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Abstract. We report on the combined far-field measurement of the three involuntary eye movements, drift,
microsaccades, and ocular microtremor (OMT), using a noncontact far-field optical method. We review the sig-
nificance of the smallest and least measured, and thus least understood, of the three, OMT. Using modern digital
imaging techniques, we perform detailed analysis, present experimental results, and examine the extracted
parameters using a noncontact far-field sensor. For the first time, in vivo noncontact measurements of all
three fixational in-plane movements of the human eye are reported, which simultaneously provide both the hori-
zontal (left-right) and vertical (up-down) displacement results. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE)
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1 Introduction
The existence of involuntary minute eye movements has been
known for centuries. In the 18th century, James Jurin (1684
to 1750) described “a trembling of the eye,” while Herman
von Helmholtz (1821 to 1894) noted that he could not maintain
stabilization during vision.1 However, it was not until the 20th
century that such involuntary eye movements could be mea-
sured. Adler and Fliegelman2 were the first researchers to
describe the three miniature fixational eye movements based
on experimental recordings in the 1930s. The three in-plane
motions they reported are drift, microsaccades, and ocular
microtremor (OMT).2–4 Drift (amplitudes of 2 to 10 μm) is a
gradual shift in fixation direction, while microsaccadic bursts
(5 to 50 μm) correct for this gradual drift in gaze. Drift has
the lowest-frequency component of all these miniature fixational
eye movements (∼1 Hz), while microsaccades have frequencies
of ∼5 Hz. The last type of in-plane motion, OMT, has a typical
peak-to-peak (pk-pk) amplitude range of 150 to 2500 nm, which
is much smaller than either drift or microsaccades, but it has a
much higher reported dominant frequency. The largest OMT
study to date found an average dominant OMT frequency of
83.68 Hz with a standard deviation of �5.78 Hz for clinically
normal human subjects.5 However, frequency observations
above 100 Hz have also been made.4 OMT frequencies have
been extracted using a zero crossing analysis of the detected
temporal signal.5–7 OMT is caused by constant activity of the
oculomotor units in the reticular formation of the brain.4

Tone or tension of the extraocular muscles, which control eye
movements, is achieved by a constant stream of neural impulses.

OMT is believed to be a result of rapidly fluctuating imbalances
in the tension of opposing muscle groups.4,8–10

Clinical interest exists in OMT owing to its neurological ori-
gins. Accurate OMT measurement could prove a useful tool to
indicate and aid clinical diagnosis of a number of conditions.
Previous studies have investigated the use of OMT as a method
of unambiguous brainstem death confirmation,11 prediction of
the outcome of coma,12 as well as monitoring a patient’s
depth of anesthesia.13–15 Atypical records have presented in
patients with idiopathic Parkinson’s disease16 as well as multiple
sclerosis.17 In addition, a decrease of the central OMT frequency
value with age has been observed in clinically normal patients.18

Furthermore, it has been suggested that OMTand the other fixa-
tional eye movements affect the human visual process.19 We
note that OMT measurements have been performed on cats,20

rabbits,21 and rats.22

Eye movement was monitored using contact lenses which
contained mirrors as early as the 1950s.23,24 Using such optical
lever systems, the motion of the eye (rotational and torsional)
could be monitored.25 Such systems did not achieve widespread
use as both the application of the lenses and the effects of the
presence of the lenses on the eye movements gave rise to diffi-
culties in performing measurements as the lens might not adhere
to the eye adequately.23 The monocular measurements con-
ducted in the 1950s contained a small tremor superimposed
on the other involuntary movements of drift and microsaccades.
However, it was not until the 1960s when the OMT frequency
was more accurately measured as ∼85 Hz (Ref. 25) using this
contact lens technique. This result was possible after examining
the moment of inertia of the eye and using a contact lens that
exerted a small force on the eye so that it was sensitive to all
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fixational movements. Thus, slippage was reduced and an accu-
rate estimate of the OMT frequency was calculated. However,
as with any mechanical contact method, damping occurs.

Using high-speed camera systems, frequency analysis of the
crystalline lens motion and/or distortions have been studied.26

However, such systems monitor lower-frequency eye motions,
around 20 Hz, when compared with OMT. Eye motion, and in
particular saccades, has also been analyzed at the level of the
retina allowing tracking of single cones,27,28 but the limited
frame rate of scanning light ophthalmoscopes, as well as the
low retinal reflection, makes it impractical to study eye tremor
at the frequencies possible at the posterior eye with the added
advantage of a simpler optical illumination path.

None of the most recent clinical OMT studies have used
the far-field contact lens system. Instead a mechanical contact
method has been employed to record OMT data.4,5,21,29,30 A
length of piezoelectric material is covered with a protective
silicone membrane to produce the probe. The probe is sterilized
before it makes contact with the sclera of the eye to which it is
held in contact by a sprung screw mechanism. Avoltage propor-
tional to the tensile pressure of the contact against the eye is
produced. The most recently published study attempts to inves-
tigate the perceptual role of all three fixational eye movements.
This system incorporates both the probe measurement method to
measure OMTas well as a video eye tracker to measure the large
and lower-frequency amplitude drift and microsaccaddes.31

Despite having a resolution as low as 10 nm (pk-pk), some sig-
nificant drawbacks exist with the probe method. First, the con-
tact probe method does not give accurate amplitude information
as it relies on good continuous contact with the eye. Second, by
mechanically loading the eye, the method filters out drift and
can significantly dampen the eye’s movement and interfere
with the microsaccadic and OMT records.31 Third, it requires
access to sterile probes and that the eye of the examined patient
be anesthetized, which causes blepharospasm (spasm of the eye-
lid) in some patients. Fourth, the contact method requires that
the subject’s eye-lid be restrained, e.g., using adhesive tape, thus
preventing observation/measurement of the effects of the human
blinking mechanism. In addition to these disadvantages of the
contact probe method, the procedure is time consuming, highly
uncomfortable and stressful for the patient, and requires the
presence of highly trained medical staff to perform safe and
accurate measurements. Furthermore, the sensitivity of the
contact probe method is so great that unwanted environmental
vibrations and other physiological signals, e.g., blood pulse, are
also recorded. Highly accurate OMT measurements using this
method, therefore, require the recording to be performed in a
vibration isolated environment to reduce effects from unwanted
vibrations and motions, e.g., ambient vibrations and gross head
motion. Thus, the subject’s head must be rigidly restrained.

Eye movements are customarily quoted in the literature in
units of angular rotation of the eye. For a typical eye with
a diameter of 23 mm, a 1 arcsec rotation corresponds to
∼56 nm displacement. OMT has a random, noise-like appear-
ance with intermittent sinusoidal bursts. The pk-pk amplitude of
OMT is of the order of 1 micron (17.86 arcsec) with an esti-
mated range from 150 to 2500 nm (pk-pk) (2.67 to 44.64 arcsec).
To accurately observe OMT, a minimum resolution of 25 nm
(pk-pk) (0.45 arcsec) has been suggested.6

Recently, accurate noncontact optical methods employing
speckle interferometric techniques have been devised specifi-
cally to measure OMT.6,32 However, the resulting sensors only

measure in-plane motion along one direction axis in one eye.
Furthermore, they must adhere rigorously to strict safety stan-
dards in order to avoid laser damage to the retina. Because of
this low light intensity, illumination and detection must be posi-
tioned to deliver and collect light close to the eye surface (∼10 to
70 mm). Efforts to measure OMT by imaging the biospeckle
pattern on the sclera have been reported. However, similar
laser safety considerations as in the case of the speckle inter-
ferometric technique must be adhered to when using speckle
imaging while attempting to measure OMT.7,33,34

In the 1950s, researchers in the Kodak Eastman company
measured both the amplitude and frequency of OMT (Ref. 35)
in one direction. Information about the eye movements were
captured in the far-field using a slit camera, magnifying lens,
and extremely blue light sensitive film, which was exposed
as it passed the aperture at high velocity. The system involved
an area of the sclera being illuminated by partially coherent
spectrally filtered light from a mercury lamp, which emits
light with wavelengths from ∼400 to ∼520 nm. Environmental
and other unwanted motions which might affect accurate OMT
recordings were reduced by performing the experiment on a
vibration isolated platform as well as by restraining the subject’s
head movement by means of a bite bar. Following data capture,
magnified images from the processed film were then projected
onto a ruled screen containing a reference grid. A convenient
blood vessel was chosen as a reference point from which tech-
nicians manually compared changes in displacement to obtain
both the OMT amplitude and frequency. While the processing
time was significant (off-line) and impractical for regular clini-
cal use, this ingenious demonstration of a far-field noncontact
imaging scheme is extremely impressive and suggestive.

There has been very significant progress in the development
of digital sensors (cameras) offering high-speed and high-reso-
lution imaging capabilities. The spatial resolution of the result-
ing imaging systems is then governed by the choice of imaging
lens, the number of sensor pixels, the sensor area, the active
pixel area size, and by the wavelength used. The temporal res-
olution of such a system is limited by the number of frames that
the sensor can capture per second. Finally, given the physical
system limitations, the spatial resolution can also be improved
using computational (software-based) statistical pattern analy-
sis36 or subpixel interpolation techniques.37,38

In this paper, we introduce a far-field method using spatially
incoherent illumination from a light-emitting diode (LED), rul-
ing out interfering effects caused by speckle noise, and an ultra-
fast high-resolution black and white digital sensor to capture eye
movements. Digital processing of the captured data, i.e., corre-
lation, yields in-plane two-dimensional (2-D) motion informa-
tion. Using such a measurement technique, it is possible to
simultaneously measure both vertical and horizontal fixational
eye movements. With the eliminations of the need for mechani-
cal contact with the eye, many of the practical problems asso-
ciated with the piezoelectric system are resolved. This permits
such noncontact systems to be used in a clinical setting. In this
way, OMT may become a practical clinical indicator of neuro-
logical function. In addition to this, the system described here
uses incoherent light, and as such, the self-interfering scattering
of intense laser light (speckle noise) is not a factor in designing
the system.

This paper is structured as follows. In Sec. 2, we first
present an overview of the principles required to measure
in-plane displacement in both the x and y directions using a
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correlation-based technique. A section of the sclera/iris is
illuminated and an optically magnified high-speed video is cap-
tured. The relative frame-to-frame displacements are calculated
and the absolute motion, relative to the first frame, is calculated.
Section 3 describes in practical terms the equipment used, while
the results from a number of different arrangements are inves-
tigated and presented in Sec. 4. All three involuntary eye
motions as well as a blink are registered using this noncontact
far-field imaging system with results in both the x (horizontal)
and y (vertical) directions. Finally, in Sec. 5, we present a dis-
cussion of the measurements as well as suggestions for the
practical issues that need to be addressed prior to implementa-
tion by clinicians for in vivo studies.

2 Far-Field Motion Sensor Principles
Let us first describe various aspects of the proposed implemen-
tation of a far-field eye motion sensor, as schematically illus-
trated in Fig. 1. The elements required in realizing such a
far-field motion detector include (1) a suitable illumination
light source (LS1, LS2, LS3, LS4); (2) optical magnification
(imaging system 1 and imaging system 2) consisting of two
lenses (LI and LII); (3) digital image capture device (sensor
1 and sensor 2); and, finally, (4) the digital processing of the
recorded data. A target object (Target) onto which the subject’s
vision fixates is also used to control the gaze.

The chosen light source must be bright enough to illuminate
a part of the sclera (white of the eye) without causing irritation
(or damage) to the subject. It should also not be so bright as to
interfere with normal fixational vision. An area on the sclera is
chosen with a suitable reference feature, e.g., blood vessels or
the iris/sclera border, to act as the reference points when com-
paring subsequent images during the cross-correlation process
(described in detail later in this section). Additionally, the
light source should emit a constant illumination (no variation of
intensity or color with time) to avoid noise problems, e.g., the
flickering, which, in extreme conditions, can sometimes be
observed from overhead lighting powered from the sinusoidally
varying mains electricity supply.

Lenses LI and LII are introduced to bring a magnified image
of the field of view of the eye to the imaging sensor face. The
geometrical optical magnification of the imaging optics is
defined asMopt and can be used to increase the spatial resolution
of the imaging system.

The digital image capture device then captures a number of
(magnified) intensity images (i.e., a video) of the optical field at
the eye. The intensity images or sensor frames are spatially
sampled on a grid in x and y defined by the size of the square
sensor pixels of widths Δx and Δy giving a maximum spatial
frequency resolution in the X and Y directions. Each captured
image (frame) represents a sample in time. Such sampling must
satisfy the Nyquist criterion such that the temporal sampling fre-
quency is at least twice the highest signal temporal frequency
one wishes to measure, i.e., the system temporal resolution.
From the acquired series of images, it is possible to determine
any change between subsequent images by cross-correlating
each frame with the previous frame. Then, examining the result-
ing shifted correlation peak, the relative spatial displacement
between frames can be obtained. These are the basic principles
of the digital processing carried out to perform motion detection
that are used in this paper.

Given a sensor with a sufficient number of pixels per unit
area, capturing enough frames per second, any eye motion can
be unambiguously determined. Unfortunately, sensors become
much more expensive as the number of pixels and the frame
grabbing rate increase. Therefore, it is sensible to use soft-
ware-based algorithms to improve performance where possible.
Increased resolution can be obtained from the captured data by
image interpolation. Image interpolation is the process whereby
an estimate of the intensity at a virtual intrapixel is obtained
from the intensity values captured at neighboring real pixels.39

There is a link between the sensor gray-scale resolution (i.e., the
resolution in intensity) and the possible increase in the resolu-
tion in position in x and y. Estimating and inserting new virtual
pixel values and, thus, doubling the achievable sampling fre-
quency in x and y results in an effective halving of the sampling
period (the pixel size). This is a software-based method to create
super-resolution images. Using this concept, coupled with the
effects of optical magnification, the effective spatial resolution
of the digital capture device is

Δxmag ¼
Δxsens

Mopt ×Minterp

; (1)

where Δxsens is the real pixel width on the sensor face, Mopt is
the magnification introduced by the optical system, and Minterp

is the increase in spatial resolution due to the interpolation proc-
ess (numerical magnification). In the example stated above,
Minterp ¼ 2, i.e., we double the spatial resolution in both x
and y implying four times as many pixel values. The drawback
to computation magnification is the time necessary to perform
the interpolations and the fact that halving the pixel widths
increases the time needed to process the four times larger num-
ber of samples.

The correlation algorithm used in this paper is illustrated in
Fig. 2. It involves the cross-correlation of two sequentially cap-
tured image frames, i.e., fn−1 and fn of the sclera/iris border of
the human eye. The cross-covariance normalized to the geomet-
ric mean of the variances is often used and referred to as the
correlation function of the recorded intensities.39

SENSOR

Imaging systemSource

LI LII

Target

L

R

Fig. 1 Schematic of the experimental setup showing the subject’s left
(L) and right (R) eyes, the illuminating light source (Source) compro-
mising each of the light sources (LS1, LS2, LS3, or LS4), optical mag-
nification (Imaging system) consisting of lenses LI and LII, and digital
video capture device (Sensor) while the right eye’s vision is fixated on
a target (Target).
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cn ¼
Eðfn × fn−1Þ − EðfnÞEðfn−1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½Eðf2nÞ − E2ðfnÞ� × ½Eðf2n−1Þ − E2ðfn−1Þ�
p : (2)

In the frequency domain, it can be conveniently calculated as

Cn ¼
FT−1ðF�

n × Fn−1Þ − EðfnÞ × Eðfn−1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½Eðf2nÞ − E2ðf�nÞ� × ½Eðf2n−1Þ − E2ðfn−1Þ�

p ; (3)

where Fn denotes the Fourier transform (FT) of the n’th frame
fn, and Fn−1 denotes the FT of the (n − 1)’th frame fn−1. Fn�
represents the complex conjugate of Fn and Eð−Þ is the
expected or mean value of the complex values of Fn and Fn−1:

E ¼ 1

P ×Q

XP

p

XQ

q

fn; where 1 ≤ p ≤ P; 1 ≤ q ≤ Q:

(4)

Figure 2 shows two frames (intensity images), i.e., fn−1 and
fn, of an upsampled section of the eye. The n’th captured frame,
fn, is captured a time Δt ¼ 1∕fs after the (n − 1)’th frame fn−1,
where fs is the temporal sampling frequency, i.e., the frame
grabbing rate, of the digital sensor. The FT of both frames is
calculated, using MATLAB®’s built-in fast Fourier transform
(FFT) algorithm,40 producing the 2-D energy spectrum of
each frame, i.e., Fn and Fn−1, respectively. The cross-correlation
spectrum image is generated by first multiplying the two spectra,
see Eq. (2). Then, recalling the shift theorem of the FT,41 the
inverse FT of this cross-correlation spectrum image is calcu-
lated, resulting in a 2-D correlation distribution whose peak
is shifted from the origin. This shift distance/direction corre-
sponds to the in-plane movement between the images in the
two frames. Thus, the location of the shifted peak denotes

the relative displacement, in both the horizontal x axis and
vertical y axis, between subsequent frames. This relative
frame-to-frame displacement vector is denoted here by d̄n.
Adding subsequent values of the displacement of the correlation
peaks, d̄n, allows the motion of the eye in x and y to be tracked.

Further increases to the accuracy in resolution of the detected
displacement can be achieved by upsampling and interpolating
the resultant correlation peak data obtained using the correlation
method described here. We note that such an approach has
previously been applied to sharpen the correlation peak in an
attempt to more accurately estimate the values and locations
of interspaced results.37–39,42

While there is a desire to capture as many frames per second
over as long a time interval as possible and to retain as many
pixel values as possible in the subsequent calculations, in prac-
tice, this leads to very large datasets and correspondingly long
processing times.

3 Equipment Overview
Having described the principle of operation of the technique
used to detect in-plane motions of the human eye, we now
describe the experimental implementation used to detect such
motions. A schematic of the experimental setup is presented in
Fig. 1. As stated, the light source illuminates the eye so as not
to interfere with normal fixational vision and not to cause
accidental damage to the retina.

In our case, experiments with a number of different light
sources were attempted. The first source used (LS1) was a
high-power red Phillips Luxeon Star LED (central wavelength:
650 nm; rated electrical power: 1 W). The second source (LS2)
was a Volpi Intralux 4000 halogen lamp with fiber illumination
arms and adjustable power output. The third source (LS3) tested
was an incandescent bulb (Phillips, 25 W). The fourth and most
successful source examined (LS4) was a blue Kingbright
Superflux LED (central wavelength: 468 nm). This LED was
found to be the best because it was found to (1) increase the
resolution of the optical imaging system, (2) increase the con-
trast between the sclera and blood vessels (absorbent to the blue
light), and (3) be a convenient supply of these well-known LEDs
existed. In addition, when used, LS4 was powered by four alka-
line AA batteries in series via a current limiting resistor (resis-
tance: 146 Ohms) eliminating time-varying ac power effects.
LS4 was positioned ∼10 to 15 cm slightly to one side of the
eye of each subject so as to illuminate the sclera and not expose
the retina directly. No additional optics was employed to focus
or collimate the light emitted by LS4. Furthermore, the illumi-
nation intensity was not so great as to be irritating or to interfere
with the normal fixational visual process. This aspect was
subjective to each candidate, but no squinting of the eyelids by
subjects was observed and no discomfort as a result of the illu-
mination levels used was reported by any of the candidates.

A small area on the well-defined eye structure, i.e., the border
between the iris and the sclera or a blood vessel, was imaged.
This was done so that a moving edge with a rapid variation of
the intensity appeared in the images captured.

Optical imaging of the field of view, for the results presented
in this paper, was achieved using two different systems. The first
imaging system, imaging system 1, consisted of a combination
of two macro-imaging lenses (LI: a Melles Griot Macro invaritar
5X and LII: a Sigma zoom lens, 24 to 70 m 1:2.8 EX macro).
Using this system, an optical magnification of Mopt ≈ 1 was
achieved. A second imaging system, imaging system 2, with

FT-1(Cn)

fn-1
fn

Fn-1 Fn

dn

FT(-)

Sclera

Fig. 2 Correlation algorithm flow diagram. The two images
(128 × 128 pixels) of the iris/sclera border as highlighted in the figure
were obtained using LS3, Imaging system 1, and Sensor 1 from sub-
ject B.
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a greater optical magnification was then implemented. This con-
sisted of two imaging lenses (LI: a Buhl Optical 848MCZ500
2.75 to 5 in. lens from a Hitachi CP-X990 XGA projector
and LII: a macro-imaging lens f ¼ 5.5 in:, lens input width:
70 mm). These were arranged to give an overall optical magni-
fication of Mopt ≈ 9.17.

Studies were also performed with two different digital imag-
ing sensors being employed (sensor 1 and sensor 2). Sensor 1
was an ultrafast charge coupled device (CCD) digital sensor
(Phantom 5.1, maximum resolution: 1024 × 1024 pixels,
pixel size: 7.4 μm). Sensor 2 was an ultrafast scientific comple-
mentary metal oxide semiconductor (sCMOS) sensor (Andor
Neo 5.5 low-noise sCMOS 12-bit monochrome, maximum res-
olution: 2560 × 2160 pixels, pixel size: 6.5 μm). The video cap-
ture frame rate on both these sensors could be increased by
reducing the region of interest (ROI), and thus, in this way,
the number of sampled pixel intensities captured could be con-
trolled. We note that both of these sensors were operated in
modes in which only a subset of the full pixels available
were used, e.g., 240 × 256 pixels from the sCMOS sensor
having 2560 × 2160 pixels.

Two sets of far-field experimental results are presented in this
paper. First, using sensor 1, imaging system 1, and LS3, a
sequence of digital images was captured over a small field,
i.e., 128 × 128 pixels, and at a very high sampling rate of fs ¼
3000 frames per second (fps), i.e., one image capture every
1∕3000 s. Postprocessing was then performed on the recorded
data. Second, experimental results are discussed when using
sensor 2, imaging system 2, and LS4. Several different sequen-
ces of digital images were captured, for example, a video image
size of 240 × 256 pixels at a frame rate of fs ¼ 300 fps, i.e.,
one image capture every 1∕300 s. The digital postprocessing
described above was performed on the various recorded
video datasets. The results for the various cases are discussed
below.

All the numerical calculations reported here were performed
on a laptop with an Intel P8400 Core Duo processor with clock
speeds of 2.26 GHz per processer and with 3 GB of RAM. The
MATLAB® 7.4.0 (R2007a) (Mathworks Inc.) programming
environment was used to implement the correlation algorithm
(as described in Sec. 2) as well as all other data processing
operations. Spectral filtering of the extracted eye movement
data was carried out using finite impulse response (FIR) filters
implemented in MATLAB®. The low-pass and band-pass filters
were designed with a unity gain in the passband. The cutoff
frequencies are discussed in Sec. 4.

It should be noted that the optimized data processing time
when using the FFT algorithm occurs for frames containing
2n × 2n pixel values, e.g., 256 × 256 pixels. In the case of sensor
1, it was possible to capture video images with square ROI base
2 values, i.e., 27 × 27 ¼ 128 × 128 pixels, for optimal spatial
processing using the FFT algorithm as well as a sufficiently
high temporal sampling rate. However, in the case of sensor
2, a trade-off between acquiring a large enough ROI and having
a sufficient temporal sampling rate resulted in a nonsquare
non-base 2 video image size. In an effort to systemize the data
processing operations from datasets captured using sensor 2,
each individual 240 × 256 pixel frame was cropped to a square
image of the lower pixel number, i.e., 240 × 240 pixels.
Following this, the correlation algorithm, presented in Fig. 2,
was applied to the data. The processed results are presented in
Sec. 4.

4 Results
In this section, for the sake of comparison, we first present a set
of OMT records (movement versus time), captured for a clini-
cally normal healthy subject (subject A: male, age: 24 years)
using the contact method. Then some initial results using ultra-
fast digital sensors (sensor 1 and sensor 2) to measure fixational
eye movements on three other healthy male subjects (subjects B,
C, D, and E: ages: 22 to 30 years) are presented and discussed in
detail.

4.1 Typical OMT Record

A typical OMT record produced using the contact method for
a clinically normal subject (subject A, age: 24) is presented in
Fig. 3(a). These results were produced at St. James’s Hospital,
Dublin, using the standard piezoelectric contact method.30,43

The data presented consist of 0.5 s of a 15-s measurement
from a right eye, with the subject highly constrained (device
strapped firmly to the head). The data were sampled at
1 kHz following which a digital implementation of an FIR
band-pass filter (132 order) with corner frequencies (−3 dB
points) at 20 and 200 Hz was applied to the data.

Drift and microsaccades are not present in this dataset as their
frequency components lie outside (below) the lower range of the
digital band-pass filter (20 Hz). Some characteristic sinusoidal-
like OMT bursts5 are highlighted in Fig. 3(a). The correspond-
ing spectrum, with the OMT frequencies indicated, is presented
in Fig. 3(b). Significant OMT signal peaks appear at the
expected frequency range for a clinically normal subject, i.e.,
at 83.68� 5.78 Hz.5
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Fig. 3 (a) Subject A’s ocular microtremor (OMT) record obtained
using the contact probe method. (b) The resulting spectrum with high-
lighted peak (black circle) at ∼83.68� 5.78 Hz, a typical result for a
clinically normal subject.5 Lower-frequency fixational motions cannot
be measured accurately due to the drawbacks inherent in the contact
system.
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4.2 Light Sources and Far-Field Correlation:
Image Interpolation

As noted, a number of light sources were tested to illuminate
a portion of the sclera in attempts to measure OMT using the
far-field sensor presented in this paper, i.e., LS1, LS2, LS3,
and LS4.

Illumination from a high-powered LED source (LS1) was
initially used; however, it was found to be too intense for the
subjects with the resulting discomfort and squinting interfering
with the normal visual process. For these reasons, use of this dc-
powered LED was abandoned. Next the Volpi Intralux halogen
lamp (LS2) with bunched fiber illuminators was employed. This
source was intense enough to illuminate the eye comfortably
and safely, and did not interfere with normal fixation vision.
However, the results were not useful for a number of reasons.
The light from the bunched fiber guides was not sufficiently
concentrated on the eye. In addition, the subject’s head could
not be suitably restrained so as to remain rigid with respect
to the camera. As a result of this, the eye was out of focus during
the recording process, yielding unsatisfactory image sharpness
and stability.

It was found that illumination using a mains powered dc
source connected to an incandescent flashlight bulb (LS3),
which was suitably focused on the desired area of the eye,
could be successfully used as an illuminating source to measure
eye movements. Comfortable levels of illumination were main-
tained using the Phillips 25W red bulb and the normal fixational
visual process was not interfered with.43

As discussed, a small area with a defined structure, i.e., on
the border between the iris and the sclera, was illuminated and
images were recorded using the ultrafast CCD (sensor 1). Using
the setup described in Sec. 3 (imaging system 1 and sensor 1),
15,993 image frames of this section of the eye from subject B
(male, age: 25 years) were captured at 3000 fps; thus, a temporal
frequency resolution of 3000∕15;933 ¼ 0.1875 Hz exists. The
subject’s vision was fixed on a target, located above and to the
left of the sensor. In an attempt to minimize head motion (with-
out the use of restraints or a bite bar), the subjects were only
asked to rest their chins on a surface attached to the optical
bench. The subject’s eye was then illuminated with comfortable
levels of light from the incandescent lamp. The correlation algo-
rithm described in Sec. 2 was applied to the resulting image
data. In this way, a total of 5.3 s of in-plane eye movements
could be extracted from the measured data, see Figs. 4(a) and
4(b). Figures 4(a), 4(c), 5(a), and 5(c) indicate simultaneously
measured horizontal movements (H), while Figs. 4(b), 4(d),
5(b), and 5(d) indicate vertical motions (V).

Figures 4(a) and 4(b) show the measured eye motions filtered
using a low-pass FIR filter with an upper cutoff frequency of
500 Hz. In addition to the fixational eye movements, the sub-
ject’s eye underwent a blinking motion (labeled Bl) half way
through this measurement, which is illustrated by the large
amplitude motion roughly half way through the results. In
order to clearly present the lowest-frequency fixational eye
motions, drift (D), and microsaccade (M), an FIR low-pass filter
with a cutoff frequency of 40 Hz was applied to the data pre-
sented in Figs. 4(a) and 4(b). These motions were manually
identified, although detection algorithms can be used to deter-
mine occurrences of microsaccadic movements.44 The corre-
sponding frequency spectra are presented in Figs. 4(c) and
4(d). The gradual change in gaze (drift) and the corresponding

correctional microsaccadic movement can be identified in
Figs. 4(c) and 4(d).

In order to highlight the OMT record of a clinically normal
healthy subject, an FIR band-pass filter was employed and
applied to the raw displacement data to suppress signals outside
the expected frequency range for OMT records. The band-pass
filter employed had cutoff frequencies of 20 and 100 Hz. The
ensuing results are presented in Figs. 5(a) and 5(b). The char-
acteristic sinusoidal-like burst observed when using the contact
method, i.e., see Fig. 3(a), is present in the signal. The signal
presented has a duration length of ∼5 s. OMT appears as a
burst of sinusoidal-like activity, and it has previously been indi-
cated that 5 s provide an adequate time interval in which to mea-
sure OMT characteristics.29 The spectra of the detected motion,
in Figs. 4(c) and 4(d), contain a strong frequency component at
100 Hz. This arises because (1) the light source (LS3) was pow-
ered using a mains powered dc source and (2) the experiment
was performed with some overhead lighting present. The
100 Hz signal can be attributed to both of these sources and
arises due to the Irish 50 Hz ac electrical supply. These results
indicated the necessity of performing experiments using stable
dc battery-powered light sources (illuminating the eye) and in
darkness (without overhead lighting during data capture) to
reduce this unwanted signal.

The subject (subject B) involved in this set of experiments
was a healthy 25-year-old Irish male and is expected to have
an OMT peak frequency around ∼83.68� 5.78 Hz.5 The
expected location of the peak OMT frequency is highlighted
using a circle in Figs. 5(c) and 5(d). As the subject is young,
it is not expected that there will be a significantly lowered
peak frequency.18 Since the subject was not unhealthy, e.g.,
comatose, brain-dead, under anesthesia or suffering from
Parkinson’s disease, there should be no significant deviation
from the normal peak frequency.4 Thus, it is fair to assume
that a dominant OMT peak signal should appear in the detected
spectrum of eye motion around the suggested band of frequen-
cies centered at ∼84 Hz. In fact, such peaks can be just observed
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Fig. 4 Subject B: using LS3, imaging system 1 (Mopt ≈ 1 and
M interp ¼ 8), and sensor 1, subject B’s detected horizontal (left col-
umn) and vertical (right column) eye movements are presented in
(a) and (b). These data were filtered using a low-pass filter with a
500 Hz cut-off frequency. A blink (Bl) is highlighted. In (c) and (d),
the results from a digital low-pass filter with a 20 Hz cut-off frequency
is presented after being applied to the same data in (a) and (b).
Drift (D) and microsaccades (M) are highlighted.
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in the horizontal (H) spectrum in Fig. 5(c) at 77, 82, and 85 Hz
and vertical (V) spectrum in Fig. 5(d) at 79, 86, and 90 Hz.
However, the presence of the noise sources discussed makes
the result inconclusive.

A factor leading to difficulties in resolving accurate OMT
measurements is the spatial resolution of the imaging system
used. Using imaging system 1 and sensor 1 as described in
Sec. 3, we assumed the focus error to be negligible. Images
of the iris/sclera border are clearly visible in Fig. 2. During
this series of experiments, the optical imaging system used (im-
aging system 1) produced an optical magnification of Mopt ≈ 1.
The resolution was increased by upsampling and interpolating
the intensity images captured by sensor 1. This resulted in
a numerical magnification of Minterp ¼ 8. Thus, with a pixel
width of 7.4 μm, the effective resolution of our system is,
according to Eq. (1), Δxmag ¼ ½7.4 μm∕ð1 × 8Þ� ¼ 925 nm.
Therefore, our system did not have sufficient spatial resolution
to measure the whole range of amplitudes (150 to 2500 nm)
associated with OMT. Furthermore, the subject’s head was
not restrained, e.g., by means of a bite bar in order to reduce
the blurring (smearing of the frequency spectra) associated
with gross head movement. Therefore, significant sources of
noise are present.

In an attempt to overcome these limitations, a different dc-
powered light source (LS4), imaging optics (imaging system 2)
with an optical magnification of Mopt ≈ 9, and a low-noise
sCMOS detector (sensor 2) were employed. To eliminate back-
ground light noise, optical signal measurements took place in
a dark environment. Furthermore, two rigid metal bars were
introduced into the setup against which the subject could rest
his forehead while the measurements were taking place. This
was done to help reduce noise effects arising from head

movements, especially those with large amplitudes compared
to OMT. We note, however, that no straps, restraints, or bite
bar was used.

The sclera was illuminated by a light source (LS4) located
above and to the right of the subject’s head (at ∼30 deg to
the normal forward direction of vision). Illumination was
achieved using a battery-powered blue LED (LS4), with the
intent of avoiding all ac noise effects at 100 Hz, see Figs. 5(c)
and 5(d).

Imaging system 2 was used to image a magnified region of
the sclera onto sensor 2 and consisted of two imaging lenses.
A Buhl Optical 848MCZ500 2.75 to 5 in. lens from Hitachi
CP-X990 XGA projector was placed ∼8 to 10 cm from eye,
while the macro-imaging lens with a focal length f ¼ 5.5 in:
was located ∼1750 mm from the Buhl Optical lens. All compo-
nents were fixed to an optical table. The input to the 70-mm-
wide macro lens was located ∼250 mm from the mechanical
enclosure housing sensor 2. An optical magnification of
Mopt ≈ 9 is expected from the setup, thus, the effective resolu-
tion without spatial upsampling, according to Eq. (1), is
Δxmag ¼ ½6.5 μm∕9� ¼ 722 nm. This indicates that when using
imaging system 2 and sensor 2, the system is theoretically
capable of detecting motion of Δxmag∕2 ¼ 361 nm between
two subsequent data frames. The system resolution can then
be further enhanced numerically using spatial upsampling.

The optical performance of the imaging system was first
tested by imaging the screen of a tablet computer (Apple
iPad Mini, 1024 × 768 pixels, 163 pixels per inch). Figure 6(a)
shows the resulting image captured using the improved optical
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Fig. 5 Subject B: using LS3, imaging system 1 (Mopt ≈ 1 and
M interp ¼ 8), and sensor 2, the detected horizontal (left column) and
vertical (right column) eye movements are presented. (a) and
(b) show data filtered using a band-pass filter with 20 and 200 Hz
cut-off frequencies such that OMT should be present. The corre-
sponding spectra of (a) and (b) are shown in (c) and (d) with the
range of OMT frequencies for a clinical normal subject highlighted
by a black circle. The suggested central OMT frequency of ∼84 Hz
is denoted by an arrow while rectified mains frequency components
are clearly visible in (c) and (d).
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Fig. 6 Using LS4, imaging system 2, and sensor 2, the screen of a
mass-produced Apple iPadMini was captured with the pixels visible in
(a). A cross-section along the dashed line in (a) is presented in (b) to
experimentally verify the optical magnification of the imaging systems
used here. Note that (a) is stretched along the horizontal plane.
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imaging system (imaging system 2) and sensor 2. A cross-sec-
tion along the center of a row of pixels marked by the dashed
white line in Fig. 6(a) is shown in Fig. 6(b). The black dashed
line in Fig. 6(b) denotes five illumination pixels on the tablet,
which account for 1100 pixels on the sCMOS sensor, where
Δxsens ¼ 6.5 μm. In this way, the magnification of this system
is experimentally verified as beingMopt ¼ 9.17, which suggests
that the minimal resolvable resolution of this improved system is
Δxmag∕2 ¼ 354 nm. Therefore, although this optical system
does not have sufficient spatial resolution to measure the
whole range of necessary amplitudes (150 to 2500 nm) associ-
ated with OMT, the improved optical magnification increases
the minimal resolvable resolution by a factor of ∼9 compared
with the first optical system (imaging system 1) described ear-
lier. Measurements on a number of subjects were made using
imaging system 2 and sensor 2. Each measurement has a dura-
tion T ¼ 10 s containing 3000 frames at sampling frequency
of 300 fps were made; thus, the results presented with sensor
2 have an improved temporal frequency resolution of
300∕3000 ¼ 0.1 Hz compared with that of sensor 1.

Figure 7(a) shows the absolute extracted eye motions from
subject C, a healthy 30-year-old male using LS4, imaging sys-
tem 2, and sensor 2. The subject was asked to press his head
against the two metal bars to reduce blurring of the results
due to head movements. This also had the advantage of mini-
mizing the motion of the head out-of-plane, thus, keeping the
eye in focus. As indicated in Fig. 7(a), the dashed gray signal
corresponds to up-down vertical (V) eye motions, while the
black signal indicates left-right horizontal (H) eye motions.
Each signal also contains the three fixational eye motions.

The long drift (D) and sporadic rectifying microsaccadic (M)
motions are present as well as a superimposed noise-like signal
(OMT). The subject was asked to fix his gaze on a target slightly
left front normal to his eye. However, as will be seen later on in
this paper, an overall movement of up to ∼3 mm is shown to
take place during the 10 s of monitoring. This result clearly dem-
onstrates that the subject’s eye was free to move independently,
unlike in the far-field contact lens and contact piezo methods
where the subject’s eye is in constant contact with the contact
lens or piezoelectric element, with the latter pressed tightly and
uncomfortably against the eye.43

The overall spectrum of each vertical and horizontal motion
ranging from 0 to 150 Hz, i.e., up to half the temporal sampling
rate, fs ¼ 300 Hz, of the detected signal (using our noncontact
far-field method), is shown in Fig. 7(b). An enlarged cropped
ROI from 70 to 100 Hz is included as inset in the figure to high-
light the expected region where peak OMT activity, at 83.68�
5.78 Hz for clinically normal healthy human subjects, should
be.5 First, it is worth noting that the strong peak at 100 Hz,
seen in the results using the earlier system in Figs. 5(c) and
5(d), is not present in the results obtained using the improved
OMT detection system. This is as a direct consequence of using
a battery-powered illumination source as well as performing
data capture without overhead lighting. In Fig. 7(b), relatively
strong signal peaks (of amplitude 14 dB) stand out in the vertical
(up-down) spectrum at 78, 80, 83, and 93 Hz, in the expected
region of OMT frequency. The horizontal (left-right) spectrum
has similarly strong peaks of a similar amplitude at 80, 83, and
85 Hz. Two of these frequency peaks, 80 and 83 Hz, appear in
the results for both the vertical and horizontal directions. The
peaks at 78 and 93 Hz appear only in the motions in the vertical
direction. A relatively strong unique peak at 85 Hz appears only
in the eye motions in the horizontal (left-right) direction. These
results are summarized in Table 1. This previously unreported
result is highly suggestive, indicating that the different muscle
groups controlling the vertical and horizontal motions appear to
contribute differently to the overall OMT spectrum.

The same datasets used to produce Fig. 7 are also used to
produce Fig. 8, with the results being examined in several differ-
ent ways. Figure 8(a) shows the detected relative frame-to-frame
displacements in the x and y directions, i.e., d̄n between each
captured frame. A black box has been inserted into Fig. 8(a).
The dimensions of this box indicate the minimum spatial dis-
placement that can be measured using the system, i.e.,
Δxmag ¼ 708 nm. We note that the displacements are well
spread out in both the vertical and horizontal directions apart
from those close to the vertical axis. This clearly indicates
that the eye does not typically move up or down between frames.
A cluster of measured relative motions occurs at either side of
the box and may be an artifact of the digital processing algo-
rithm arising due to noise and/or aliasing.

Adding together the relative motions, Fig. 8(b) shows the
absolute displacement from the first frame position, with the
horizontal motion (�2 mm) plotted against the vertical motion
originating at 0 and having a maximum movement of 3.5 mm.
This shows that while the subjects were asked and attempted to
fixate their gaze on the target, the eye was, in fact, always under-
going the fixational movements of drift and microsaccadic
movement as well as OMT. Examining these results, it can
be observed that a large number of the small shifts in motion
are densely clustered within smaller localized regions of fixa-
tion. Larger motions of gaze occur between these clusters.
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Fig. 7 Subject C: using LS4, imaging system 2, and sensor 2, both
the vertical (V) and horizontal (H) eye motions (a) were obtained
from subject C, a healthy 30-year-old male, while the corresponding
spectra are shown in (b) with the region of interest for peak OMT
frequencies shown in a cut-out box in (b).
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The clusters correspond to fixation at another point. Figure 8(c)
shows the measured horizontal and vertical positions during the
measurement.

We now discuss the analogous measured results for two other
healthy male subjects (subject D, age: 27 and subject E, age: 22)
and compare and contrast the results obtained using LS4, imag-
ing system 2, and sensor 2. Once again each subject was asked
to rest his head against the two metals bars attached to the
optical table and fixate his gaze on the target located slightly
left front normal to his eye. The frequency results are again
summarized in Table 1.

Figure 9(a) shows subject D’s detected eye motion with the
black and dashed gray lines indicating directions in the horizon-
tal (H) and vertical (V) directions, respectively. This is the abso-
lute eye motion, relative to the first image. The spectrum of the
dataset presented in Fig. 9(a) is shown in Fig. 9(b). The region
where OMT should exist for a clinically normal healthy human
is inset in the figure. In all cases of the detected eye motions,

the spectra for horizontal (H) and vertical motions are in colors
black and dashed gray, respectively. In the horizontal spectrum,
a dominant strong frequency peak with amplitude 17 db∕Hz
occurs at ∼77 Hz peak, while two other peaks are present at
∼82 and ∼84 Hz. These three spectral frequency peaks are in
the region associated with OMT motions. In the vertical direc-
tion, a strong frequency component appears at 90 Hz with other
spectral peaks at 75, 80, and 83 Hz. Once again, the locations of
the peaks in the frequency range of interest are different in the
two directions (H and V).

Figure 10 was produced using the same datasets used to pro-
duce Fig. 9. Figure 10(a) shows the detected relative frame-to-
frame displacements in x and y, i.e., d̄n between each captured
frame. A box is presented in Fig. 10(a) showing the minimum
spatial displacement, i.e., Δxmag ¼ 708 nm, which can be mea-
sured using this system. Figure 10(b) shows the detected abso-
lute motion relative to the first frame. As is visible from the
detected motions in both directions, the eye could move freely
and unrestrained; in the case of subject D, the eye was observed
to move over 5 mm in both x and y directions. The eye motion is
shown again in Fig. 10(b) with positions plotted against time.

Table 1 Measured frequency peaks for all subjects within the ocular
microtremor (OMT) dominant frequency range for each of the mea-
surements examined here.

Subject Peak OMT frequency
components (Hz)

Subject A 85

Male, 24 years 87

(Contact method) 90

[see Fig. 3(b)]

Horizontal Vertical

Subject B 77 79

Male, 25 years 82 86

(LS3, imaging system 1, sensor 1) 85 90

[see Figs. 5(c) and Fig. 5(d)]

Subject C 80 78

Male, 30 years 83 80

(LS4, imaging system 2, sensor 2) 85 83

[see Fig. 7(b)] 93

Subject D 77 75

Male, 27 years 82 80

(LS4, imaging system 2, sensor 2) 84 83

[see Fig. 9(b)] 90

Subject E 74 73

Male, 22 years 78 82

(LS4, imaging system 2, sensor 2) 95 90

[see Fig. 11(b)] 94
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Fig. 8 Subject C: using LS4, imaging system 2, and sensor 2,
both the vertical (V) and horizontal (H) eye motions from subject C
were plotted against one another. (a) shows the detected relative
(frame-to-frame) motion, (b) shows the continuous displacements rel-
ative to an initial position, and (c) shows the time-varying continuous
motion in both directions.
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Figure 11 shows subject E’s detected eye motion. The same
convention of using black lines to denote horizontal (H) and
vertical (V) motions is used. In Fig. 11(a), as with Figs. 7(a)
and 9(a), large amplitude drift and microsaccadic motions are
present with an underlying low-amplitude noise-like OMT sig-
nal being observable. The calculated frequency spectrum of
this signal is presented in Fig. 11(b). Examining the frequency
peaks in the horizontal direction, dominant peaks exist at 74 and
78 Hz as well as a peak at a higher frequency at 95 Hz. In the
vertical spectrum, dominant peaks are present at 73 and 82 Hz as
well as at 90 and 94 Hz. As with subject D, there are no common
spectral peaks at the same frequencies in the horizontal and ver-
tical directions. We note that as stated in Sec. 1, OMT dominant
peak frequencies of up to and beyond 100 Hz have been
reported.4 We are drawing attention to these higher-frequency
components to emphasize that there appears to be a pattern of
different spectral components for OMT in the horizontal and
vertical directions.

The same datasets used to produce Fig. 11 are used to pro-
duce Fig. 12. Figure 12(a) shows the detected relative frame-to-
frame displacements in x and y, i.e., d̄n between each captured
frame with displacements well spread out in both the vertical
and horizontal directions. Again, a black box indicates the mini-
mum spatial displacement that can be measured using the sys-
tem, i.e., Δxmag ¼ 708 nm. Figure 12(a) presents the detected
absolute motion in the horizontal and vertical directions relative
to the first frame. As shown in Fig. 12(b), and as is the case
with subject C in Fig. 8(b) and subject D in Fig. 10(b), subject
E’s eye was able to move freely and unrestrained. In this case,
the eye moved 4 mm in the horizontal direction and a range of
5 mm in the vertical direction. This motion is further illustrated
in Fig. 12(c).

In order to provide evidence supporting the meaningfulness
(validity) of our measured results, experiments were performed
in an attempt to determine the noise present in the system.
Rigidly held blocks of metal/plastic were used in the place of
the subject’s eye. A typical result is shown in Fig. 13. We
note that this spectrum is significantly different from those
found when measuring an eye. The power spectral values are
randomly distributed, resulting in a zig-zag like pattern over
the expected range of OMT frequencies. No clear maxima or
minima (as observed in the case of eye measurements) are
observed. This indicates that the OMT results presented in
the paper are not due to any frequency structure introduced by
the measurement system itself or due to ambient noise. While
such a qualitative comparison is possible, it is extremely difficult
to quantitatively compare the actual values in Fig. 13 to those
appearing in previous results, e.g., Figs. 7(b), 9(b), and 11(b).
The blocks of metal/plastic used have reflectivity properties
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Fig. 9 Subject D: using LS4, imaging system 2, and sensor 2, both
the vertical (V) and horizontal (H) eye motions (a) were obtained from
subject D, a healthy 27-year-old male, while the corresponding
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different from those of the eye arising, for example, due to
differences in curvature and roughness. Dead cow’s eyes
have been used in the past in an attempt to more accurately
simulate real eyes; however, this is also not without significant
practical challenges.

As noted, Table 1 contains a list of the peak frequencies mea-
sured in the 70 to 100 spectral band for each of the subject.
At the top of Table 1, the results using the contact method
for subject A are presented. As noted, these results are not a
true representation of the motion due to the inherent drawbacks
of that measurement system, as mentioned earlier. For example,
frequencies from both the horizontal and vertical motions
are not separated. The results of the far-field measurements,
in the vertical and horizontal directions, are also presented in
Table 1. These results indicated that different peak frequencies
appear in the different, i.e., horizontal and vertical directions. As
stated earlier, the temporal frequency of the results measured
with sensor 1 and sensor 2 are 0.1875 and 0.1 Hz, respectively.
Therefore, the locations and separations of the peaks are
significant.

In examining these data, we recall that using the contact
piezo system, the empirical dominant OMT frequency range
for healthy humans is 83.68 Hz with a standard deviation of
�5.78 Hz. However, higher OMT dominant frequencies have
also been observed using such a system. Higher-frequency com-
ponents have been observed for all the subjects measured using
the far-field noncontact system described here. Most signifi-
cantly, different components in the x (H) and y (V) directions
are, in general, always observed. A more complete and larger
comparative study must be undertaken using a far-field noncon-
tact system such as that used here to (1) determine the signifi-
cance of the different peak frequency components in the vertical
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from subject E, a healthy 22-year-old male, while the corresponding
spectra are shown in (b) with the region of interest for peak OMT
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and horizontal directions for OMT, as well as (2) determine the
frequency range of OMT in both the horizontal and vertical
directions of fixational eye motion.

5 Conclusion
In this paper, we review the significance of three involuntary
fixational eye movements: drift, microsaccades, and OMT. A
digital far-field technique to measure all three eye movements
is proposed, inspired by the ingenious far-field system used by
Higgins and Stultz at Kodak Eastman in 1953 (Ref. 35), which
measured all three fixational motions along one direction.
Significantly, in this paper, it has been demonstrated that all
three components of fixational eye movements can be measured
using a single noncontact apparatus without the need for the
mechanical loading and extremely uncomfortable (but sensitive)
contact probe apparatus.

An in vivo result from subject A using the piezoelectric con-
tact method is presented for reference. Using this method, OMT
motions are recorded in one direction, but drift and micro-
saccadic motions cannot be accurately and simultaneously mea-
sured as they are filtered out due to the presence of the probe.
Thus, owing to the dampening of the motions of the human eye,
only a mechanically restrained version of eye movement can be
measured. To overcome the inherent drawbacks of the contact
methods, several different implementations of a noncontact sys-
tem using a far-field sensor and imaging system are explored.

In the first light source examined (LS1), the LED source
proved too powerful and uncomfortable for the subject. The sec-
ond set of experiments were performed using a halogen lamp
with fiber optic delivery that proved unsuccessful owing to
experimental difficulties. A DC-mains powered LED which pro-
duced light containing a rectified frequency of 100 Hz was used.
It was found to produce the most substantial results when used
in conjunction with imaging system 1 and sensor 1. Sensor 1
had adequate temporal resolution, i.e., fs ¼ 3000 Hz, to mea-
sure the maximum OMT frequency. Increased spatial
resolution from numerical interpolation was employed in an
attempt to overcome the lack of availability of suitable imaging
optics (imaging system 1) for use with sensor 1. Using this appa-
ratus, a blink was detected along with all three involuntary eye
movements in x and y for subject B.

In an attempt to overcome the limitations associated with the
system just described, a number of changes to the measurement
system were introduced. First, a battery-powered light source
(LS4) was used to illuminate the eye and the experiments
were carried out without overhead lighting to reduce mains
flicker. Increased optical magnification was achieved using im-
aging system 2 with an optical magnification approximately
nine times better than the optical magnification of imaging sys-
tem 1. A low-noise detector unit (sensor 2) was used to reduce
possible shot noise. Furthermore, the subject was asked to rest
his head against two rigid metal bars to reduce any effects intro-
duced by gross head movements. In addition to this, an
increased data capture duration of 10 s was employed. Using
this improved system, measurements were performed on three
healthy male subjects (subject C, subject D, and subject E) with
an age range of 22 to 30 years.

Datasets were captured using the improved measurement
system. In all cases, the subjects were asked to fix their gaze
at a target and eye motions were recorded. Fixational eye
motions were present in all three subjects tested. The measured
OMT frequencies for each of the subject lie in or around the

suggested range for healthy humans. However, the frequency
components in the horizontal and vertical directions are differ-
ent. To date, the authors are unaware of any other study in which
OMT has been measured using a noncontact method in both
the horizontal and vertical directions simultaneously. Clearly, a
more complete and larger comparative study must be undertaken
to confirm our results and to more fully analyze the implications
of OMT having different peak frequency components in the
vertical and horizontal directions.

The aim of this paper was to develop a robust, safe, and
comfortable OMT measurement system. In this paper, we
have introduced and for the first time reported in vivo measure-
ment results using a far-field noncontact system. Furthermore,
the system employs incoherent illumination to measure OMT.
Preliminary results have been presented, showing in-plane
movements of the human eye simultaneously in both the hori-
zontal (left-right) and vertical (up-down) directions. Unlike the
contact probe method, the subject’s eyelids were not taped open,
nor was there any pressure applied against the sclera during
measurement. Thus, the detected eye motions are not affected
by mechanical loading.

We note that extracting undamped displacement data at a
constant rate, i.e., the frame-to-frame displacement d̄n, can be
easily processed to extract eye velocity and acceleration.
Following this, the amount of energy or work associated with
the fixational eye movement of drift, microsaccades, and OMT
can be extracted. This might prove interesting in future work.

While the system proposed and implemented here is prom-
ising, additional improvements to the system could be imple-
mented to make it even more accurate at measuring OMT.
Using a separate imaging camera system, the subject’s forehead
measurements could be simultaneously performed and used to
eliminate head movement from the detected eye movement sig-
nal. The subject’s pulse can also be measured in the far-field
using noncontact optical methods.45 With further enhancements
to the optical system, such as the inclusion of an interference
out-of-plane displacement measurement system, longitudinal
motions of the eye could also be detected. Using a second
binocular system, i.e., detections in both eyes simultaneously,
OMT detection could be achieved to measure the horizontal and
vertical motions in both eyes.
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