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The paper describes the results of measurements of the shape of the human eye pupil with the use
of a high-speed CCD camera. Sequences of 2000 frames were recorded within 10 s. The exami-
nation was performed on a group of patients. For each patient, the age and intraocular pressure were
identified. The form of the pupil was approximated by an ellipse and parameters of area, eccen-
tricity, lengths of semi axes and orientation angle were calculated. Correlations between pairs of
averaged parameters for all measurements were analyzed. Distribution of averaged geometrical pa-
rameters of the pupil was examined for all measured pupils. Significant correlation was found be-
tween the age and the pupil area S. The average eccentricity ε  of the pupil was 0.285 ± 0.083. There
were no statistical differences between pupil eccentricities of both eyes. The average value of ori-
entation angle α  of the longer semi-axis a of the ellipse to horizon was 83.3°. Also the difference
of orientation angle α  for the left eye (85.2°) and the right eye (93.2°) was statistically insignificant.
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1. Introduction

The iris is a multi-layered structure [1] with the pupil located in its center. The size
and the shape of the pupil is associated with the action of two independent muscles.
The dilator muscle is stimulated by the sympathetic nervous system and makes the pu-
pil widen. The iris sphincter muscles are stimulated by the parasympathetic nervous
system and cause narrowing of the diameter of the pupil. Since these two muscles are
stimulated by different nervous systems, the dynamics of the pupil size and geometry
is a complex process.

The iris pupil plays an important role in the optical system of the eye. Due to
the geometry and size variability it affects not only the amount of light illuminating
the retina but also the eye aberrations and form of the point spread function (PSF) of
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the eye. Thus, the form and size of the pupil influence directly the quality of the retinal
image. When the pupil of the eye expands, the effect of diffraction reduces and PSF
becomes more narrow. At the same time, eye aberrations play more important role.
Therefore some optimal size of the eye pupil exists, which ensures the highest eye res-
olution.

On the other hand, the eye pupil is observed and measured through the cornea,
which behaves like a magnifying glass. Therefore the real pupil is always smaller, and
located in a slightly different position [2]. Additionally, corneal astigmatism may in-
fluence the form of the observed pupil. Differences between the real size and form of
the pupil in comparison to the observed one depend on the corneal curvature, depth of
the anterior chamber and orientation as well as magnitude of the corneal astigmatism.
This shows that the quantitative analysis and interpretation of the pupil size and ge-
ometry are not a simple task.

The human pupil continuously changes its size and geometry due to many different
stimuli. Generally these stimuli can be divided into external and internal ones. The ex-
ternal ones are for example light intensity, a sudden noise, unexpected touch or sight,
while the internal can be an emotional state, used drugs or other medicines or agents,
the blood pulsing phase, etc. The pupil undergoes also small, continuous fluctuations
known as hippus [3, 4]. It is also observed that the size of the pupil decreases with age
under different light conditions [5, 6].

Pupil geometry and its changes are the subject of research for many years. Pupil-
lometry, measurement of the pupil form, size and its variations, is used to describe sleep
disorders [7], reaction to pain [8, 9] or drug metabolism [10, 11]. Moreover, nowadays
pupillometry is also used by refractive surgeons before and after refractive surgery
– LASIK treatment [12, 13].

Different kinds of pupillometers have been designed. One was based on two lines
of CCD sensors [14], which registered spontaneous pupillary fluctuation (SPF) with
the frequency of 50 or 90 Hz. Two different pupillometers, static and dynamic, are used
by MEEKER et al. [15]. The dynamic one is equipped with a camera, which records with
the frequency of 40 fps. Another pupillometer, a new hand-held point-and-shoot pup-
illometer (NeurOptics), was used by OLSON et al. [16], as well as the pupillometer based
on an infrared camera, which could record in complete darkness as fast as 50 fps [17].

Images of the pupil recorded with the camera are processed numerically by use of
the edge detecting algorithm [18]. In case of the dark iris and black pupil it is more
difficult to detect correctly the pupil border. In order to enhance the pupil image, we
used infrared illumination and that makes the pupil significantly brighter than the iris.

The first approximation of the shape of the human pupil is a circle [19]. However
the pupil is not truly circular [20]. A definitely better approximation of the pupil shape
is an ellipse [20–22] with its parameters. Sometimes only “shape parameters” like area,
centroid, major and minor axis length, eccentricity and orientation are presented, with-
out fitting the ellipse [18].

WYATT introduces the concept of noncircularity, which describes how much of
the noncircular shape of a given pupil is contributed by the best-fit ellipse [20].
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Results of these parameter for 23 subjects were presented for measurements in dark
and in the light.

Most of the work shows parameters of the pupil for a few subjects [19]. WINN et al.
measured one shape parameter only, pupil diameters, of larger group of patients, that
is 91 subjects [5], while WYATT of 23 subjects [20]. According to our best knowledge,
there are no results on larger numbers of patients, determining the distribution of dif-
ferent geometric parameters of the human pupil. This work presents the parameters of
the best fitted ellipse and their distribution, calculated for a group of patients. That
gives a possibility to conclude about the dominant values of determined parameters.

2. Method

A system for recording images of the human pupil and its fast variations in time was de-
signed. The main element of the system is a fast AOS S-PRI camera (AOS Technol-
ogies AG), capable of recording up to 1250 fps with CCD sensor resolution
800×600 pixels. It is equipped with the Jupiter photo lens 2/85 and the bellow for
microphotography, which ensures the optimal image size of the pupil on the image
sensor. The camera is located approximately on the axis of sight of the measured eye,
to achieve sharp borders of the pupil. The eye illuminator uses 24 near infrared diodes
with the wavelength 850 nm.

Light from IR diodes is reflected from a beam splitter and illuminates the pupil
almost perpendicularly to the iris plane. Thus, one obtains bright reflections from
the retina and the contrastive border of the pupil image. Figure 1 presents the scheme
of a measuring system. 

Since the system is also used to track the position of the pupil center, a special rigid
head rest was designed and fabricated. Video sequences were recorded with the frame
rate of 200 fps for up to 10 seconds, giving 2000 frames for one measurement. Such
a high frame rate in this device is also applicable for testing fast eye movements.

Fig. 1. The scheme of a measuring system for recording the pupil of the eye: 1 – CCD camera, 2 – bellow
for microphotography, 3 – lens, 4 – beam splitter, 5 – pupil illuminator, 6 – rigid head rest.
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Figure 2 shows an example of a single image from the sequence. Usually the mag-
nification of recorded and analyzed pupil images was greater in comparison to the ex-
emplary image given in Fig. 2. 

The measurements were performed on a group of 55 volunteered patients (84 eyes)
in the age of 30 to 81 year old. For each measured eye, one of the recorded sequences
has been taken into consideration. 

For all the groups, the intraocular pressure (IOP) was measured by use of an air puff
tonometer. Three measurements were performed and the average value was taken into
account. This measurement was performed 2 to 5 minutes before the pupil examination.

The recorded video sequence was divided into single frames, and each frame was
numerically analyzed by use of Matlab software. Selection of border points of the pupil
was held automatically, using an edge detection procedure. The shape of the pupil was
treated as a filled plane figure. Due to differences in magnification of the pupil, for
each sequence, calibration of the pupil size was performed. In each case, when mag-
nification of the camera was changed, the image of a calibration grid was performed.
The depth of field in the system was low and constant. 

For each separate image from the sequence recorded on the time t, zero order mo-
ment, that is the filled pupil area St , was determined [23]. Calculations were carried
out for the elliptic approximation of the pupil, which fits the ellipse, and has the same
second moments as the filled pupil [23]. The lengths at and bt of semi-axes of the ellipse
and its eccentricity εt were determined, as well as the angle of ellipse orientation in
relation to the horizon αt and the center of the approximated ellipse (xect, yect).
Figure 3a shows the exemplary image of patient’s pupil, with marked parameters of
the best fitted ellipse. For some of the patients the shape of the pupil significantly dif-
fered from the circle, which is the primary approximation of its shape.

Figures 3b and 3c present fragments of the border of two different pupils. Differ-
ences in the form of the pupil border can be clearly visible. The edges of some pupils
are almost smooth (Fig. 3b), while others have something we called “flounce”
(Fig. 3c). Sometimes the pupil “flounce” can be observed as relatively monotonous,
in other cases the shape appears to be incidental. Hence for further analysis, the cal-
culated real area of the pupil was taken into consideration, not the area of the approx-

Fig. 2. Image of the pupil.
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imating ellipse. It can be noticed, however, that the image of the pupil edge is not sharp.
As shown in the work of SZCZĘSNA and KASPRZAK [2] off axis aberrations of the cornea
(as magnifying glass) limit the resolution capability of the pupil imaging, observed
through the cornea. 

Figure 4 presents the example of variability of the pupil area St and the ellipse ec-
centricity εt within 10 seconds. As it can be observed, there exists some similarity be-
tween both curves. This similarity concerns mainly positions of local extremes. This
effect occurs also in other patients.

Series of parameters obtained from calculations were treated as raw data and they
needed some pre-processing (high pass filtering, removing false peaks, etc.) to perform
their further analysis. Next, the average values of every ellipse parameters in the whole
sequence (10 seconds long) were calculated for each measurement. That means that
the parameters S, α , ε and a were determined as mean values with their standard de-

Fig. 3. The pupil of a patient with the fitted ellipse (white line – the shape of the pupil, black line – the shape
of the best fitted ellipse, (xec, yec) – coordinates of the center of the ellipse, a – large axis, b – small
axis, α – the angle of orientation in relation to the horizon) [9] – a, and fragments of pupils of different
patients – b, c.
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Fig. 4. Time variations of the area St and eccentricity εt of the pupil within 10 seconds for one patient.
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viations from time varying parameters St , αt , εt  and at , respectively. The results of all
calculations were compared and analyzed for the whole group of patients.

3. Results
Selected 84 sequences were analyzed, of which 41 were of the right eye and 43 were of
the left eye. For further analysis, the parameters describing: the real area of the pupil S
(which differs by no more than 0.4% of the area of the best fitted ellipse Sel), the angle
of orientation in relation to the horizon α , the eccentricity ε  and the length of the major
semi-axis a were selected.

Also the age of the patients A was taken into account. Table 1 shows selected pa-
rameters for the analyzed pupil measurement sequences. 

Minimum value is the lowest of the mean in the population, with its standard de-
viation (std) in the analyzed sequence. Maximum value is the largest value of the mean
in the population, with its standard deviation in the analyzed sequence. The average
value is the average for all means of the sequences with the standard deviation from
the average.

Figure 5 presents the area of the pupil S as a function of age A of a patient. As it was
expected [5, 6], it is noticeable that the area of the pupil decreases with age. The mean
value of S in the group of octogenarians is 17.7 ± 4.1 mm2, while in the group of tri-
cenarians is 37.4 ± 10.0 mm2.

The graph also includes the secondary right axis, defining a circular diameter of
the pupil, with the same area as measured for the real pupil.

T a b l e 1. The selected parameters for the analyzed pupil measurement sequences. 

RE (mean ± std) LE (mean ± std) All (mean ± std)

Area S [mm2]
Average 23.90 ± 8.89 25.84 ± 8.92 26.24 ± 8.90
Min 9.68 ± 0.58 12.62 ± 0.17 9.68 ± 0.58
Max 47.87 ± 1.28 48.26 ± 0.70 48.26 ± 0.70

Eccentricity ε
Average 0.280 ± 0.076 0.293 ± 0.089 0.285 ± 0.083
Min 0.135 ± 0.032 0.127 ± 0.023 0.135 ± 0.032
Max 0.478 ± 0.016 0.485 ± 0.001 0.485 ± 0.001

Angle of orientation α  [deg]
Average 93.20 ± 39.82 85.18 ± 41.37 82.08 ± 40.58
Min 3.60 ± 1.30 19.81 ± 3.73 3.60 ± 1.30
Max 174.27 ± 4.50 179.76 ± 9.29 174.27 ± 19.86

Age of patient A [years]
Average 60.8 ± 14.8 59.2 ± 14.3 60.3 ± 14.5
Min 27 30 30
Max 85 74 81
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The Pearson correlation parameter R between all selected parameters was verified.
Table 2 presents results for all sequences (in the upper right part of the table), for right
eyes only and for left eyes only (in the left bottom of the table, the columns of different
gray level background). 

It is noticeable that a very high correlation exists between the area S and the length
of the semi-axis a. Also the area S is correlated with the age A. For the rest of presented
parameters, their mutual correlation was relatively small.

In this study, also the distribution of the angle of orientation of major axis in relation
to the horizon α in the analyzed group was considered, both for all sequences, and
having the right and left eye in separate groups. Figure 6 presents the histogram of
the orientation angle α.

As it is shown in Table 1 and Fig. 6, there is a difference between the mean value
of α for left and right eyes. Right and left eyes show the difference in orientation of
over 8 degrees. With the use of Student’s t-test, the relevance was verified and the dif-
ference in average values for right and left eyes was statistically insignificant.

The distribution of the ellipse eccentricity ε in the analyzed group was considered,
both for the right and left eye in separate groups. Figure 7 presents the histogram of
the eccentricity ε.
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Fig. 5. The area of the pupil S as a function of patient’s age A (additionally, the axis of a pupil diameter
added).

S = –0.378A + 47.0

R = 0.66
±0.050 ±3.1

T a b l e 2. The Pearson correlation parameter R between all selected parameters. 

where: – for all sequences, – for right eyes, – for left eyes.

R parameter S ε α a A IOP
S – 0.07 0.09 0.99 0.66 0.11
ε 0.08 0.09 – 0.07 0.01 0.09 0.17
α 0.09 0.06 0.09 0.14 – 0.09 0.05 0.17
a 0.99 0.99 0.02 0.00 0.09 0.07 – 0.64 0.14
A 0.65 0.66 0.10 0.09 0.03 0.08 0.65 0.64 – 0.07
IOP 0.08 0.15 0.03 0.40 0.26 0.06 0.08 0.21 0.07 0.09 –
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The average ε value was 0.282, with standard deviation equal to 0.017. Differences
in the values of the right and the left eye pupil εL and εR had no significance, according
to statistical analysis. 

Figure 8 presents the dependence of the eccentricity ε and the orientation angle α
for the right and left eyes.

It was examined if there is a correlation between the eccentricity ε and the orien-
tation angle α. There was no evidence of such a relationship both for the right and
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Fig. 6. The angle of orientation of the long ellipse axis in relation to the horizon α  for right and left eyes.
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the left eye. Thus, the orientation of the axis angle α  is independent of the value of
the eccentricity ε of the ellipse matched to the pupil of the eye.

4. Discussion
Obtained results show that the average size of the eye pupil in the measured group was
26.24 ± 8.90 mm2, however it ranged from 9.68 to 48.26 mm2.

According to WINN et al. [5], the pupil diameter [mm] decreases with the age A as
the function y = –0.043A + 6.046, at constant luminance 9 cd/m2. In our case, the de-
pendence between the area S and the age A can be approximated with the linear function
S = –0.378A + 47.0. Assuming the circular pupil and recalculating its area into the di-
ameter D, this approximation can be given as the function D = –0.0419A + 7.998 (see
Fig. 5). These results are quite similar to Winn’s results, emphasizing the luminance
in our examinations was about 2 cd/m2.

The average parameter of the eccentricity ε was about 0.285. Statistical analysis
showed that the differences in the right and the left eye eccentricities εL and εR are not
statistically significant.

The angle α (in the range from 0 to 180 degrees, according to the scale TABO)
varied in the whole range, however the mean value is quite close to the vertical axis
(orientations of the long axis of the ellipse are almost vertical). The average value of
αL and αR are statistically equal. However, the mean value of αL was 85 degrees, while
for αR equal 93 degrees. This means that statistically the major axes of the ellipse of
both eyes crosses below the head.

Since we recorded the images of the pupil through the cornea, the form of the pupil
image can be deformed by the corneal astigmatism. In our examinations, the corneal
astigmatism was not measured, and we cannot estimate how much the corneal astig-
matism influences the eccentricity and orientation of the major axis of the elliptic ap-
proximation of the eye pupil. However, SZCZĘSNA and KASPRZAK [2] showed that values
of the image eccentricity of the round pupil, observed through the cornea with astig-
matism equal to 1.75 D, is smaller than 0.1 (see Table 1 in [2]). So, one can conclude
that the corneal astigmatism is unlikely to be responsible for the pupil image eccen-
tricity of order 0.2–0.4, obtained in our study.
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