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Abstract. The pupil detection algorithm plays a key role in the non-contact tono-meter, auto ref-keratometry
and optical coherence tomography in medical ophthalmology diagnostic equipment. A major challenge associated with pupil detection techniques is the use of conventional neural networks based on algorithms, integrodifferential operator and circular hough transform, which leads to inefﬁcient use of hardware resources in FPGA.
To overcome this, using an average black pixel density technique, the proposed human eye pupil detection
system is used to easily recognize and diagnose the human eye pupil area. Double threshold, logical OR,
morphological closing and average black pixel density modules are involved in the proposed solution. To test
the proposed method, the near infrared (NIR) iris databases are being used, namely: CASIA-IrisV4 and IIT Delhi
and have achieved 98% percent accuracy, speciﬁcity, sensitivity. The proposed work was synthesized via Zynq
XC7Z020 FPGA and the results are compared with previous approaches.
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1. Introduction
This research work is concerned with the real-time
detection of human eye pupil by the application of pupil
monitoring for ophthalmology diagnostic equipment.
Eyes are a rich human resource capable of interacting
with the external world. Abnormal eye movement is well
known to provide an indicator of ophthalmology conditions such as diabetic retinopathy, glaucoma, etc. Also,
when it is focused on a target, the eye is never fully at
rest. Detecting the location of the pupil will help bring
the eye to the correct place to analyze the diseases. An
eye tracking system typically employs electrical and
computing equipment to track eye movement. Evaluation
of eye movement is a critical component of a diagnostic
or screening system. To meet real-time constraints, it is
possible to use FPGAs for the implementation phase of
image processing tasks for pupil detection. Due to the
strong computational complexity of pupil monitoring, it
is difﬁcult to achieve the real-time operation of the
general purpose sequential processor, so hardware
acceleration is unavoidable. The Circular Hough Transform (CHT) [1] algorithm, which is an established older
algorithm, was used to decide the radius of the pupil on
the eye image, which has more computational and
hardware complexity in-terms of FPGA resources.
*For correspondence

However, integrating the CNN for Iris detection and
diagnosis systems using FPGA still faces serious challenges in terms of computational complexity and memory
requirements. The drawback of the edge map generation
technique [1] is the second implementation of the sobel
ﬁlter, which increases the sophistication of hardware and
the constant threshold for the database (CASIA Iris). To
address these disadvantages, the average black pixel
density algorithm is proposed instead of the CHT, Edge
map generation, CNN techniques. The approach of this
research work is organized into six sections. In section 2,
various literature works are discussed. Section 3 gives
inside information about the proposed technique and
dataset descriptions. Section 4 explains the performance
evaluations of the different iris datasets with the proposed method. Section 5 describes the FPGA synthesis
result, experimentation of the proposed technique and its
hardware utilization. The conclusion is presented in
section 6.

2. Relevant researches
Several improvements and effective hardware architectures for the pupil detection system have been
suggested by several researchers and scientists. Pupil
detection by threshold, morphology operations [2, 3]
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and gradient-based methods [4, 5] are discussed in
most approaches. The methods of Adaboost and
CAMShift for pupil detection were suggested by Su
Yeong Gwon [6]. Mingxin [7] proposed an active
edges and edge pointing system for determining the
peripheral points of the iris region and increasing the
efﬁciency of ellipse ﬁts. Ryan [8] proposed the starburst algorithm, which gives full effect to iris segmentation, but the parameters needed for alteration and
exploration have increased signiﬁcantly. Rizwan Ali
Naqvi [9] has proposed a method based on a neural
network based gaze detection using near-infrared (NIR)
images. The combination of logarithmic transformation
(LT) and power law transformation (PLT) to boost
pupil segmentation was suggested by Ramlee [10]. The
memory-efﬁcient Hough transform (HT) was introduced by Elhossini [11] to classify the line and circle
regions and the circular hough transform is also presented in [12] to detect the circle shapes. Hokchhay
Tann [13] proposed to achieve an efﬁcient FCN model,
a tri-stage software and hardware collaborative design
methodology that includes a review of FCN architecture, precision quantiﬁcation, and hardware acceleration is introduced. Yanqi Liu [14] proposed a twostage strategy that unites object detection using fuzzy
neural networks and monte-carlo sampling for gesture
prediction, which works particularly well in speculative
scenarios. Unfortunately, this precision leads to
increased computational complexity, affecting operating time, resource over use and energy utility discussed
in terms of FPGA synthesis. The CHT, starburst,
adaboost and CAMShift, CNN-based gaze detection
methods have more hardware and computational complexity. In this work, the compact average black pixel
density technique for the human eye pupil detection
method is proposed to resolve the hardware
complexity.

3. Pupil detection technique
3.1 Functional description of the proposed method
The pupil detection technique is shown in ﬁgure 1 and
generally involves 4 subsequent processes such as (A) binary image generation by double threshold value (B) Logical OR operation to eliminate eyelashes (C) Closing
morphology (D) pupil center detection by Average Black
Pixel Density technique.
CASIA Iris V4, IIT Delhi Databases [15, 16] is considered as input images.
3.1a Double threshold image: The global threshold is not
entirely appropriate for the method of pupil detection.
Instead of the global threshold, the double threshold
approach proposed here is to measure the High (H-T) and
Low threshold (L-T) values by comparing their pixel values
using comparators. The higher threshold is set as 1/6 of the
maximum intensity value. Double threshold hardware
realization is shown in ﬁgure 2. To create the 393 neighborhood pixels, the 393 sliding window uses two line
buffers with the ﬁrst three pixels of the third row. If the
center pixel of the 393 structure is less than low threshold,
then the pixel value is replaced as’ 0 ’rather than the center
pixel is greater than the pixel value of high threshold as’ 1’.
For various database images (CASIA iris V4, IIT Delhi),
this technique makes the binary image of the pupil area
efﬁcient and common.
3.1b Logical OR operation: The extra eyelashes, the
eyebrows present in the binary double threshold image, are
suppressed by logical OR operation. The double threshold
image is given to the 393 sliding window with line buffers.
Line buffers formed as temporary memory here and each
moved data from the line buffers is OR-ed logic with its
393 neighborhood pixels, resulting in small black areas
becoming white. The large size of the black region only
remains in the image. Finally, it is important to retain the

Figure 1. Process ﬂow diagram of the proposed pupil detection method.
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Figure 2. Hardware implementation of the proposed double threshold method.

Figure 3. Hardware realization of average black pixel density technique.

pupil region and to eliminate all the other things, such as
eyelashes, eyelids. OR logic represented in Equation (1).
flogical or ¼ P1 j P2 j P3 j P4 j P5 j P6 j P7 jP8 jP9

ð1Þ

f logicalor = unwanted black pixel removed image
P1, P2, P3, P4, P5, P6, P7, P8, P9 = neighborhood pixels
3.1c Morphology closing: Mathematical morphology
has two main players, such as Opening and Closing. It is
applied speciﬁcally to binary images. Nevertheless,
related erosion is the fundamental consequence of the
opening method. Here, the elimination of a few foreground pixels performed from the foreground pixel edge
regions. Compared to erosion, this process is less harmful. Opening usually disconnects the smaller connections

of different parts of the image, while closing ﬁlls the gap
between different parts of the image. Dilation, followed
by erosion, ﬁlls the white patches within the pupil region
and forms a total black pupil region in the morphology
closing process. In the ﬁeld, closing ﬁlls gaps, while
maintaining the same initial ﬁeld sizes. Closing a picture
of the structuring portion of the 393 disc (denoted by
fmorpclose) is a mixture of dilation and erosion, as shown
in Equation (2).
fmorpclose ¼ ðf  sÞs

ð2Þ

3.1d Average black pixel density technique: The morphology of the closing image has only the region of the
pupil. Initially, the number of black pixels in the image that
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Table 1. Features of CASIA datasets.
Parameter

CASIA-Iris-Interval

Camera
Environment
Attributes of subjects
Number of subjects
Number of classes
Number of images
Resolution

CASIA close-up iris camera
Indoor
Graduate students
249
395
2639
320*280

CASIA-Iris-Lamp
OKI IRISPASS-h
Indoor with lamp on/off
Graduate students
411
819
16,212
640*480

CASIA-Iris-Twins
OKI IRISPASS-h
Outdoor
Children
200
400
3183
640*480

Divide the total sum values of the x, y coordinates by the
black pixel count values, resulting in the average values of
the x, y center pupil area. The statistical estimation of the
average black pixel density is summarized in Equation (3).
9
P
Pupil density
p
>
>
P ¼
>
>
xsum ¼P xcoord
=
ð3Þ
ysum ¼ P
ycoord
P >
xcenter ¼ P xcoord = P p >
>
>
;
ycenter ¼
ycoord = p

Figure 4. (a) IIT Delhi iris database image, (b) obtained from
the double threshold, logical OR and morphology closing
operations. (c) Pupil detection image using the proposed average
black pixel density technique.

where p is the black pixel count value
The pupil region radius is predicted by Equations (4) and
Equation (5).
A ¼ pr2
Here A is the area of the circle.
A = Total number of black pixels.
To ﬁnd r,

Table 2. Status of evaluation parameters.
Pupil detection
Test Positive
Test Negative

TP
FP

r ¼ sqrtðA=pÞ

Pupil not detection
FN
TN

gives the density of the pupil area must be counted. In the
same way, it is necessary to measure the cumulative sum of
x, y coordinates for the corresponding black pixel locations.

ð4Þ

ð5Þ

Hardware realization of the average black pixel density
technique is shown in ﬁgure 3.

3.2 Dataset description
3.2a CASIA-Iris V4 Datasets: Totally 22,035 iris images
were obtained from the 700 subjects with 8-bit gray level

Table 3. Sensitivity and Speciﬁcity analysis between the different frameworks using CASIA-Iris V4 Datasets.
Sl. No
01
02
03
04
05
06
07
08
09

Framework Mechanism
GST
OSIRIS
WAHET
CAHT
MASEK
IRIS-SEG
IDN
FCN
Proposed average black pixel density

Sensitivity (%)
80.
93.
94.
93.
94.
95.
96.
96.
98.

5
5
5
0
0
0
0
5
4

Speciﬁcity (%)
80.0
91.4
92.5
92. 2
94. 0
94.2
94.8
96. 0
98. 0
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Figure 5. Comparative analysis of accuracy between the different frameworks using the CASIA IRIS V4 dataset.

Figure 6. Comparative Analysis of Accuracy between the different frameworks using the IITD dataset.
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Figure 7. Pupil region parameters using average black pixel density technique.

JPEG ﬁles. Features of CASIA datasets are depicted in
table 1. This table is taken from the website (http://www.
cbsr.ia.ac.cn/china/Iris%20Databases%20CH.asp)
for
reference.
3.2b IITD Iris Datasets: The 1120 images in the database
are grouped into 224 different ﬁles, each with its own
integer ID/Number and all images are in bitmap image
format. These images have a resolution of 3209240 pixels
and were all captured in an indoor environment. Pupil
detection using average black pixel density technique is
shown in ﬁgure 4.

4. Performance evaluations
To evaluate and validate the proposed pupil detection
system, we have calculated the different parameters such as
Accuracy, Sensitivity, and Speciﬁcity. Evaluate the performance compared with models such as GST [17], OSIRIS
[18], WAHET [19], CAHT [20], MASEK [21], IRISSEG
[22], IDN [23], FCN [24].
Sensitivity is the proportion of pupil detection and shows
test positive.
The proportion of pupils who are not detected and show a
test negative is referred to as speciﬁcity.

The performance metrics have been calculated by the
following mathematical Equations (6) to Equation (8).
Accuracy ¼ ðTP þ TNÞ=TN  100

ð6Þ

Sensitivity ¼ TP=ðTP þ TNÞ  100

ð7Þ

Specificity ¼ TN=ðTP þ TNÞ  100

ð8Þ

We obtained the True positive (TP), True negative (TN),
False positive (FP), False negative (FN) values for the
given dataset. The test results on the left side and the pupil
detection status on top as shown in table 2.
Table 3 shows the comparative analysis of sensitivity and
speciﬁcity for the different algorithms by using the different
datasets. In all analyses, the proposed algorithms maintained 98% and 98.4% speciﬁcity and sensitivity, respectively, whereas the other architectures showed a variation in
performance, and it was discovered that the proposed
architecture outperformed the other existing algorithms as
well.
Figure 5 presents the comparative analysis between the
proposed algorithm using the CASIA-IrisV4 datasets. The
proposed algorithm has shown 98% of accuracy which has
more accuracy than GST (83,5%), OSIRIS (95.45%),
WAHET (93.45%), CAHT (96.5%), MASEK (96.34%),
IRISSG (96.22%), IDN (96%) and FCN (95%)
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Figure 8. The proposed pupil detection output for (a) CASIA—Iris V4 interval dataset. (b) CASIA—Iris V4 Twins dataset. (c) IIT
Delhi dataset.

Table 4. FPGA resource utilization comparison of the proposed method with other pupil detection methods.

Slice Register
Ngo [25]
Vineet [26]
Avey [27]
Proposed

12165
1416
3878
1256

Slice LUTs
(SS)
9688
12886
2053
3678

BRAM
256
98
4
9

Maximum
Frequency (MHZ)
214.78
203.00
–
213.45

respectively. Again in ﬁgure 6, the accuracy of the different
algorithms has been compared using the IITD datasets in
which the proposed average black pixel density has outperformed than 82% for GST, 95% for OSIRIS, 93.45% for
WAHET, 96.5% for CAHT, 96.% for MASEK, 96.0% for
IRISSG, 95.0% for IDN, FCN (95%).

Image Resolution
3209240
3209240
6409480
3209240

FPGA
Zynq xc7z020
Zynq xc7z020
Zynq7000
Zynq7z0200

Method’s used
CHT implementation
CHT implementation
IDO Segmentation
Average black
pixel density

5. Experimentation results
The proposed pupil detection method was synthesized
using the Xilinx VIVADO design suite 2019.2 and veriﬁed
in MATLAB R2018. The developed hardware was implemented in the Zynq7Z020 FPGA. The complete setup runs
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on the Intel workstation with an I7 CPU with NVIDIA
GPU, 16GB RAM and 3.2 GHZ frequency.
For simulation, the images are resized as 6409480 and
the simulation waveform of the average black pixel density
technique is shown in ﬁgure 7. The waveform signals show
that the IIT Delhi iris database image has a black pixel
density of 24208, a total number of x and y coordinates of
6732320, 6660237, and an average value of x and y coordinates of avgx = 278 and avgy = 275 as pupil center
values. The pupil’s radius is calculated as 86 with the help
of Equations (4) and Equation (5). At the end of the
modelsim simulation, the output of each image stage is
saved in.hex ﬁle format. Matlab scripts convert these ﬁles
to an image. If we draw a circle in MATLAB using this
center coordinate and radius value, it matches the pupil
region exactly. Manipulating the average black pixel density of all detected pixels is a reasonable indicator for
locating the pupil area. Figure 8 displays the proposed pupil
detected output images for hex ﬁles. The separate database
images were tested using this proposed pupil detection
method and obtained 98% accuracy.
The input image is taken for synthesis as a 3209240 size
due to the availability of BRAM in selecting FPGA and
translated via Matlab to .coe ﬁle format. This .coe ﬁle is
written using the Xilinx IP core in Block RAM. The Coe
ﬁle contains the corresponding image’s Hex values. To
segment the pupil region from an eye image, the Hex values
are read from the block ram and the double threshold is
applied. The logical OR procedure removes the eyelashes,
eyebrows, eyelids and closes the morphology to cover the
white patches within the pupil region and form the pupil
region in full black. Eventually, in the picture, the dark
pupil region remains. The precise center coordination and
radius of the pupil is determined by the average black pixel
density technique. The exact pupil region is given by this
coordinate and radius value.
In Xilinx VIVADO design suite 2019.2, the proposed
method is synthesized and implemented in the Zynq 7z020
FPGA devices and the results are obtained. The obtained
results are shown in table 4.
The method proposed by Ngo [25] is applied to Zynq
xc7z020 with a maximum frequency of 214.78 MHz. The
method proposed by Vineet et al [26] employs 12886 LUTs,
which is a large number given that the architecture is based on
the circular hough transform and has a maximum operating
frequency of 203 MHz. Similarly, the architecture proposed
by Avey et al [27] uses 2053 LUTs, since the framework is
implemented using IDO segmentation in FPGA. The proposed architecture uses 1256 slice registers and 3678 LUTs,
which are better resource consumption than that of others.
Computational operations are simple shifting and convolutions in the double threshold, logical OR, morphological closing modules that consume low hardware utilization
in FPGA synthesis. The proposed architecture has less
hardware resources than the existing methods, minimizing
the system’s computational complexity. Using CNN, CHT,
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IDO methods that increase the use of hardware in FPGA
synthesis is the complexity of existing methods. The proposed technique uses a temporary shift register (3x3 window size) for the line buffers. The 393 line buffer designed
with registers causes the use of 3678 slice LUT and 9 block
RAM in the description of system use. This proposed
approach has resulted in better slice register, LUTs compared to the existing approaches. Various human eye pupil
tracking approaches on FPGA have also been studied here
to further develop the algorithm [28–32].
The advantages of the proposed method of pupil detection
are set out here. a) In preprocessing steps to locate the pupil
regions in binary images, simple logical OR and morphology
operations are used. b) No need for edge detection techniques
such as sobel, canny, etc. to segment the pupil region from the
input image. c) The proposed algorithm’s hardware complexity is lower compared to current iteration-based algorithms such as CHT, Starburst, IDO, etc. d) Different
database images can be used here to ﬁnd the pupil region.

6. Conclusion
In many biomedical diagnostic applications, pupil detection
is a required step and has to be performed rapidly. The dedicated hardware architecture for the human eye pupil detection system is effectively implemented in this research work.
An efﬁcient technique is developed to detect eyes of various
sizes without requiring a lot of computational work. Using
CASIA Iris V4 and IITD, a detailed experiment was carried
out in which the true recognition rate of each model was
tested using the end-to-end and found that the models
exhibited improved accuracy and higher recognition rate for
the two datasets. According to the various analyses, the
proposed framework has 98% detection accuracy while
consuming 30% to 40% less resources than the other existing
frameworks. Though it provides good results, proﬁling is
required to achieve high throughput and even less delay. The
low computational complexity parameters found in the
experimental outcome are used effectively. In the future, we
can extend this method of pupil detection to video-based realtime eye tracking techniques using external storage devices
such as DDR2/DDR3.
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