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Abstract:  
 

The motive we address in this paper is to design an accurate optical system for the 

human eye using a newly used approach based on optimizing a human eye model by the 

Ant Colony Algorithm (ACO). The optimization process dealt with the optical features 

of both the cornea and the lens. The optimal model of the eye was obtained after 100 

cycles, in each of which a specific number of ants are placed that secrete the pheromone 

at each movement. This method allows the ant to make 1000 movements. The initial 

evaluation of the improvement process showed that the objective function led the ants 

to improve the selection of the values of the optical features, and that the improvement 

approached the optimal limits at the last ant turns. The optimal eye model resulting 

from the optimization was tested by quality measures: OTF and spot size, and were 

found to be very close to optimal values, which indicating efficiency of evolutionary 

methods for achieving the intended optical design of the human eye. 

 

1. Introduction 

 
Traditional optical system design (OSD) is 

associated with imaging systems such as cameras, 

where unique features and capabilities are often 

required to improve the performance of designed 

system to be used in a specific particular 

application. Optical design first needs to analyze 

the OSD characteristics according to how the 

application may be practiced in the fields of visual 

systems, imaging system, or even the 

communication systems [1]. The human eye is 

considered one of the most important models of 

visual system, and work the on analyzing and 

designing the optical model of the human eye is one 

of the most important researches because it is an 

ideal and complex behavioral structure that cannot 

be manufactured because. In this paper, we develop 

and improve a model of the human eye according to 

the design proposed in [2] depending on 

evolutionary methods. The shape of the human eye 

is a ball-like shape with a diameter of about 22mm. 

Inside the eye, there are light-sensing sensors at the 

retina in the inner back surface. The purpose of the 

eye being spherical is to ensure its movement 

within the eye cavity in all directions and at a few 

specific angles. The human eye is not a perfect 

sphere, as there is a slightly greater convexity at the 

front that makes the radius of curvature smaller 

than the total curvature, and is necessary to make 

plane wave rays passing through an eye fluid with a 

refractive index close to water converge on the 

retina. [3]. Figure (1) shows a vertical cross-section 

of the human eye components, the schematic 

diagram in the figure shows that the eye consists of 

four main parts [4]: the cornea, the iris and the 

pupil, eye lens, and then the retina. 

The cornea is a hard, transparent membrane that is 

more curved, and is the first surface on which light 

entering the eye falls. The cornea is an elongation 

with the sclera representing the tough white outer 

shell of the eye. The transparency of the cornea is  
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Figure 1. Human eye configuration [4]. 

 

due to the regular arrangement of the layers of 

collagen fibers that make up most of the thickness 

of the cornea [5,6]. The continuous closing of the 

eyelid maintains the moisture of the outer surface 

of the cornea and makes its surface smooth when 

light is refracted. Changes in the thickness of the 

tear film may lead to scattering and diffraction of 

the optical rays [7]. The average refractive index of 

the cornea is about 1.376, and its thickness in the 

center is about 0.5 to 0.6 mm, and the average 

radius of curvature for its first surface is 6.5 to 

7.7mm. [8, 9]. The iris and pupil are the second 

component of the eye after the cornea. The iris is a 

membrane that gives the eye its color 

characteristics. The pigment in the iris is either 

blue, green, gray or brown and is present in the 

aqueous humor. The pupil controls the amount of 

light entering the eye, which plays an important 

role in image quality and vision. At high levels of 

illumination, the size of the pupil is small in order 

to stop the most deflecting peripheral rays, while 

the size of the pupil is large at low levels of 

illumination to allow the entry of more photons of 

light and equalize the signal-to-noise ratio, so the 

image becomes clearer, the average diameter of the 

pupil be between 3 and 4mm [10]. The lens of the 

eye consists of a crystalline material in the form of 

a fibrous gel capsule. The lens is more rigid in its 

center and gradually decreases at the edges. 

Muscular ligaments hold the lens in place. The 

refractive index of the lens ranges between 1.383 in 

the periphery and 1.420 in the center, which is one 

of the most important optical constants for the 

natural lens of the eye, while the radius of curvature 

of the front of the lens is 7 to 8 mm and the rear is -

5.5 to - 6 mm, and the thickness of the lens in its 

normal state is 2.5 mm [11]. The retina is the inner 

membrane of the eye that contains photoreceptors. 

Photoreceptors are of two types: rods and cones. 

The retina contains a large number of neurons that 

transmit signals originating in the visual receptors 

to the brain. Inside the eye cavity, there is an 

aqueous mixture in the anterior chamber between 

the iris and the lens, with an aqueous refractive 

index of 1.333. There is also a vitreous humor in 

the second chamber between the retina and the lens 

that resembles a jelly called the vitreous humor, 

which is a transparent substance with a refractive 

index of 1.336 [12,13]. 

 

2. ACO for Improving OSD 
 

Ant colony optimization (ACO) was inspired by the 

behavior of real ants in order to find optimal 

solutions for many applications, where it was found 

that ants have the ability to find the shortest paths 

between the food source and the anthill [14]. This is 

done when the ant puts a chemical called a 

pheromone along its path. In the absence of this 

pheromone, the ant moves randomly, but when the 

pheromone is present, the rest of the ants infer their 

path and follow the path of the pheromone. 

Experiments indicate that ants go towards 

pheromones of high concentration, and that each 

ant walking in this path secretes an additional 

pheromone to increase the pheromone 

concentration in the path. This method allows 

discovering the shortest path to food. And after a 

while, the pheromone evaporates the paths that are 

no longer passable for the fun, so they are 

neglected. This behavioral phenomenon of ants is 

used to be adapted as an optimization method 

useful in obtaining promising solutions using ACO 

[15]. The ant colony algorithm was first proposed 

by Dorigo and colleagues as a multi-agent approach 

for solving difficult combinatorial optimization 

problems such as the quadratic assignment problem 

(QAP) and the traveling salesman problem (TSP) 

[16]. Today there are many scientific researches 

based on the application of the ant colony algorithm 

in order to obtain improved solutions to existing 

problems, such as routing in the communication 

network [17], graph coloring [18] and the vehicle 

routing problem (VRP) [19, 20]. 

In the ant colony optimization algorithm, the 

method has n cycles, in each of which: m ants 

construct a simple solution as a first step, after 

which each ant visits all nodes and applies a 

pheromone. Improved solutions are subsequently 

formed by incorporating knowledge other ants have 

gathered in the past about good decision solutions. 

To illustrate this, suppose an ant is located at node i 
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as shown in Figure (2), to choose the next node j 

that has not yet been visited by that ant, there are 

two stochastic strategies can be chosen [21]: 

1. Narrow heuristic: Choose one priority role like 

nearest random neighbor. The resolution for all 

nodes j is dependent on the inverse of the distance 

between nodes i and j. Then the ant moves to the 

next node randomly according to the probabilities 

determined by those decision values. Consequently, 

if node j is closer to i than g or k, then the ant is 

almost moving to node j and the constructive 

inference decision values are called ij. 

2. Pheromone trails: When ants walk in different 

directions, the ants release a specific amount of 

pheromone. The pheromone concentration 

increases with the number of ants that follow this 

path. When there are several choices an ant can 

take, it prefers the path with the highest pheromone 

concentration. According to this strategy, the initial 

amount of pheromone is zero for all pathways (i, j). 

The pheromone concentration is then updated for 

each cell of the track after the ant completes the 

round. The pheromone amount τij of the path (i, j) 

represents the desire of the ant to choose to move to 

node j when it is standing at node i. Therefore, 

good solutions receive a large amount of 

pheromone. The probability that ant ν in node i will 

fall into the next node j is determined by the 

following formula: 

 

𝑃𝑖𝑗
𝑣 =

{
 
 

 
 (𝜏𝑖𝑗)

𝛼
(𝜂𝑖𝑗)

𝛽

∑ (𝜏𝑖𝑘)
𝛼(𝜂𝑖𝑘)

𝛽
𝑁𝑖
𝑣

𝑘=1  

               𝑖𝑓 𝑗 ∋ 𝑁𝑖
𝑣

0                                      𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

           (1) 

 

where, α and β are given weighting factors, 𝑁𝑖
𝑣 is 

the node set that have not yet been visited by the 

ant currently located at i node.  

The application of the ant colony algorithm to 

improve the performance of optical systems 

depends on creating an initial optical model, and 

then forwarding a number of ants equal to the 

number of optical characteristics for each element 

in the OSD (such as curvature). There are two 

possible paths for the ant to follow: towards 

increasing the amount of curvature, or towards 

decreasing the amount of curvature. The ant's 

decision at first is random, but becomes regular 

after n loops with increasing amount of pheromone. 

The amount of the increase or decrease is 

determined by a certain initial value, then it 

changes to half the value when the ant finds that it 

has exceeded the optimal solution. The ants 

continue to search and deposit the pheromone until 

the optimal solutions are obtained [22, 23]. 

 

 
Figure 2. Possible paths may choose by the ant [21, 23]. 

 

3. Related Work and Contribution  
 

There is a small number of literature that dealt with 

the process of improving the visual system of the 

human eye, while there is a lot of literature that 

dealt with the subject of eye design. Recent 

research discusses the issue of understanding the 

harmony between the optical elements of the eye by 

estimating performance using approved optical 

measures. The following is an illustration of the 

most important research dealing with the area of 

interest. 

 

3.1 Related Work  

 

Many papers have been published that involve 

making models of the human eye in a modern way, 

and one of the most important of these published 

papers is the designing of Human Eye in [24]. In 

this research, the design of an optical system for the 

retinal camera is carried out based on the Schack-

Hartmann sensor in order to use it as a wavefront 

detector, and the liquid crystal spatial light 

modulator was used as a wavefront corrector to 

correct the high-order aberrations of the human eye. 

Different scopes were used in the lighting system 

during the shoot. The results show that the 

illumination light strongly deflects the reflected 

light of the cornea and can illuminate the human 

eye uniformly. In [25], an optical coherence 

tomography system is designed for simultaneous 

zoom imaging of the cornea and retina. This design 

can also image the entire eye. An electrically 

adjustable lens with a zoom response time of 15 ms 

and a specific optical delay line was used. Cross-

scan ranges were used to within 8 mm in the full-

eye scan and 14 mm in the single-frame fast scan. 

The system with electrically adjustable lens and 

optical delay line has realized full eye depth 

imaging in vivo. In [26], an OPD-Scan III 

thermometer (Nidek) was used to determine total, 

corneal, and internal ocular aberrations. Two 

groups were used: one with congenital anisotropic 

myopia and the other with acquired myopia. The 

results showed that the axial length of the eye with 

higher myopia was greater than the length of the 

fellow eye. This prepared for the detection of 

increased asphericity and astigmatism in the cornea 

in the eyes with higher myopia of patients with 
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congenital myopia compared to acquired myopia. 

In [27], The work concerns a method for extending 

on-axis modeling of an individual eye to the 

peripheral retina. Measurements of axial distances, 

central visual quality, and corneal geometry of 

some subjects' eyes were used. In order to 

reproduce the peripheral visual quality of the eye, a 

crystalline lens model was designed for a single eye 

model representing the average eyes of 25 

participants. A prediction of the individual visual 

peripheral quality was obtained over the central 40 

degree range, which made it possible to compare 

the results of the final model with the actual 

measurements of the peripheral visual quality of the 

participants. The results showed that there was a 

significant agreement between the visual quality 

measures measured for the final model with regard 

to astigmatism and relative spherical valence. In 

[28], scanner performance is optimized for a cost-

effectively reconfigurable beam based on three 

electrically adjustable lenses. Which gives the 

lenses the ability to control the focus, the angle of 

incidence, and the position of the beam. Thus, this 

lens can be used for alternate imaging of the rear 

and front parts by alternating the parallel angular 

beam scanning instead of the focused beam 

scanning. OCT images of the whole eye were 

recorded as well as experimented in a rabbit eye ex 

vivo. The beamwidth scanner used reduced the cost 

and complexity of other whole-eye scanners and 

was compatible with two-dimensional ocular 

biometrics. The added versatility of visual 

inspection reconfiguration has been found to help 

extend the service of use to other ophthalmic 

applications and beyond. 

 

3.2 Problem Statement and Contribution  

 

The use of optimization to model the human eye 

system design (HESD) by OSD concepts is not an 

easy process because of many optical parameters 

that have to be taken into account, each optical 

element possesses optical properties: radius of 

curvature (R1, R2), refractive index (n), diameter 

(D), thickness (t), inter-between distance (d), as 

well as the refractive index of both the aqueous (na) 

and the vitreous (nv). In order to overcome the 

problem of changing the pupil with lighting and 

changing the curvature of the lens with the distance 

of the object, it is possible to choose the optimal 

values for the optical qualities of the components of 

the eye so that the image formed in the retina is 

clearly obvious, and the performance of the 

designed eye is efficient. The contribution depends 

on the optimization of the visual characteristics of 

the eye by the ant colony optimization algorithm, 

which is an evolutionary method for the automation 

of the finite state by controlling a continuous 

change of the values of the visual characteristics by 

means of a directive function. 

 

4. Proposed HESD Method 
 

The proposed method is based on making an eye 

model as a preliminary project based on the known 

constants of the eye, then it is improved by the 

ACO algorithm to obtain the best design that 

matches the real eye. This requires going through 

two stages: the initial eye-making stage, and the 

improvement stage. Here is a detailed explanation 

of each of these two phases: 

 

4.1 HESD Modeling 

 

The human eye consists mainly of two changeable 

optical components, the cornea and the lens. While 

the rest of the parts are fixed and do not affect the 

process of refracting the light rays entering the eye. 

Such that, the pupil diameter is set to be 3.5mm. 

Also, the materials that affect the refraction of rays 

in the eye are fixed, including the transmission 

media of rays such as the vitreous body, while the 

retina is a plate that contains light sensors that 

enable the vision of the image of objects.  

 
Table 1. The default values of the initial eye model [3, 

4]. 

Ser. 
Optical 

Element 

Optical 

Feature 

Min. 

Value 

Max. 

Value 

1 Cornea 

R1 6.5mm 7.7mm 

R2 6.5mm 7.1mm 

t 0.5mm 0.6mm 

D 8.13mm 8.23mm 

d 3.2mm 3.6mm 

no 1 1 

n1 1.376 1.376 

n2 1.333 1.333 

2 Iris No determined optical features 

3 Pupil D 3mm 4mm 

4 Lens 

R1 7mm 8mm 

R2 -5.5mm -6.1mm 

t 2.482mm 2.517mm 

D 6.92mm 7.112mm 

d 0.625mm 0.645mm 

no 1.333 1.333 

n1 1.38 1.38 

n2 1.336 1.336 

5 Retina No determined optical features 

 

Therefore, the main parameters that determine the 

efficiency of eye performance are those parameters 

of the cornea and lens of the human eye, in which 

the refractive indices must be the same values as in 

the real eye. Table (1) shows a prototype of the eye 

design, showing that some parameters are fixed and 
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Table 2. Optimal optical features of improved HESD by ACO. 

Optical 

Element 

Optical Features 

Variable Fixed 

R1 R2 t D d no n1 n2 

Cornea 6.82541 6.72864 0.54826 8.16287 3.57269 1 1.376 1.333 

Eye lens 7.72692 -5.82692 2.49273 7.09265 0.63892 1.333 1.38 1.336 

 

some are variable within a specific change range 

that does not exceed the realistic values of the real 

eye. Figure (3) shows the locations of these 

parameters on the eye design schematically. 

 

 
Figure 3. Optical system scheme of human eye design 

[Ref]. 

 

4.2 ACO of HESD Model 

 

The eye model given in Table (1) was used 

according to the constraints of each optical feature 

between the lowest and the largest value in the 

optimization process by ACO. Where two groups 

of ants are placed, each group consists of 8 ants, 

each ant deals with the process of improving one of 

the eight optical features of the visual element. 

Such that, the first group of ants is placed on the 

cornea to improve its optical features, while the 

second group of ants is placed on the lens for the 

same purpose. The fixed optical features in Table 

(1) do not allow the ant to move to neighboring 

places, and thus these features are remains fixed 

and unchanging, while the variable features take an 

initial value equal to the average value of change 

range, and allow the ant to move in the positive 

direction (increase in the value of the optical 

feature) or in the negative direction (decrease in the 

value of the optical feature) at a rate of change (g) 

of 0.00001 of the extent of change of that optical 

feature. The number of cycles (C) is set at 1000 

cycles. In each cycle, the ant moves to a 

neighboring location according to the probability 

calculated from equation (1). After all cycles are 

over, new ants are placed in the same locations as 

the old ants, and they are given the opportunity to 

move and move according to the amount of 

pheromone of the ants of the previous cycle and the 

objective probability calculated from equation (1). 

After completing 100 ant laying operations (Ant 

turn: N=100), each is performing 1000 movements, 

the results that are most likely to be improved are 

evaluated. 

5. Results and Discussions 
 

The proposed approach of ACO applied on HESD 

was implemented by Python programming 

language. The designed software is addressed to 

find out the optimal HESD that can simulate the 

descriptive imaging performance of real-life eye. 

Throughout the implementation of ACO, no local 

minima occurred and the ants were always directed 

towards improvement. The results improved 

consequentially even achieving the optimal resulted 

design of the eye given in Table (2) that shown in 

Figure (4) schematically. 

 

 
Figure 4. Resulted optimal HEDS by ACO. 

 

Figure (5) shows the normalized optimization 

behavior that occurred in the used design of the 

eye, which is belong to the last optimization cycle 

of N = 100. It is noticeable that the improvement 

was not occur during the first turns of the ants 

because the random movement of the ants that 

overpowered the objective function that depended 

on a low concentration of the pheromone. After 

more than 5 ant turns, the ants' movement towards 

improving the optical features of the eye showed a 

bias, after the pheromone concentration increased 

with the ants' movements between allowed values 

of optical features positively. This bias made the 

improvement to be fast in the beginning, up to the 

ant turns of more than 20, where the improvement 

seemed less and gradual, this is due to the 

pheromone evaporation factor. Also, in this region, 

the behavior began to appear few fluctuations 

indicating the speed of making decisions to move 

the ants to new locations at the ends of the path of 

each ant. Where the new ant follows a path is 

defined by abundant pheromone till the end of 

defined path, and then it decides where to go with a 

next movement. It is observed that the fluctuations 

are relatively small, because it is corrected with 

new transitions depending on the objective 
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function. And the process of gradual improvement 

continues with new ant turns till reaching the best 

situation at the 100th turn. We also note that the 

improvement did not match the ideal condition 

(improvement value = 1) due to specifying the 

value of accuracy by the amount of change (g = 

0.00001). Reducing the value of g more will lead to 

additional improvement values approaching the 

optimal condition, but will not match ideal one, 

which also lead to slower arrival to optimal results. 

 

 
Figure 5. Optimization improvements occurred in the 

optical properties of the handled human eye design. 

 

6. Results Evaluation 
 

In order to evaluate the optimization results 

obtained by ACO, optical performance measures 

provided by Zymax software are used, Zymax 

software is a well-known tool for researchers in the 

design of optical systems, and it provides the 

possibility of evaluating the performance of optical 

systems, quantitatively and qualitatively. The OTF 

measure was chosen as a quantitative measure, and 

the spot separation measure was chosen as a 

qualitative measure to evaluate the performance of 

the resulted HESD developed by ACO. 

The OTF is a measure of the amount of aberration 

and defocus in the optical system. Figure (6) shows 

the behavior of the OTF curve of the optimal design 

that we obtained by optimization with ACO 

compared to the ideal case. It is noted that the 

behavior of the OTF curve almost matches the 

optimal case. And the difference is due to the 

residual spherical aberration at the higher levels, 

which needs high optimization accuracy to treat it. 

Fortunately, this effect does not affect the quality of 

vision because it is less than the amount of spacing 

between any two sensors in the retina, and this 

makes the minimum deviation in the OTF and 

without any distortion of vision. The contrast of the 

OTF values gives the impression that the image 

formed in the eye is very clear, and therefore the 

performance of the enhanced eye is almost perfect 

compared to the real eye. 

 

 
Figure 6. Resulted OTF of the improved HESD by ACO. 

 

On the other hand, the size and shape of the macula 

formed on the retina were used to measure the 

imaging efficiency of HESD by ACO. Smaller spot 

size means less beam separation and sharper retinal 

image of higher resolution. In fact, the spot size of 

achieved optimal HESD invented by ACO was 

about 5μm with an effective focal length (EFL) of 

about 17mm, these values are roughly equivalent to 

those of an ideal eye. Figure (7) shows the spot 

diagram of the optimal design, which is very 

similar to the ideal case in which there is only 

diffraction in the imaging without aberration, which 

makes the light spot formed in the retina similar to 

the ideal case mentioned in [11] and without 

differences. This confirms the validity of the 

improvement results and the procedures followed. 

 

 
(a) Optimal spot. (b) Ideal spot. 

Figure 7. Spot diagram of improved HESD by ACO 

comparing with ideal one achieved by Zemax. 

 

7. Conclusions and Recommendations 
 

In the current work, some important points were 

noted including: The process of improving optical 

systems by evolutionary methods is suitable for the 

purpose of developing the performance of optical 

models, such as the human eye. The process of 

improving the design of the human eye model 

produced a great resemblance to the real eye, the 

achieved values of EFL and spot size are proved the 

successful improvement of achieved human eye 

model to be similar to the ideal eye. The current 

work can be improved by dealing with a variable 

amount of lighting, taking into account the change 

in the pupil size with the amount of lighting, which 

gives the impression of simulation closer to reality. 
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