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The aim of the publication is to describe the multifunctional optical sensor for analysis of dynamic pupillary
light reflex developed by the authors which could be used as an objective indicator of human fatigue. The authors
utilized knowledge gained from past experimental studies to develop a sensor, which along with custom software
for detection of parameters of dynamic pupillary reflex provides a quick analysis of the human psychophysiological
condition. Furthermore, the obtained parameters may also be utilized for medical purposes. The authors present
the results of pilot studies prior to the development process of the sensory solution. The obtained result show that
the type of light stimulation of the retina has a significant impact on the dynamic parameters of the pupillary
reflex. The results played also an important role in shaping the structural assumptions of the sensor, so that it can
serve as an indicator of the human fatigue level. The article includes results of experimental research conducted
during the testing process of the sensor using various parameters of frequency light excitations, luminance and

chrominance.
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1. Introduction

Described sensor is a combination of hardware and
software solutions. Installed specially designed goggle
housing allows for both stationary and mobile use.

This class of optical sensors, using vision-based image
analysis, is used in pupillometry and enables identifica-
tion of eyeball movement, parameters describing the dy-
namics of the eyeball covering and dynamic pupil change
reaction. The evaluation of pupil motion provides func-
tional information about the autonomous nervous sys-
tem [1, 2]. Pupillary light reflex (PLR) is the iris’s re-
sponse to changes in the intensity of light incidence on
the retina (Fig. 1). This reflex is modulated by the ac-
commodation state of the eye, and factors of sensory and
emotional origins. Effectors are contractor and dilator
muscles of the iris that try to maintain a constant level
of retina illumination by changing the size of the pupil.
Time characteristic of the pupillary reflex depends on
the state of the two antagonistically acting systems of
the autonomous nervous system (ANS): sympathetic ner-
vous system (SNS) and parasympathetic nervous system
(PNS).

Multi-functional optical sensor allows to programmat-
ically control all the lighting parameters of the pupil that
may have an effect on its behavior. The wavelength of the
light source illuminating the pupil and its intensity are
both subject to control. Also the background light in case
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Fig. 1. The iris reaction mechanism.

of research conducted in a darkroom is variable. You can
program any combination of luminance and chrominance
parameters of the background light and the light illumi-
nating the pupil. The light excitation sequence in terms
of their number and duration is fully adjustable. Both of
these parameters can be tuned with virtually no restric-
tions. Thanks to duplicated measuring circuits and the
use of two independent sensors, also concurrent analysis
of pupillary behavior for different types of stimulation as
well as consensus behavior analysis are possible.

2. Dynamic pupillary reflex process

Pupillometry was initially used in ophthalmology [3].
The size of the pupil is crucial for the interpretation
of perimetry of the visual field, electroretinography and
the preoperative assessment for refractive surgery [4].
It is also utilized in neuro-ophthalmology for the assess-
ment of lesions of the afferent or efferent nervous path-
ways [5]. The PLR has already been studied to detect a
PNS in different conditions: alcoholism, diabetes, AIDS,
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depression, anxiety, drug addiction and schizophrenia.
Pupillography is also being utilized in research on the
Alzheimer and Parkinson disease [6]. Since pupillary di-
lation is regulated autonomically, an effort was made to
use this method as a valid measure of pain [7]. Research
using pupillometry is being carried out to assess alertness
in hypersomnolent patients. Observation of pupil behav-
ior is also used in clinically sleepy patients [8], as well as
in the assessment of cardiac autonomic function in sport
athletes [9]. As shown, this method has a variety of clini-
cal applications. Furthermore, the identification of pupil
dynamics is also the subject of research concerning the
monitoring of various areas of human behavior [10-12].

Current literature lacks publications containing test re-
sults showing the dependence of the PLR parameters on
the variable level of sensory and mental fatigue. There
are several predefined parameters describing the PLR.
Parameters that were used in this analysis are those pro-
vided by F2D Fit-For-Duty device by AMTech, which
was used in this research. A detailed description of the
determined parameters exists in the earlier work of the
authors [13-15].

Pupillary reflex dynamics phenomenon can be de-
scribed by rheological models which describe behavior
of bodies under strain for the description of which per-
fectly elastic body models cannot be used. An important
phenomenon in this case is creeping meaning the growth
of deformation induced constant, normal strain to which
the body is subjected. They can be described by the
Kelvin—Voight model

(o) =E;
a(t)—f(l—ev ) (2.1)
where ¢ (t) — total strain, oy — initial strain, £ — E-
modulus, 7 — dynamic viscosity, ¢t — time.

The two-piece model is too simple to describe the
actual biological materials. Therefore subsequent ele-
ments are added until satisfactory mapping accuracy is
achieved. A generalized form of the model is represented
by the equation

E(t)zo()(Elb—i—ZEl,i(l—eT:)—i—l), (2.2)

7o
where 7; — relaxation time.

2.1. Design of the model describing the PLR
phenomenon

Since the two iris muscles play essential roles in control-
ling the pupil size, their dynamic properties must be con-
sidered in the PLR model (Fig. 2). The constrictor and
dilator muscles could be modeled as viscoelastic materials
using Kelvin—Voigt model in a circular and linear shape,
respectively. The movement of the iris muscles is gov-
erned by three forces: passive muscle elastic force, viscous
resistance, and the active forces generated by ANS mod-
ulation. The constrictor is modulated by the parasym-
pathetic system, whereas the dilator is modulated by the
sympathetic system. Let the radius of constrictor be r,,
and the length of dilator muscle be ry. Assuming the

constrictor has a circular shape with a perimeter of 27r,,
the dynamic equations can be constructed for constrictor
and dilator as

d?r E,(t)
c c = -2 Pec Pvc -2 P 2.
e 2 Mlec T 2m (2:3)
d2’l“d
mg——— = —P.g + Pyg — Fs (t) , (2.4)

de?
where m, — the mass for constrictor (in mg), my — the
mass for dilator (in mg), P.. — the viscous resistance

in the constrictor, P,y — the viscous resistance in the
dilator.
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Fig. 2. Dynamic model of PLR with negative feedback.

The passive iris muscle elasticity was modeled as a
second-order equation of muscle length based on experi-
mental observation [16]:

P, = k. (Tc - 100)27 Te 2> loc, (25)
07 Te < lOC7
2
— >
T (2.6)
0, ra < lod,

where k., kg — elastic constants, lo. — the radius of the
constrictor at the rest, lop; — the dilator muscle resting
length.

P,. and P,; were modeled as a linear function of ve-
locity [17]:

dr.
Pye=-D.—, 2.7
" (2.7)

d?"d
P,y=—-Ds;—-=, 2.8
a=-Dag, (2.8)

where D., Dy — viscous constants.

The F,(t) and F(t) in (2.3) are the muscle forces orig-
inated from the parasympathetic and sympathetic sys-
tem induced by light stimulus, respectively. These are
effective forces that could be affected by both the af-
ferent and efferent pupillary pathway. For short-pulse
stimulus, the forces originated from the parasympathetic
and sympathetic system were assumed to be square-wave
pulses with different delays, 7, and 7, and durations,
At, and At [18]:
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where fp0, fso — the muscle forces originated from the

parasympathetic and sympathetic systems at the resting
condition.

Py (t) = { fot Foor (1 St < 7p+ At)

(10)

3. Experimental phase preceding the
construction of a PLR sensor

The authors have conducted experimental studies of
a pupillary reflex sensor model [13]. Preliminary results
confirmed the research hypothesis that it is possible to
assess the subjective sense of fatigue level with the pa-
rameters describing the dynamic pupillary reflex. Tests
were conducted using FlexComp diagnostic equipment
which offers 10 high-speed channels (2048 samples/s) and
communicates with Thought Technology sensors. Due to
the ability to view data in an online mode, subjects were
monitored for their ability to participate in subsequent
phases of the experiment. Their psychophysical ability
was verified using APK apparatus (visual-motor coordi-
nation test device). An algorithm for the measurement
and evaluation of physiological parameters was used in
the study [19, 20]. The experiment was conducted in ac-
cordance with the developed methodology after obtaining
the consent of the Commission of Bioethics [21].

The objective was to determine the relationship be-
tween PLR parameters and the results of the pupillo-
graphic sleepiness test (PST). Due to the fact that the
PST is a well-established method utilized in sleep re-
search /medicine and consists of an 11-minute recording
of pupil diameter by infrared video pupillography, the
pupillary unrest index (PUI) factor was used as a refer-
ence for verification of analyzed pupillary reflex param-
eters in the assessment of the level of sleepiness and re-
duced concentration.

The experimental results were used to clarify the re-
quirements for the prototype PLR sensor described in the
article.

4. Multi-functional optical sensor to monitor
pupillary light reflex

The developed multifunctional optical sensor proto-
type allows software control of all the parameters of
the pupil illumination that may affect its behavior.
The wavelength of the light source illuminating the pupil
and its intensity are both subject to control. Also the
background light in case of research conducted in a dark-
room is variable. You can program any combination of lu-
minance and chrominance parameters of the background
light and the light illuminating the pupil. The light exci-
tation sequence in terms of their number and duration is
fully adjustable. Both of these parameters can be tuned

with virtually no restrictions. Thanks to duplicated mea-
suring circuits and the use of two independent sensors,
also concurrent analysis of pupillary behavior for differ-
ent types of stimulation as well as consensus behavior
analysis are possible.

The designed solution allows static as well as dynamic
pupillometric measurements. In terms of static pupillom-
etry it is possible to set photopic, mesopic, and scotopic
lighting.

Under photopic vision conditions only cones (receptors
enabling color vision) are involved while rods (receptors
that recognize differences in light intensity only in almost
complete darkness, monochromatic), are not. As the in-
tensity of the ambient light decreases, photopic vision
goes into a transition phase called mesopic vision (par-
tial loss of color perception), to finally reach the mini-
mum operating status of the human eye called scotopic
vision (world in a grayscale). Three types of cones pro-
vide the day vision in the human eye, showing the great-
est sensitivity at wavelengths corresponding to 420, 534,
and 564 nm. Spectral maximum for night vision is lo-
cated at 498 nm (Fig. 3). The cones have a significantly
lower sensitivity (of the order of 600 lm /W) than the rods
(about 1700 Im/W).
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Fig. 3. Spectral maxima for various light wavelengths.

In the dynamic pupillometry measurement mode light-
ing conditions change smoothly and the image is recorded
simultaneously for both eyes. Also the reaction of the
pupil to the flashes is examined. The test result contains
time analysis of pupil response to changes in illumination,
the maximum and minimum diameter of the pupil and
the pupil response time. Advanced parameters of the
examination are also available, among others: latency,
amplitude of shrunken pupil shrink rate, etc.

Optical sensor for dynamic pupillary light reflex was
designed in such a way that it could be implemented
in goggles’ housing. Two adjustable side cameras that
track the eyeballs are mounted in the measuring heads
together with infrared illuminators and filters. Side cam-
eras observe the eye image reflected in the infrared mir-
ror. The IR mirror is rigidly installed in the housing.
The front part of the goggle can be covered by a lid which
prevents light from entering the interior of the goggles.
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The lid may be attached to the goggle with neodymium
magnets embedded in the covers which attract the metal
inserts embedded in the cover.

The two MU9PM side cameras work with a resolution
of 2592 x 1944 pix (5 MP) with a dynamic of 70 dB and
38 dB SNR. Frame-rate can reach up to 232 F}’s, depend-
ing on the resolution settings. Cameras are aimed at the
pupils and transmit the image directly into a computer
system using a USB connection. Side cameras coupled
with configurable illuminators are equipped with a set of
three-color LEDs (Fig. 4).

Bluetooth

Microcontroler Photodiode

ARM 32-bit
USB Driver Marker

IR Filter
Peripherals
Backlight

RGB

Blinker RGB IR LEDs

Remote

Fig. 4. Functional block diagram of the control part of

the sensor.

Tlluminators are governed by a digital controller. Side
cameras observe the pupil’s infrared image reflected in IR
mirrors. The image visible for the cameras is cut-off be-
cause they are separated by an IR filter transmitting only
infrared light (BP850-25.5). The pupil is illuminated by
IR LEDs placed in the illuminator module. Illuminator
is also equipped with five RGB-LED KPFT1616 LEDs
arranged in a vertical line on the edge of illuminators to
establish the background lighting conditions, one LED
located above the camera to induce the pupillary reflex,
one red RGB-LED diode which acts as a marker for fo-
cusing your vision on, and a photodiode for measuring
the intensity of light emitted by the head, Fig. 5. All
LEDs and IR’s brightness is adjustable with the help of
a digital controller. The sensor’s controller is made using
a STM32F103VET6 32-bit ARM Cortex-M3 microcon-
troller. The controller connects to your computer via
USB and allows individual control of each LED installed
in the goggles. In addition to the control via computer,
the driver has mechanisms regulating the LED bright-
ness and frequency of flicker implemented. In addition
it allows for automatic tuning of diodes via computer or
an included remote control. To ensure simultaneous ad-
justment of brightness and flicker of the LEDs in the op-
tical heads each of them have dedicated MOS transistor.
Adjusting the flicker of the LEDs is exercised simultane-
ously for all three channels of the particular RGB LED.
LED IR-LED HIRB543G-D diodes were used to illumi-
nate the image in infrared. The whole unit is powered
from a standard USB port of your computer. The bright-
ness of the LEDs is controlled by PWM. The controller
uses 20 PWM hardware channels to govern the LEDs.

The LEDs are placed in the optical heads so as to allow
the determination of the sight focal point (the so-called
LED marker), blinding the observer (LED blinker), ade-

quate lighting of the image tracked by the IR camera and
visible light background lighting (so called LED back-
light). The diodes in the optical head are placed on plates
with appropriate holes through which the IR camera ob-
serves image of the pupil in infrared.

Fig. 5.

3D model of the PCB: (a) with the illuminator
LEDs, (b) controller.

An executive plate with MOS drivers was distinguished
in the part of the controller that handles the LEDs. This
plate is attached to the mother board together with a pro-
grammed microcontroller and communication interfaces.
This solution allows for easy modification of the execu-
tive part of the device without the need to redesign the
control section equipped with communication interfaces.

The optical head has been tested to determine the
power of the emitted light. The maximum measured val-
ues for a single eye are: IR — 0.4 Ix, marker — 0.012 Ix;
background color: red — 7.8 Ix, green — 3.4 1x, blue —
2.6 Ix, white — 13 1x. The measurement was performed
with a Sonopan FR-100 photometer with a G.L-100 head.

To control the sensor, an application was developed
which acts as an image processor based on the open-CV
library. When you run the application, a calibration pro-
cess follows so that the eye and the pupil were in the
center. Calibration takes place both via the application
(setting the detection threshold of the pupil) and me-
chanically by means of camera control.
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Fig. 6. View of the application window — the sensor

controller module.

Once calibrated, you can start conducting any PLR
research. A script language was embedded into the ap-
plication that allows the creation of test scenarios. It is
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possible to create almost any study scenario. Currently,
the application has a number of functions in debug mode
allowing advanced device control (Fig. 6).

Each action of the application results in saving the data
sent to the log file. Configuration of research script is
done by creating a list by appending following commands
selected from the menu. When the script is ready you can
save it in a text file, or load a file generated by you to
the application. The scenario describes all the commands
and functions the sensor is to exercise i.e. turn on the IR
LEDs, turn on the respective RGB-LED diodes with the
appropriate brightness, color, flicker frequency and at a
given time, or start recording the image.

For data analysis of pupillary reflex a separate applica-
tion was developed (Fig. 7). After a csv, xls or text data
file is loaded, it draws the signal on a chart, a derivative
thereof, and calculates the appropriate parameters [13].
Thanks to markers applied to the signal, the researcher
can consciously obtain information about which signal
points are analyzed and if necessary, correct it by mov-
ing the markers on the signal.

testIpr Oavixt | = F

Fig. 7. View of the application window designating
sample registration for a series of 10 flashes at the in-
terval of 1 s with a length of light excitation 50 ms;
(a) white color, (b) red color A = 700 nm.

The analyzer in addition to the signal analysis also
computes its derivative and gives its extremes. The data
calculated by the analyzer can be exported to a spread-
sheet. The software has been developed in the NET 4.0
Windows environment. Each signal recorded by the sen-
sor is saved in image form, as well as signals representing
changes in the pupil diameter over time.

The PLR measurement is performed by pressing the
“Send” button. The software automatically generates a
light pulse of any specified time period, number of se-
quences and intervals between light’s beats. Also, a video
showing behavior of the pupil during the measurement
is recorded for documentation purposes. The software
allows for working “with” and “without” calibrating the
camera’s optical system. Without calibration, it is pos-
sible to determine absolute or relative changes in pupil
size. Absolute pupil sizes are measured in pixels (pix.).
Relative values do not have a unit of measure, and they
are in the [0, 1] range. In this case, the starting point for
calculations is the highest measured pupil size. In such
a configuration, “1” means the largest and “0” means the
smallest pupil size. Calibration allows for measuring the
pupil size in millimeters [13].

Another important aspect was the safety of the sensor.
Therefore, the IR illuminator of the sensor was tested and
the results are shown in [22].

Software was developed for the constructed design to
automatically search the pupil in the image. The pupil
searching algorithm uses techniques described in [23-25].
After finding the pupil, its size (width and height) is mea-
sured. Finally, because of the lower sensitivity to inter-
ference due to eyelid movements, the value equal to the
width of the pupil is presented as a result of the mea-
surement.

5. Test results

The construction of the multi-functional, optical sensor
for analysis of dynamic pupillary light reflex described in
point 4 has been subjected to a series of defined tests.
The sensor behavior under varying duration of the light
pulses 50, 150, 150 ms and varying time intervals 1, 5, 10 s
was verified. All tests were carried out for the ten beat
sequences. The measurement conditions were repetitive,
while keeping the 2 min time of eye’s accommodation to
darkness. All tests were carried out in a quiet room and
the tested subject was isolated from all external stimuli.

Puillary light reflex - 10 x flash: 420 [nm] - curation time: 50 [ms] - interval: 5 [s] Pupillary fight reflex - 10 x flash: 420 [nm] - duration time: 50 [m] -interval: 10 [
70

50 a) b)

0 10 20 30 40 50 0 20 40 60 80 100
Time [s] Time [s]

Fig. 8. Sequence of ten pupillary reflexes when excited
with light at a wavelength of 420 nm, a pulse duration of
50 ms, and time interval between beats: (a) 5s, (b) 10s.

Pupillary light reflex - 10 x flash: 420 [nm] - duration time: 50 [ms] - nterval: 5 [s] Pupillary light reflex - 10 x flash: 420 [m)] - duration time: 50 [ms] - interval: 10 [5]
7,

'E' 6,

860
g 55
E‘ 5,0
45 a) b)

0 10 20 30 40 50 0 20 40 60 80 100
Time [s] Time [s]

Fig. 9. As Fig. 8 for pulse duration of 150 ms.
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Fig. 10. As Fig. 8 for pulse duration of 250 ms.

The results confirmed the validity of our assumptions
and design solutions. The sensor meets the functional
and non-functional requirements. The results are repro-
ducible, and the algorithm for pupil detection and deter-
mination of the PUI index is working properly. The re-
sults shown in Figs. 8-10 are consistent with the pre-
diction of the authors. 1 s time of intervals between the
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beats is too short to achieve full relaxation of the pupils.
However dynamic behavior of the pupils, very similar in
successive beats are apparent. The similarity of pupil

K. Rozanowski, J. Lewandowski, K. Murawski

behavior is more pronounced at longer beats 150 and
250 ms with time interval of the sequence 5 and 10 s
(Figs. 9, 10).

Pupillary liaht reflex - 10x flash: 534 [nm - duration time: 50 [ms] - interval: 5 [qPupilary Iqhtrefex - 10 x fiash: 534 hmi- duraton tme:150 ms]- interval 5[s| Pupilary light reflex- 10 xflash: 534 [nm)] - duration time: 250 [ms) - intervat 5 [§
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[ l |
E ML A WY Mﬂﬂ N
MR 8 WA TArarard | TavdralrdvariTavirar| var rAPATATvaL iTA)
0L 0L L T L A
- N L o LR PN |
a) Vo) L | / | | |
Fig. 11. As Fig. 8 for wavelength of 534 nm, time interval between beats 5 s and pulse duration of: a) 50 ms, b)

150 ms, c¢) 250 ms.
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Tirre [s] Time [s] Time [s]
Fig. 12. As Fig. 11 for wavelength of 564 nm.

The achieved reflex repetition is a key effect consti-
tuting the quality of the presented solution. Time of
the test, in which the examined person was subjected to
the influence of light pulses in the range of 10 to 100 s.
No changes in ANS activation resulting from subject’s
fatigue should not occur in such a short period of time.
The minimum value of the pupil recorded at the time of
its shrinking is smallest under condition of longest light
excitation (250 ms). The research also shows that the
minimum time between two successive excitations should
preferably be not less than 3 s. The level of activation
mechanism of the dynamic pupillary reflex is also influ-
enced by the wavelength of the light falling on the retina.
The largest activation of the PLR mechanism occurs with
the length of A = 534 nm (green color), Figs. 11, 12, and
Table.

Data analysis of Fig. 13 shows clearly that the pupil
size as a consequence of light excitation is by far the
lowest in case of the longest excitation (250 ms).

Test examinations with different excitation character-
istics were carried out under identical conditions. These
preliminary studies on individual persons show that the
excitation time has a major impact on the dynamics
of pupillary reflex. Analysis of Figs. 11, 12, and Table
proves that the highest rate of pupil change is achieved
through light excitation at wavelength of 420 nm and a
pulse time of 250 ms. The smallest excitation is induced
by light pulses of wavelength 564 nm, not depending on
their duration.

The aim of the authors is to find the measurement
lighting conditions that will generate the greatest changes

>5 framenumber 1349

flash: blue (420nm)

9691 framenumber
flash: blue (420nm)

framenumber
flash: blue (420nm)

.

-

9

state: flash (250 ms)

c)

state: flash (50 ms) a) state: flash (150 ms) b)

Fig. 13. View of the pupil detection algorithm win-
dow for state after excitation (maximum shrinkage) and
pulse duration of: a) 50 ms, b) 150 ms, c¢) 250 ms.

TABLE

Table of minimal average values of pupil diameter after
light excitation for a sequence of ten pulses with time
interval 5 s

A =420 [nm] | A =534 [nm] | A = 564 [nm]

fimp [ms] Mean | Std. | Mean| Std. | Mean Std.
value | Dev. | value | Dev. | value Dev.

50 5.00 | 0.218 | 4.65 | 0.168 | 5.56 0.096
150 4.66 | 0.138 | 4.36 | 0.145 | 5.08 0.099
250 4.09 | 0.140 | 4.34 | 0.182 | 4.88 0.193

in the behavior of PLR in the absence of the need for re-
search under the conditions of complete darkness. Major
changes in the pupillary reflex increase the probability
of observing discrete behavioral changes of ANS. The re-
sults presented in this paper show that the developed
optical sensor is very well suited for this purpose.

6. Conclusions

Investigation performed by the authors indicates that
the results of dynamic pupillary reflex analysis can help
identify various states of reduced alertness, decreased
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Fig. 14. Characteristic of changes in PLR dynamics

depending on the duration of the light stimulus.

concentration, fatigue and drowsiness. High-resolution
PLR techniques may become an alternative to the PST,
which is the current standard for analysis of the level of
drowsiness.

Observation of dynamic pupillary reflex, however, re-
quires the use of high-precision sensors to determine pupil
size and high temporal resolution. The authors have de-
veloped a solution that offers basically unlimited possibil-
ities of programming sequences of light stimuli in terms
of parameters of the light source, background, pulse du-
rations, which may be different for each stimulation (dif-
ferent for each eye), time intervals between beats, the
number of beats, parallelism of excitations (excitation of
both pupils), consensual reflex analysis (Fig. 14).

This solution has great research potential regarding the
search for a fast and effective method to assess the level
of fatigue, even under variable ambient lighting.

In order to extend the diagnostic capability of the sen-
sor it is necessary to extend the system with analytical
module based on the dynamic model described in Sect. 2
of the paper.

The technique presented in this article is part of a
mobile pupillographic device with integrated critical fre-
quency detector, as well as PUI sensor. It is a unique
solution that shortens the duration of an objective anal-
ysis of fatigue more than 5-fold, in comparison to the
PST.
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