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Abstract:

It has turned out that the usage of non-lethal weapons is an effective way of tackling ad-
versaries in many security scenarios. The security staff’s goal is to use the lowest possible
level of power needed to manage successfully the situation during the conflicts with ad-
versaries. The security staff can employ a wide spectrum of possible reactions beginning
with the voice alert through the physical interaction up to the usage of e.g. firearms. The
optical incapacitating device is one of possible realizations of non-lethal weapons. There-
fore, the article deals with the description of the designed optical incapacitating device
and the evaluation of retina exposition when used.
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1. Introduction

Security service (independent in military forces, police, prison guards or air marshals,
etc.) can generally be undertaking the mission where minimizing collateral damages
overcomes the primary task. To accomplish the task, the violence-controllers require
non-lethal capability to react to a potential threat. In accordance with [1], the non-lethal
weapon (NLW) is “explicitly designed and primarily employed to incapacitate person-
nel or materiel immediately, while minimizing fatalities, permanent injury to personnel,
and undesired damage to property, facilities, materiel, and the environment”. Evaluation
of electromagnetic radiation in area of visible wavelengths forming the optical incapac-
itating device (OID) is one of the possible ways of creating the NLW acting in both anti-
personal and anti-material actions.

To fulfill the anti-personal security task, the OIDs affect the human vision. The
bright light sources provide five levels of physical interaction with adversaries [1]:
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* language-independent, unequivocal warning,

e psychological impact such as distraction and fear,

* temporarily impaired vision,

* physiological response to the light such as disorientation and nausea,

* reduced ability to perform hostile acts such as throwing objects, attacking, or
aiming firearms.

Based on the level and behavior of the bright light attack, the response of human
vision splits into three main types [2]:

e glare,
» flash-blindness or afterimages,
e psychosomatic effects.

The OID is in principle a non-lethal weapon. Nonetheless, the dangerousness of
the usage of such weapon lies in the possibility of permanent damage of adversary’s
vision. The eye-safe operation mode is defined by the hygienic standards as Maximum
Permissible Exposure (MPE). The exposure is a physical quantity that depends on light
energy, time, and irradiated area. The MPE varies from 0.0001 W/cm? in the case of
long time exposure up to 0.0583 W/cm? in the case of extremely short exposure [3-5].
If the MPE is taken as 100% exposure, the effect on human vision can be divided into
subcategories as illustrated in Fig. 1. In accordance with presumed intensity of attack,
the optical non-lethal weapon should inhere with appropriate power. The main task is
not to design a sufficiently powerful weapon, but to assess correctly the effects of the
weapon on the vision.
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Fig. 1 The response of human vision on the bright light attack; [2] — modified

2. The Design of OID

Generally, the design of OID relates to a portable solid-state lighting device. The device
is powered from an internal power supply unit and it is operated through micro control-
ler. The output bright light is generated in the LED, which is controlled by both
microprocessor and LED driver. The radiated light is collimated by optical elements.
The simplified block diagram of the OID is presented in Fig. 2.
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Fig. 2 The structure of Optical Incapacitating Device

As a bright light, either laser or LED can be used. By using a laser, we can easily
achieve the desired incapacitating effect. Moreover, special diffuse elements have to be
used in optical system design to achieve the safety limits for consumable laser device.
On the other hand, the usage of a laser in such a device is, besides the construction
difficulties, connected with a set of safety and hygienic standards and an administrative
burden. LED-based OID providing sufficient level of illumination requires a significant
increase in power to achieve an acceptable incapacitating effect. Nowadays, advances
in LEDs, electronics and power sources allow creation of portable LED-based OID. The
electronics control unit receives power from the power supply unit and controls the
emission of light from the LED to achieve desired light level and mode. The function of
optical element system is to form a desired light beam from the LED. Since the LED
emits light into a high divergence angle, the optical system of OID primary function is
to form a light beam with an appropriate divergence angle and energy distribution. The
optical system of OID is a non-imaging collimating optical systems that can be success-
fully created by reflector of appropriate surface shape only. The usage of such an optical
system contributes to an increase in irradiance produced by the OID. Application of the
mentioned reflector systems does not increase the overall diameter of the apparatus and,
at the same time, it reduces the complexity of the OID. Both the level and the distribu-
tion of light energy in the eye entrance pupil plane has to be known to evaluate the eye
retina exposition. As mentioned above, both level and energy distributions are deter-
mined by the optical system. The optical system used for modeling the eye retina
exposition is a simple conical reflector, as described in Fig. 3. The conical angle of the
reflector is 2 g, with the minimal diameter Do, the maximal diameter D and the length of
reflector 4. The LED is situated in the origin of coordinate system. This lies on optical
system axis in the distance v from the vertex of the cone. The result of the modeled
irradiation in the plane of analysis is illustrated in Fig. 5.

3. Eye Retina Exposition Model

As mentioned in the previous paragraph, the eye-safe operation mode of OID is defined
by MPE, as it is stated in the hygiene standards. The value of MPE defines the maximal
value of radiation entering the eye. Since the MPE is determined for the most unfavor-
able condition (maximal eye pupil diameter and scotopic vision), it is ensured that the
eye will not be damaged under any circumstances. Unfortunately, this methodology al-
lows the low exposition of the eye retina in some cases. Thus the incapacitating
performance of OID may not be fulfilled, although the MPE is reached on eye pupil
plane.

Hence, we designed a model of eye retina exposition to simulate and determine the
real level of retina exposition. The advantages of the analysis using the developed model
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are illustrated in Fig. 5. The model of OID (Fig. 3) creates a certain distribution of irra-
diation in the plane of eye pupil (Fig. 4). Using the current methodology, the MPE
should be performed. The introduced model allows to do an in-depth analysis. The pre-
cise model of the eye produces the actual distribution of eye retina irradiation as an
output of eye pupil irradiation. The energy distribution on eye retina permits the deter-
mination of both damage threshold and incapacitating threshold as a function of current
circumstances.

Nowadays, the following five eye models are the most commonly eye models used
for theoretical eye imaging properties: Helmholtz-Laurance [6], Gullstrand [6], Emsley
[7], Greivenkamp [6] and Liou & Brennan [7]. According to our research, the most
highly valued model is the Liou & Brennan model, containing some features of the bi-
ological eye, not considered in other models. These include, for example, the
distribution of the refractive index gradient and pupil’s decentralization. This model
also exhibits a high compliance with biological eye, and it has a great reliability, because
it takes into account the mean value of empirical measurements of the eye in vivo [5].
A detailed analysis of the image quality between the eye models showed that the first
four schematic eyes had a better image quality than expected in a normal healthy ame-
tropic eye in vivo. The Liou & Brennan eye model is assumed now as the most closely
related to their biological properties in vivo.

Fig. 3 OID optical system used for modeling of the eye retina exposition
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Fig. 4 Distribution of normalized light energy irradiation in the plane of analysis
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Fig. 5 The structure of the model of eye retina exposition

The analysis of the eye model and the simulation of the intensity distribution over
the retina were realized using the Optalix software package [8]. This software is widely
used for analysis and synthesis of optical systems.

Liou & Brennan’s eye model presented in [7] is characterized by considering var-
iation in lens refractive index gradient, taking into account the pupil’s decentralization
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and tilt, which is present for the case of 4 mm entrance pupil diameter (EPD) of the
biological eye. Our model was designed for variable EPD, and the eye- to- object dis-
tance of approximately 44 cm. Other aperture values would definitely alter the shape
and refractive index of the ophthalmic lens. When analyzing the distribution of retinal
illumination by a spot source, we used two characteristics, the spot diagrams and the
point spread function (PSF).

The spot diagram is a two-dimensional graph of distribution of the ray’s intersec-
tion from the object point in the image plane. The spot diagram represents the result of
imaging of all off-axis rays incident on the "square grid" located in the entrance pupil
of the system, passing through the optical system and reaching on the image plane. For
the optical system with a smaller aperture, the diffraction effects can cause more signif-
icant image un-sharpness than caused by the geometric aberration. The light passing
through the small circular aperture forms the diffractive pattern consisting of both
a bright central circle and low contrast peripheral circles. The bright central circle is
known as the Airy disk. Equally, when the eye focuses on a dotted object, the image
created on the retina will be a circle with an Airy disk size, even in an ideal case when
we do not consider geometric aberrations.

Wave-front aberration is a limiting factor in image quality for large apertures, and
diffraction sets the threshold for small apertures. The design of spot diagrams is one of
the methods of visualization of aberration effects and it predetermines image quality.
The distribution of the intersection of the rays depends on the optical system properties.
For our analysis, a sample of a square grid in the EPD was selected for ray tracing,
where the main ray is situated in the middle.

The value of the root mean square (RMS) radius, also called the Gaussian moment,
is another figure of merit that relies on the Spot Diagram. It is calculated as the RMS of
all distances between each marginal intersection (x;; yi) and the reference point (xo, yo)
generated by the main ray intersection. The RMS radius is given by:

1
Fims = (xi_x0)2+(yl'_y0)2 (D

where n is the total number of assumed rays.

The distribution of the amplitude A(x, y) in the exit pupil plane and the correspond-
ing wavelength aberration W(x, y) defines the complex pupil function P(x, y). The
normalized coordinates in the exit pupil plane are (x, y)

. D2
A(x’y):expw for xz +y2 <9

P(x,y) = f(x) = 5‘2 @)
0 for x* +y* > T"

where j is the imaginary unit and D, is eye pupil diameter. The intensity distribution
I(x, y) in the exit pupil plane is given

1(xy)=[a(xy)] 3)

Diffraction irradiation (illumination) |i(u, v)|* of the point light source in the image
plane with the coordinates (u, v) is well approximated by the function:
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The PSF describes the intensity of the diffraction pattern of a point located in the
object plane created by the optical system. The PSF is calculated from the waveform in
the plane of the output pupil of the optical system using the double Fourier integral (4).
The aperture properties and uneven illumination due to the apodization are taken into
account. The more compact spot diagrams indicate smaller aberrations.

The optical parameters of used Liou & Brennan eye model and its optical diagram
are presented in Tab. 1 and Fig. 6, respectively. The spot diagrams of the Liou-Brennan
eye model are shown in the Figs 7-10. The spot light source as an object is displayed
depending on the wavelength A = {510, 520, 532, 540, 550} [um] and the eye field of
view {0, 5, 10, 15}. The EPD ranges inside the interval of 2-8 mm. It is easy to find out
from the spot diagrams, that the Liou & Brennan model gives the best quality for a4 mm
EPD.

When calculating the distribution of retinal illumination, we assumed that:

* the center of the pupil of the eye lies on the axis of the OID radiation,
* the intensive spot light source emits a constant luminous flux and
* there is no other light source in the eye field of view.

O[]

[ 15.0000 |

15.0000

y 17.3185 mm

Fig. 6 Optical diagram of Liou & Brennan eye model (notice: the colors of the rays
represent different incident angle, not the light spectrum)

The coefficient of eye transmittance for the LED wavelength was determined using
the spectral transmission curves at several depth locations inside the eye [9]. The expo-
sure time for the retinal illumination is limited by the physiological response, i.e. until
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the eyelid closes, that is approximately 0.25 s. Assuming the value of EPD and the ex-
pected distance from the spot light source, we could consider the level of illumination
in the plane of the cornea to be constant.

Tab. 1 Parameters of Liou & Brennan eye model

#surface | type | r [mm] | d [mm] Material |/ [mm] Note
Object S 0 0 0
1 A 7.77 0.50 CORNEA 5.50 |cornea, outer
2 A 6.4 3.16 AQUEOUS 5.00 |cornea, inner
3 (AC) Al 12.4 1.59 GRIN 2.21 |iris + lens, 1
4 SI o0 2.34 GRIN 4.00
5 A -8.1 17.40 VITREOUS 4.00 |crystalline lens, 1%
6 (Image) | S | -12.0 1.21 12.00 |crystalline lens, 2™

4. Analysis

OID due to its radiation characteristics (see Figs 3 and 4) can be considered as a spot
light source. In this case, the PFS approximates very well the distribution of light inten-
sity on the retina of the eye.

Applying simpler models of the eye than the Lui-Brennan model to the analysis of
retina illumination, we can only parametrically change the eye pupil diameter
D, € (2; 8) mm. The retina illumination level will only depend on the diameter D, for
a constant luminous source. Thus, the ratio between the energy entering the eye of the
smallest and the largest pupil will be 16. However, in the case of Lui-Brennan model of
the eye, the aberration state of the optical system changes significantly as the pupil di-
ameter changes. Further, the model allows varying of the immediate accommodation of
the optical system of the eye. In the following figures (Figs 7-10), we considered that
the eye is accommodated to infinity.

In addition to the numerical calculation of PSF according to Eq. (4), we used a ge-
ometric approximation in the form of a SPOT diagram to analyze the illumination of the
retina. The SPOT diagram is a scattering pattern formed by intersections of individual
beams with the retina surface. We gradually placed the OID light source at different
angular distances from the optical axis ¢ = {0°, 5°, 10°, 15°}.

Comparing the areas of the SPOT diagrams, we can formulate following formu-
late/produce results. The amount of the energy entering the eye in the case of the pupil
diameter Do = 6 mm is nine times greater compared with the pupil diameter Do = 2 mm.
On the other hand, the scattering pattern of the SPOT diagram for Do = 2 mm is more
than nine times larger. This implies that local light exposure on the retina at pupil diam-
eter Do = 6 mm will be considerably less. The decrease in exposure is caused by
aberration effects. Even more, these differences become more significant for increasing
angular distance of the light source from the optical axis.

The result of the analysis is shown in Tab. 2 which summarizes the resulting radii
of SPOT diagrams of all cases displayed in Figs 7-10 for different wavelengths and

angular distances. For angular distances, the mean r,, over all wavelengths has been

computed. Since the amount of energy falling on the retina varies with the ratio of EPD
squares, we can compute normalized retina irradiation as a function of eye aberration
state. The resulting normalized irradiation En is also displayed in Tab. 2.



Advances in Military Technology, 2020, vol. 15, no. 2, pp. 287-299 295

0.0000/0.0000deg 0.0000/5.0000 deg ) 0.10000 mm |
I 1
. - Wavelength
(micrometer)
+ 0.51000
In : 15876 In : 15876
Gut: © T 0.52000
» 0.53200
0.0000/10.0000 deg 0.0000/15.0000 deg . 0.54000
- 0.55000
* v
In : 15836 In : 15620

out: 0 out: 0

Fig. 7 Spot diagrams of Liou & Brennan eye model for 2 mm EPD and different
angular distance o of OID from optical axis, upper left o= 0°, upper right o= 5°,
lower left o= 10° and lower right o= 15°

5. Conclusion

The optical incapacitating device is a non-lethal weapon influencing the human vision
by the lowest possible level of light energy needed to achieve successfully the predom-
inance during the conflicts. The paper described the design of such device and the model
of retina exposition in its use.

In addition, the article presents a model that was created based on the need to de-
termine in detail the level of illumination (irradiation) of the retina of the eye caused by
OID. To simulate and plan the tactical use of OID in real conditions, it is necessary to
model and determine the illumination of the retina of the eye under different lighting
conditions, altered eye adaptation to the ambient light situation, and the possibility of
using prescription or protective glasses.

This issue is usually described in the literature, in the case of a simple model of the
human eye, which does not reflect, for example, the aberration state of the optical system
of the eye. Retinal illumination is commonly described by means of fundamental parax-
ial relations. The ordinary simple models are not sufficient when we consider the use of
OID on the edge of maximum permissible exposure (MPE). The MPE defined by hy-
giene standards is specified for the “worst” possible conditions, i.e. the eye is adopted
for night conditions and wider eye pupil diameter. Under the real conditions, the OID
must fulfill its functionality even at daylight level, i.e. the MPE level must be exceeded.
In these cases, it is necessary to use models of the human eye that simulate the real
properties of the optical system of the eye and to further consider empirical practice to
simulate the distribution of the retina illumination.
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Tab. 2 Radii rms of SPOT diagrams in tangential plane for different angular distances
from the optical axis 0° to 15°

D, A Ims [mm]
[mm] [um] 0° 5° 10° 15°
0.550 0.001380 0.00150 0.00200 0.00360
0.540 0.001275 0.00138 0.00194 0.00355
0.532 0.001120 0.00124 0.00190 0.00350
) 0.520 0.000950 0.00118 0.00880 0.00345
0.510 0.000800 0.00110 0.00185 0.00340
I, [mm] 0.001105 0.001280 0.001914 0.003500
En [-] 1 0.745 0.333 0.1
0.550 0.0042 0.00500 0.00720 0.0104
0.540 0.0040 0.00480 0.00700 0.0102
0.532 0.0037 0.00465 0.00680 0.0100
4 0.520 0.0034 0.00450 0.00640 0.0098
0.510 0.0032 0.00430 0.00625 0.0096
7, [mm] 0.0037 0.00465 0.00673 0.01
En [-] 0.357 0.226 0.1 0.0488
0.550 0.01000 0.0110 0.0130 0.0175
0.540 0.00950 0.0105 0.0128 0.0170
0.532 0.00900 0.0097 0.0127 0.0168
5 0.520 0.00885 0.0095 0.0126 0.0165
0.510 0.00875 0.0090 0.0125 0.0160
7., [mm] 0.00922 0.00994 0.01272 0.01676
En[-] 0.09 0.07700 0.047 0.027
0.550 0.0200 0.02100 0.0240 0.0287
0.540 0.0195 0.01980 0.0237 0.0283
0.532 0.0192 0.01970 0.0235 0.0280
6 0.520 0.0190 0.01960 0.0233 0.0275
0.510 0.0185 0.01930 0.0230 0.0270
r, [mm] 0.01924 0.01988 0.0235 0.0279
En [-] 0.03 0.02 0.02 0
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Fig. 8 Spot diagrams of Liou & Brennan eye model for 4mm EPD and different
angular distance o of OID from optical axis, upper left 0= 0°, upper right 0= 5°,
lower left 0= 10° and lower right o= 15°
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