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Abstract: Though Pupil Diameter (PD) of the human eye has been known to be an indicator of sleep-
onset, the exact quantification of the PD were not known. In this study variations of PD which are in 
excess of + 5% of the mean value were monitored and classified as Event A. In addition, the eye 
closure beyond -30% of mean diameter were classified as Eye Blinks or Event B.  The duration of eye 
blink was monitored if it is more than 1s. Both Event A and Event B were used simultaneously to 
detect sleep-onset. The  algorithm using OpenCV and MS VC++ was tested with IR videos PD of 
subjects on a driving simulator. The Alert subject exhibited several Event As but no Event Bs and the 
Drowsy subject exhibited both Event As and Event Bs and was successfully classified as “Drowsy”  2 
times during the test run. 
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1 Introduction 

THE pilots work in a very demanding environment where they are expected to be alert at all times. They 

are supposed to monitor the health of different sub-systems of the aircraft throughout the flight. Even when the 

auto-pilot is engaged, pilots cannot afford to lose situational awareness. If any snag develops in a flight, it 

requires immediate corrective measures from the pilot. Also if there is even a minor deviation in flight path of 

the aircraft due to loss of attentiveness, it could lead to disastrous consequences. Many instances have come to 

light wherein major mishaps have occurred due to pilot having fallen asleep while at the controls of the aircraft 

like the crash on 22 May 2010 in Mangalore, India, killing 158 people; in June 2008, an Air India aircraft 

headed to Mumbai flew past its destination with both pilots asleep [1]. In order to enhance flight-safety, it is 

imperative to ensure that the pilot does not fall asleep while at controls.  

 

 While there have been numerous studies on sleep [2,3,4,5,6,7], we have to deal with the sleep-onset 

and not with sleep itself. The reason is that the pilots undergo pre-flight medical examination which ensures 

that they are fit to fly. However, due to various reasons preceding or during the flight, the pilot may 

involuntarily tend to fall asleep. Once a pilot falls asleep there are very few physiological changes which can 

be monitored to reliably activate the alarm. But the transition from alert state to sleep state is a condition which 

is critical both from physiological monitoring and aircraft controlling point of view. It becomes imperative to 

identify sleep-onset rather than going into stages of sleep. 
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1.1   Constraints in Sleep-Onset Detection in Cockpit 

 

Several parameters which can be used to detect sleep-onset are EEG, EOG, change in respiration, change in 

heart rate, etc. but the stringent requirements in case of pilots, limits the options available for making these 

measurements in cockpit. These constraints are: 

(a) There can be no use of intrusive electrodes on any part of pilot’s body. This rules out the use of EEG, 

EOG, ECG, EMG, Blood Pressure monitoring, analysis of exhaled gases to predict sleep-onset. 

(b) The only parameter available to non-intrusive analysis is eye, using an optical measurement tool. 

Again the option is further narrowed as use of goggles should be avoided. The reason being that goggles would 

be required to be custom-fitted to each individual’s face structure. Thereafter, every time a pilot flies, it would 

have to be calibrated. Lastly, it would not be a purely non-intrusive system and hence could be disproved of by 

DGCA (Director General of Civil Aviation). 

1.2    Overcoming Constraints using Optical methods 

The solution is to use a camera which can get the real-time images of the eye without pilot having to do 

anything. There is a possibility of using several different eye parameters for analysis. But as the purpose of this 

paper is to design a robust system with the least number of variables, only two variables were used and were 

found to be fairly accurate in describing the state of the subject. 

 Over the years different modalities have been used to study sleep-onset like Respiration [2], 

Cardiovascular function [3], Electro-Oculography [4], etc. but all these modalities present the basic difficulty 

of being intrusive in nature. In a cockpit environment, we need to have such a device which will not interfere 

with the working of the pilot in any way but would still be capable of reliably detecting the onset of sleep in 

pilot. One non-intrusive method of fatigue-detection has been discussed in [8], which brings out the fact that in 

case of an Alert subject the deviations in pupil diameter are restricted to + 5% of the mean pupil diameter 

whereas in case of a Drowsy subject, the variations are way beyond + 5% of the mean pupil diameter. 

In the present study, effort has been made to clearly define the various characteristics of pupil diameter which 

need to be monitored and classified so that it results in very unambiguous criteria for declaring a subject as 

Alert or Drowsy. As the only physiological parameter being monitored is Eye pupil diameter, there is a need to 

specify the conditions of classification when the whole pupil is visible and also when only partial pupil is 

visible due to occlusion by eye lashes/lids. 

     In order to account for the changes in pupil diameter when the whole pupil was visible, a parameter called 

Event A was used whereas in cases where pupil was only partially visible due to eye blinks, another parameter 

called Event B was used, which was considered to have occurred if the pupil diameter reduced more than 30% 

of mean pupil diameter.  

      The scope of this paper is to discuss the algorithm which was used to separate out the events which are 

encountered while monitoring the eye pupil of a subject. After the separation, the events are stored and the 

algorithm keeps a track of all the relevant data. Until the stored data meets the specified criteria for alarm 

activation, the algorithm continues to run through the video file without causing any alarm. However, the 

instant the laid down criteria for alarm activation are met, the alarm is activated and the video clip processing is 

halted. In order to prove the concept, two different video files in AVI format were used. Since this method uses 

a camera to capture the image of eye, it is totally non-intrusive and hence would be more acceptable in terms of 

cockpit requirements. 

 
Fig.1 Block diagram of the set-up for capturing video film for testing of alertness of the subject. 



   

 

   

   

 

   

   

 

   

    A Paper Submitted to ICoRD ’13    
 

    
 
 

   

   

 

   

   

 

   

       

 

 

2      Methods 

2.1    The task of acquiring the pupil diameter begins by first acquiring the video of pupil and then it is 

subjected to various morphological operations which results in the residual image being the contour of pupil 

alone. Thereafter an ellipse is fitted to the pupil contour which is then used to calculate the area of the pupil. 

This in turn is used to calculate the pupil diameter. OpenCV ver2.1 is a very versatile tool to perform 

morphological operations on the image frames. Many operations like Image Dilation, Image Erosion, Image 

Opening, Image Closing can be performed with very few lines of code. 

Various steps involved in getting the contour of eye pupil are shown in the flowchart below:  

                        
Fig.2 Flowchart depicting sequence of steps for detecting eye pupil 

 

In order to convert video from colour image to grey-scale, Luminosity method has been used. However if 

the video is already grey-scale or is in night-vision mode, the algorithm skips this step. Thereafter, Adaptive 

thresholding is applied in order to cater for illumination gradient. Thereafter, the morphological process of 

“Closing” is applied to each frame so as to get rid of noise and unwanted images. After all these processes have 

been sequentially performed, the image consists of only pupil contour and is ready for Pupil detection, as 

shown below: 

 

(a)              (b)   

 

Fig.3 (a) The input image frame (b) the residual image after application of morphological operations, 

consisting of only pupil contour, ready for Pupil detection 

 

The image available at this juncture consists of only the pupil. So Open CV is used to fit an ellipse to the 

pupil contour. Actually Open CV provides the option of either fitting a circle to the detected contour or fitting 

an ellipse to it. But the manner in which Open CV fits a circle leads to introduction of large errors.  If a 
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minimum circle is fitted to the contour, then the software just draws a circle with a minimum possible diameter 

which includes all the points of the contour within itself. Whereas if an ellipse is fitted, Least squares method is 

used to determine coordinates of an ellipse such that the ellipse is the best approximation of the detected 

contour [9]. This results in keeping the errors between the detected contour and the fitted shape to the 

minimum.  

 
(a)                (b) 

Fig.4 The comparision of methods of (a) fitting a minimum enclosing circle and (b) an ellipse to a set of 

points. Source: [9] 

 

Another factor of consideration here is that the pupil takes a circular shape whenever the person is looking in 

front. However the shape of the pupil tends to seem elliptical only when a person is looking from the corner of 

his/her eyes. A point to remember here is that when a person is drowsy, the pupil automatically tends to come 

into the centre of the eyes. Therefore, when an ellipse is fitted to the detected pupil contour, it not only 

produces lesser errors than the circle but also provides better tracking of the contour and follows the pupil 

faithfully. Whenever the subject is drowsy, the eyes tend to come to the centre and ellipse can virtually be 

treated as a circle for all calculations.  

 

  
 

Fig.5 shows the ellipse fitted to eye pupil. It is clear that when the subject is looking straight, ellipse takes the 

form of a circle. 

 

2.2     Once an ellipse has been fitted to the pupil contour, there is a requirement to get the diameter of the 

pupil. But OpenCV does not provide a direct measure of the semi-major and semi-minor axis of the ellipse. 

Instead, a circuitous method needs to be followed to get the dimensions of the ellipse. This involves using 

Contour Moments to get the area of the contour [8]. Many different characteristics of the detected contour can 

be calculated by Contour Moments but as we are interested only in getting the area of the contour which in turn 

would be used to calculate the diameter of the circle, we need to use only moment (0,0).   
Once the area of the contour has been calculated, the radius of the circle can be calculated as per the 

following formula: 

Diameter = ((√(Area of Circle)/√π)*2) 

This formula faithfully gives the diameter of the pupil till the time the person is looking straight. But if the 

subject is looking from the corners of the eyes, an error is introduced in diameter value. But as previously 

discussed, this error in pupil diameter calculation would not affect the activation of alarm as a drowsy person 

has a tendency to have his pupil involuntarily coming into the centre of the eyes and not at the corners. So 

when a person is drowsy, the pupil would be circular and there would be no error in calculation of the pupil 

diameter. 
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2.3     Availability of pupil diameter leads to the next step where constraints are set on the input in such a 

fashion that whenever the set criteria of drowsiness is met, the alarm is activated which alerts the pilot. 

It was decided to have two defining events which need to be monitored to reliably predict sleep-onset. 

These are: 

(a)  Event A: If there is + 5% change in “Pupil Diameter” w.r.t “Mean diameter” at any instant of sampling. 

(b) Event B: If there is -30 % reduction in “Pupil Diameter” w.r.t “Mean diameter”. 

Event A is the actual variation in the pupil diameter w.r.t the mean pupil diameter and is calculated every 

clock pulse to account for different video formats working at different frame rates. However, in view of the 

computational requirement, only the largest value of pupil diameter detected every 1000 milliseconds is used 

for calculation of running average pupil diameter. Event B is Blink of the eye “i.e. closing of the eye-lid and 

opening of the eye-lid”. The OpenCV® function used for fitting the best curve to detected pupil is 

cvFitEllipse2( ). This ensures that even if pupil is partially occluded by the eye-lid, the best possible estimate 

of the pupil area is still available. The reason for having Event B only  -30%  in pupil diameter is that blink can 

only lead to occlusion of eye-lid thereby leading to reduction in pupil area available for calculation. Even when 

eye-lid is fully retracted, it cannot have a variation which is higher than maximum pupil diameter. 

The diameter of pupil is calculated in every frame. The video clips used in this project are in AVI format with a 

rate of 29 Frames per Second (fps). This means that each frame is available for about 34.4 milliseconds to 

derive the information from it. But as OpenCV supports different video formats which may have different fps, 

so it was decided to sample the video every 7 milliseconds. This ensures that a very high rate video is also 

processed reliably and at the same time there is no loss of data due to skipping of frames. Also 7 millisecond 

time-gap gives a feeling of continuity even though the data input changes at a rate lower than it. 

  

                             
Fig.6 shows different parameters which are calculated from the available eye pupil diameter. 

                           
 

Fig.7 shows occurrence of Event A and Event B w.r.t variations in pupil diameter 
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Once the pupil diameter is available and Event As and Event Bs have been detected, a Criteria needs to be 

specified which, when satisfied, would lead to activation of alarm. The procedure for detecting Event A and 

Event B are shown in the flowchart below: 

 

 
Fig.8 Flowchart depicting conditions for detecting Event A and Event B 

 

Once Event A and Event B have been detected, there is a need to have a timer which helps us in keeping a 

track of the number of Event A and Event B occurring within a specified time frame, which in this case is 5 

seconds. Track is kept of the number of Event As and Event Bs occurring during a period of 5 seconds and also 

duration of Event B. It needs to be kept in mind that a window of 5 seconds is created which is reset every 5 

seconds in case Alarm is not activated. However it is not reset when the alarm is activated. 

 

 
Fig.9   Flowchart depicting classification of a subject as Alert or Drowsy based on conditional occurrence of 

Event A & B. 

 

The conditions for activation of alarm can be specified as: 

(a)  If there are more than 3 Event As in 5 seconds, 

      (b)  If there are more than 1 Event B in 5 seconds AND the duration of any Event B is      

      more than 1 second. 

 

2.4     Reasoning for the selection of Criteria  

Event A can be specified as variations in Pupil Diameter due to drowsiness whereas Event B can be 

specified as Eye Blink. It has been observed that pupil diameter is very stable in an alert subject rarely going 

beyond + 5% of the mean diameter whereas for a drowsy person the variations are very frequent [8]. This 

study utilized two groups, a total of 30 healthy subjects (mean±SD:28.2±8.9 years old), for the experiment. 

One group rated themselves as alert (15 men, a normal night sleep with more than 8 hours), and the other group 
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as drowsy (15 men) [8]. As there is no specified number available as to how many times the pupil diameter 

might vary for a drowsy person, it was decided to set the threshold at 3 variations every 5 seconds. If the 

number of pupil diameter variations (Event A) during 5-second epoch is less than or equal to 3, the subject 

would be classified as Alert. However, if the number of Event As is higher than 3, the subject would be 

classified as Drowsy, leading to activation of alarm. 

However if the variation in pupil diameter is beyond the constraints of Event A, it is classified as Event B. 

The numbers of blinks per minute vary from individual to individual and also as per the task being performed 

by the individual. Usually a task which requires continuous use of cognitive function leads to reduction in 

number of blinks per minute to about 5 [10]. But at the same time it needs to be remembered that with 

increasing drowsiness, the duration of eye closure increases. For alert subject, the duration of eye blink can 

range from 300 to 450 milliseconds. This duration could increase many folds during drowsiness. It was 

decided to set a threshold at 1000 milliseconds so as to avoid false alarm as well to minimize misses. So in 

case of Event B, the input is subjected to following checks: 

(a)  If the number of Event Bs in 5-second epoch is less than 2, subject is alert, 

(b)  However, if the number of Event Bs in 5-second epoch is more than or equal to 2, the duration of Event 

B is checked. If the duration of Event B is less than 1000 milliseconds, the subject is classified as alert. If 

however, the duration of Event B is more than 1000 milliseconds, the subject is drowsy which leads to the 

activation of the alarm. It is pertinent to mention here that Event B, also called as Blink, may also be termed as 

eye-lid droop which becomes a deciding factor only when the eye-lids take more than 1000 msec to finish 1 

cycle of first covering the pupil and then coming back to the default position. Event B is designed specifically 

to counter problems posed by blinks. 

 

2.5     Accounting for Occlusion of Pupil by Eye Lids/Lashes 

      Eye lashes occlude the pupil only during eye blinks. So it is important to remember that Event A is not due 

to eye blink but due to actual variations in Pupil. On the other hand, Event B is the superficial variation in pupil 

diameter which is caused due to occlusion of pupil due to presence of eye lash over the pupil. We know that 

eye blinks usually take about 300 to 450 milliseconds to complete, assuming video rate of 29 fps. This leads us 

to approximately 10 to 13 frames of the video clip to complete 1 eye blink. This means that about 5-6 frames 

are required to capture the closure of the eye and 5-7 frames for capturing opening of the eye. This means that 

each successive frame would lead to a change of about 15-20 percent superficial change in pupil diameter. 

“Superficial” because it appears to be happening but is actually not. In order to avoid erroneous results due to 

occlusion, the algorithm is so designed that when the variations in pupil diameter are – 30% of the mean pupil 

diameter, it is automatically classified as Event B. So now the algorithm already knows that the subject is in 

the process of blink.  Now the algorithm sets up another check for measuring the number of blinks in the 5 

second epoch. As is known, if the number of blinks in the epoch is less than 2, it ensures that the subject is 

alert. However, if the number of blinks (Event Bs) in the epoch is equal to or more than 2, the algorithm checks 

for another condition i.e. whether the duration of the blink is less than 1 second or not. It has been found that 

with increased drowsiness the duration of blink increases. So if the duration of blink exceeds 1000 

milliseconds, the subject is classified as drowsy else he is classified as alert. 

 

2.6     Effect of different Blink Rates 

 

The rate of eye-blinking varies from individual to individual, from 300 milliseconds to 450 milliseconds. 

Usually people tend to overlook individuals who have slower blink rates whereas those with higher blink rates 

are immediately recognised. There are two issues with blink rate: 

 

 (a) The blink period is larger than 450 milliseconds 
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When a person is drowsy, the blink period increases. The blinks are still there though with reduced 

frequency and increased period. When a drowsy person falls asleep, blinking stops i.e. blink period becomes ∞. 

The result is that the blink period keeps on increasing with increased drowsiness. There does not exist any data 

on what is the exact value or a range of blink-periods which denote stage-I sleep. In order to design the 

algorithm, it was decided to arbitrarily keep the value at 1000 milliseconds. This provided a mid-value between 

a sleeping person with zero blink-rate and a normal person with a nominal blink period of 400 milliseconds. 

 

 (b) The blink period is smaller than 300 milliseconds 

 

There are individuals who are pre-disposed towards smaller blink periods. They tend to blink very 

frequently and thus present another challenge to the algorithm. The challenge arises due to frequent occlusion 

of pupil due to eye-lid cover, either partially or fully. 

The essential requirement of the algorithm is to get the correct value of pupil diameter once every second. 

This would be sufficient to satisfy the requirements of both Event A and Event B. However, the algorithm is so 

designed that it calculates the “running average” of the pupil diameter every clock pulse. Assuming that the 

video being tested has a rate of about 25 frames per second. This means that the video provides 25 pictures of 

pupil per second along with its running average. This provides for a lot of redundancy in calculations.  So even 

if the eye-lid occludes the pupil, the results are robust enough to give the correct status of the subject.  

 

3      Results 

 

In order to validate the hypothesis and the set criteria, two AVI format videos, one each of an alert and a 

drowsy person, were used to validate the algorithm. Both these videos were acquired by Hirata Y [5]. The 

videos were recorded when subject sat comfortably on a driving simulator equipped with a steering wheel and 

brake & accelerator pedals (Logicool PRC-11000) in a dark room as elaborated in [5]. The subject wore a 

goggle (NEWOPTO · ET-60-L) with 2 CCD cameras each of which takes infrared images of each eye at the 

frame rate of 29.97fps (NTSC). The various characteristics of the videos used for validation of the algorithm 

are tabulated in the following table:  

 

               
Fig.10 The table showing the characteristics of the two video clips used to validate the algorithm   

 

The video featuring the pupil of Alert subject exhibits very few changes in pupil diameter (few Event As) 

and no Event Bs whereas the video featuring a drowsy subject exhibits many Event As and Event Bs. The 

algorithm is so designed that the program execution stops if the Drowsiness alarm gets activated. The summary 

of the results is given in a tabulated form below: 

 

 
Fig.11  The table showing the summary of the working of the algorithm on the two videos  

 

The results obtained after subjecting the two videos to the algorithm are shown in pictorial form in fig.12 

and fig.13. It is clear from both the tables and graphs that Events A and B are far too frequent in a drowsy 

person as compared to an alert person. 
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Fig.12 Graph showing the pupil diameter variations limited to + 5% variations of mean pupil diameter in     

case of Alert subject 

   

                                
                         

Fig.13 Graph showing pupil diameter variations in case of drowsy subject. It can be observed that pupil 

diameter variations are way beyond +5% variations about mean pupil diameter. Also, there are numerous 

variations below 30%. 

 

In addition to the above-mentioned videos, one of the authors recorded two videos, each of about 2 minutes 

duration, of alert persons using SONY® HANDYCAM® hand-held camera in night-vision mode. The results 

were found to be consistent with the hypothesis. However, as no corresponding recordings were carried out for 

drowsy person by the author, the mention of even the videos of alert person has been kept out of the paper. 

The activation of alarm was found to be consistent with the criterion specified. If either of the two criteria 

as specified in section 2 were satisfied, the alarm was activated. 

 

4     Summary and future work 
The novelty of this method is that pilot does not have to wear any goggles. The system is totally non-intrusive 

in nature which could help it get more acceptability in aviation community. The camera is to be fixed on an 

instrument panel of the aircraft which maintains pilot’s face in the view. The challenge lies in ensuring that 

pilot’s face is always in the view of camera but here a few points are pertinent to mention: 

 

 (a) Any drowsy person’s face would be almost motionless so it would not go out of the camera’s 
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view. Once it is ensured that the resting position of the face is always captured by the camera, there is a surety 

of capturing the pupil’s image for processing. 

 

 (b)  Whenever a person is drowsy, his/her eye-balls are pulled back to the centre of the eyes by the 

autonomic nervous system. Thus pupils automatically come to the centre of the eye which ensures the full view 

of the pupil for the camera. The full view of pupil is always circular. Pupil can assume shape other than 

circular, like oval, only when a person is looking through the corner of his/her eye. However a drowsy person 

cannot look through the corner of the eye.  

 

 (c)  The default position of the eye, when a person is about to fall asleep, is the centre of the eye. This 

provides an opportunity to test the eyes of the pilot for drowsiness when the pilots head is relatively steady, 

eye-balls are in the centre and variations of pupil diameter are high with relatively less blinks. 

 

It has been known that the fluctuation of pupil diameter can be a parameter for detection of sleep on-set. 

However the exact quantification of these parameters for the detection of sleep-onset reliably is not known. In 

this work, an algorithm is proposed with + 5% of the mean pupil diameter for alert subjects and in case of a 

Drowsy subject, the variations more than + 5% of the mean pupil diameter along with the duration and 

frequency of blinks. The criteria to detect drowsiness were tested with two IR video acquired from subjects on 

driving simulator. The downside is that the results have been proved just for two video one each of alert and 

drowsy subjects. The results need to be validated for a much wider group of subjects who are in different states 

of alertness/drowsiness. The subjects need to be kept in a controlled condition of sleepiness and then the videos 

need to be acquired and the same need to be tested with the algorithm. 

   The present study has relied heavily on just 2 videos, one each of alert and drowsy person, which were 

recorded under controlled conditions. There is a need to increase the sample size to at least 30 to get a much 

higher confidence in the set criteria. The system has already been designed with clearly defined criteria for 

alarm activation. It can be considered as a prototype which can be actually fitted on an instrument panel and 

tested for effectiveness. 

Present study was conducted to prove the correctness of the criteria required to set off the alarm. It was 

conducted on two video clips. The actual deployment of this technique requires that the concept needs to be 

proved in real-time video streaming and not just on the video clips. 
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