rest 
requirement of regulators. Given the form of sleep patterns would affect the quality of 
sleep, the patterns are classified as habitual residence beds, temporary shelter beds 
and floor seats. 

Individuality. There are big difference among the sleep quality of different 
individuals as there are different individual snoring circumstance and sleep patterns. 
In order to evaluate personal alertness in the model and ensure the maximum accuracy 
and minimum uncertainty, the effects of personal characteristics such as snoring and 
sleep patterns are considered. 

Snoring is a common sleep breathing disorders, which is due to the vibration of the 
soft palate oropharynx when the air goes through the oropharynx. Snoring means that 
there are some narrowing and blocking in airway, which would increase acting when 
breathing and cause awakening during sleep, resulting sleep fragment, and affecting 
the quality of sleep [12]. 

Judging from the sleep patterns, some people are morningness and others are 
eveningness. Some people are accustomed to have napping while others are not. 
Because of the different scheduling, pilots get variable daily sleep schedules and 
different sleep patterns would affect the quality of their sleep. 

Sleep quality evaluation indicator system are initially established through the 
analysis of existing theories, shown in Figure 1, including the self-assessment of sleep 
quality, sleep conditions and personal characteristics, sleep quality in the model is 
expressed by the functions associated with these indicators. 
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Fig. 1. Sleep quality evaluation indicator system 

3.2 Consumption of Alertness 

Continuous awakening would reduce human alertness. The alertness would be 
consumed when awake and workload would also reduce the alertness. Both of these 
are considered in the system. Workload refers to the unit of time the body to 
withstand the workload, which including the effects of environmental conditions, 
social and psychological factors on the human body [14]. The higher workload at 
work, the greater the energy consumption rate, the more obvious fatigue that people 
feel and its time sooner. 

 =K Ka Kw+  (9) 

Where Ka= consuming rate in awake status and Kw= workload consuming used 
rate associated with numbers of sectors, experience, airport conditions, etc. 

Types of working duty. In term of pilots, types of the working duty include flight 
duty, simulator instructing, management, transition and so on, which leads to different 
workload consuming rate. In 2002, the UK Civil Aviation Authority completed a 
study on aircrew alertness during short-haul operations. The study was conducted by 
analyzing the collected diaries to identify factors that contributed to a buildup in 
fatigue. The diary used a modified 7-point Samn-Perelli scale to evaluate pilot’s 
subjective fatigue level. The study showed that fatigue levels of pilots on flight duty 
represent an increase of 0.16 per hour on the 7-point fatigue scale than those of pilots 
on rest. When compared to the output of the model, was equivalent to a 2.656 
decreasing alertness per hour. The alertness use is represented by a linear function 

[15], so the consuming rate of workload of flight duty Kf is 0.04. 

Numbers of route segment. A study has shown that short-haul operations cause 
frequency times of taking off and landing, increasing the workload. This means that 
pilots with multiple segments are especially prone to fatigue. Pilots once reported that 
it is more tried during short-haul operations with 4-5 sectors [17]. The increase in 
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fatigue from one to four sectors is much closed to linear. An additional sector is 
equivalent to an additional 45 minutes’ flight duty [16]. So the workload used rate in 
the nth sector is represented by the following equation: 

 
f 1

f = a+Kf *(TLn+45)
1

TLn

K n
K K

Ka n

=

 − >

（n）（ ）  (10) 

Where n= numbers of sectors and TLn= flight time in the nth sector. 

Working experience. An experienced pilot is more familiar with operating 
procedures. If the pilot operates the airplane with a proper way and a reasonable time 
planning, it will largely reduce the workload and delay his fatigue status. The more 
flight hours the pilot has, the less workload the duty is. 

After all these comprehensive consideration about the effect of duty type, flight 
phase, experience and so on, the workload consuming rate is represented by the 
following equation: 
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 =w * *b b e eF f w f+  (12) 

Where Ks=simulator instructing used rate, Km= management used rate, F= 
influence coefficient of flight duty, fa=airport factor (fa(complexity, general)=(1.1, 1) 
), fx=flight nature factor(fx(delay, on-time, diversion)=(1.05,1,1)), Kp= briefing used 
rate, Kt= transition used rate, Kb= debriefing used rate, Kc= commuting used rate, 
fb=position factor(fb(captain, copilot )=(1, 0.9)), fe=experience factor(fe(flight hours: 
0-800,800-1500,1500-3000,>3000)=(1,0.95,0.90,0.85)), wb= the weight of position 
factor and we= the weight of experience factor. 

3.3 Alertness Rhythm 

A circadian rhythm is a daily alteration in a person’s behavior and physiology 
controlled by an internal biological clock located in the brain. With the rhythm 
changes of a person’s physiological and psychological status, alertness also appears 
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rhythm changes. Moreover, Alertness rhythm amplitude is associated with current 
alertness energy level and age. 

A study showed that a person’s tissues and organs functions were reduced with the 
increase of the age, leading to flat amplitude of rhythm. Ge Shengqiu used critical 
flicker frequency (CFF) test and cross out test to study effect of flight fatigue in 
aircrew of different age groups. The result showed that The performance in aircrew 
≤40 was significantly higher than that of 41～50 , > 51 age groups , but the difference 
between 41～50 age group and> 51 age group was not significant[17]. Therefore, 
amplitude of rhythm in aircrew ≤40 and > 40 age group is different, and older 
aircrew’s amplitude is lower. 

3.4 Alertness Improvement 

Fatigue problem will be a serious threat to flight safety, so staff alertness should be 
effectively improved through some mitigation measures. For example, the pilot can 
drink some drinks containing caffeine to promote alertness; Pilots can also rest be-
tween airlines to take a nap, or during long flight of more aircrew nap can alleviate 
fatigue. But for a nap before flight or in the flight, at the same time, sleep inertia 
caused after the nap needs special attention. 

Caffeine. Caffeine is a central nervous system stimulant. It can temporarily fade away 
sleepiness and enhance alertness when humans drink caffeine at low doses (50mg-
200mg). The average cup of coffee contains 50-150mg caffeine. Tea, chocolate, 
cocoa and many other drinks are the common source of caffeine. A study showed that 
peak blood concentration is reached in 30 minutes to one hour, and its half-time is 3-5 
hours [12]. Alertness enhancement effect of caffeine is represented by the following 
piecewise equation: 

 c
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Where α=maximum alertness enhancement effect of caffeine, β= caffeine’s half-
time, tg= time when reach the peak alertness enhancement effect of caffeine and tc= 
minutes since intake of caffeine. 

Nap in cockpit. A research showed that reasonable arrangements of naps can reduce 
the sense of subjective sleepiness and fatigue of pilot. In the long-haul operations or a 
continuous flight duty in special circumstances, , reasonable arrangements of naps can 
relieve pilots’ fatigue. But it should be noted that naps can lead to sleep inertia. After 
awakening from sleep, before desired level of alertness there will appear a delay [18]. 
To reduce the risk of sleep inertia caused by nap, it is recommended that nap time 
limits should within 40 minutes. In the model, pilots cannot nap in the takeoff and 
landing. Forms of napping in the cockpit include bunk and seat. 
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3.5 The Alertness Required for Each Flight Phase 

During the flight operations, different phases of flight require different alertness. 
Takeoff and landing which called "dangerous 11 minutes" are recognized as phases 
with biggest workload. Boeing statistical data showed that most of aviation accidents 
occurred in these 11 minutes (Figure 2) [19]. Therefore, pilot requires higher alertness 
during the takeoff and landing. If lower alertness during takeoff and landing phases 
will result in a higher safety risk.  

According to how busy airports are and geographical conditions of the airport, the 
airports are divided into complex airports and general ones. Complex airports will 
require pilots’ higher alertness during takeoff and landing .In addition, the airline 
weather, early starts or night flight are major factors affecting flight workload. The 
required alertness is represented by the following equation: 

 
J*fa*fw*fd Takeoff

Er= J*fw*fd Climb,cruise,descent

J*fa*fw*fd Approach,landing







 (14) 

Where J= the required alertness for each phase of flight( J（takeoff, climb, cruise, 
descent, approach and landing）=（75,70,70,70,80）), fa=airport factor 
(fa(complexity, general)=(1.1, 1) ), fw= complexity of the airline weather 
(fw(complexity, general)=(1.1, 1) ) and fd=nature of duty (fd(early start, day flight, 
night flight )=(1.1, 1, 1.2) ). 

 

Fig. 2. Percentage of fatal accidents 

3.6 The Fight Fatigue Dynamic Risk Index 

The fight fatigue dynamic risk index is the ratio of the predicted alertness and the 
alertness required for each flight phase. The safety risk of different fight phases are 
assessed through the required alertness and the predicted one. The larger index 
indicates a higher risk, and the smaller index indicates lower risk. If the dynamic risk 
index is less than 0.9, it indicates that the pilot’s fatigue risk is acceptable; If is 
between 0.9-1, it indicates that the fatigue risk is in the tolerable range, some 
measures like naps or drinking coffee should be taken for mitigation; when is greater 
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than 1, it indicates that the fatigue risk is unacceptable, some measures like the 
replacement flight crew should be taken for mitigation. The fight fatigue dynamic risk 
index is represented by the following equation: 

 r
=E

E
I

E
 (14) 

Where Er=the required alertness and E= the predicted alertness. 
In summary, based on index in different flight phases, we can acquaint the fatigue 

risk of pilots in operations. When the risk is striking, we can increase resting time, 
shifting, napping in the cockpit, drinking coffee and so on. In this way, the safety risk 
can remain within an acceptable range. 

4 Prospects 

With the rapid development of air transportation, staff shortage and flight delay 
phenomenon are getting worse, leading to staff’s fatigue phenomenon, especially for 
pilot, have been more and more common in front-line of civil aviation. So the 
reduction, control and management of flight fatigue have become an important work 
for improving the flight safety. The model of flight fatigue dynamic risk index is 
comprehensively integrated of many factors of fatigue and expressed by the simple 
concept of alertness energy and flight fatigue dynamics risk index, which is 
advantageous in spreading and application. The model should be a support for 
implementing fatigue risk management system(FRMS). 
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