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1 Introduction
Due to its minute size (12 to 216 μrad peak-to-peak) and rapid
oscillation (∼84 Hz), ocular microtremor (OMT) is difficult to
record accurately. OMT is a fixational eye movement and has
been proven to express characteristic changes in a number of
clinical conditions.1–10 To date, the most popular measurement
system to record OMT has been an eye-contacting piezoelectric
method.11,12 This contacting technique, however, has many dif-
ficulties associated with it, including patient discomfort.13,14

Ideally, for practical clinical use, OMT would be measured in
a noncontact manner.

Noncontact eye-tracking techniques using infrared or video
sources have widespread application, including eye tracking as a
“pointer” for interactive computer-human display.15–17 A non-
contact laser speckle correlation technique to track and measure
angular displacements of the eye in the OMT range has been
demonstrated previously using an inanimate surface.18 The sys-
tem implements a technique to measure rotational displacement
by recording speckle in the Fourier domain of a lens.19,20 The
technical requirements for the system have been outlined and the
system was shown to have a dynamic range of 4 to 5000 μrad,
a resolution of 4 μrad, and a bandwidth of 250 Hz. In this
paper, additional considerations in measuring the angular dis-
placements from the sclera in-vivo are presented.

Speckle statistics for inanimate surfaces have been studied
extensively21–25 yet the spatial-temporal statistics of “bio-
speckle”26–28 from a biological surface are not so well under-
stood due to their complex nature. A speckle pattern derived
from living tissue such as the skin or the eye differs from that
observed from an inanimate surface in that the speckles show
a spatial-temporal change. Over time, the individual speckles
change shape and randomly fluctuate in a manner sometimes
referred to as “boiling speckle,” so-called due to their resem-
blance to the boiling of a liquid. The temporal evolution of
the speckle is related to physiological changes taking place

on and inside the biological surface. These changes cause a
variation in the phases of the components of the speckle pattern.

Biospeckle has never been characterized in the human eye.
The first objective of the work in this paper is to characterize
biospeckle from the human sclera. The second objective is to
investigate whether biospeckle image frames captured from
the human eye in vivo are stable enough to allow displacement
of the eye to be measured using speckle correlation.

In this work, speckle patterns from the in-vivo sclera are
captured using a Fourier plane laser speckle correlation setup.
The patterns are characterized using quantitative measures of
speckle. The temporal stability of the speckle patterns from
the eye is characterized using a measure of frame-to-frame cor-
relation. A mathematical model of the spatio-temporal evolution
of speckle patterns from the eye is built. Parameters of the model
are set to match the characteristics of the speckle patterns seen in
vivo. The mathematical model allows simulation of the evolu-
tion of the speckle patterns in response to a known input eye
tremor movement and simulated level of biospeckle. The ability
of a laser speckle correlation technique to recover this move-
ment in the presence of biospeckle is assessed using the math-
ematical model.

1.1 Biospeckle in the Eye

Laser light interaction with biological tissue is complex. The
light that penetrates into a surface, such as the eye, is scattered
by red blood cells, water, and other tissue. As these scatterers
move, the biospeckles created by them move and change shape.
The higher the mobility of these scatterers, the higher the
expected rate of biospeckle activity.

Here, the interest is in the sclera as the target for a speckle
correlation–based eye movement measurement system. The
penetration depth of a 632-nm HeNe laser in soft tissue is
∼1 to 2 mm,29 suggesting that the laser light could penetrate
beyond the sclera. Each layer of tissue in which the laser
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light passes through is expected to contribute to the overall
activity of biospeckle captured from the sclera.

1.1.1 Biospeckle characterization

There is no gold standard metric to describe or measure bio-
speckle. No single parameter will define biospeckle seen from
the sclera in vivo and so a multivariate analysis of biospeckle
is required.

The following speckle characteristics are commonly found in
the literature and can be used to describe biospeckle patterns:
grey level histogram, speckle contrast, time history speckle pat-
tern (THSP),27 grey level co-occurrence matrix (GLCM)30 and
the moment of inertia (IM).31

In this work, three other statistics derived from the GLCM
and typically used for texture analysis,30 will also be imple-
mented to describe the speckle images. These are the energy,
homogeneity, and correlation of the GLCM. Correlation is
a measure of how a pixel is correlated to its neighbour.
Homogeneity returns a value that measures the closeness of
the distribution of elements in the GLCM to the GLCM diago-
nal. Energy returns the sum of squared pixel values of the
GLCM and is equal to unity for a constant image.

1.2 Speckle Correlation Metrology

The setup for speckle correlation metrology is shown in Fig. 1.
Light from a collimated, plane-polarized laser beam is directed
through a beam splitter to a target where it is then reflected back
to an image sensor placed in the Fourier plane (i.e., z2 ¼ f) of a
lens with aperture σ. The out-of-plane angular rotation (θ) of the
object is transformed to a linear displacement in the Fourier
plane of a lens. An image sensor placed in the Fourier plane
records the speckle patterns over a certain time.

During postprocessing, the recorded speckle image frames
are compared using a cross-correlation algorithm. The location
of the cross-correlation peak between a reference frame and a
shifted “test” frame shows the displacement shift, in pixels,
between the two images. Using known parameters of the optical
setup, this shift is converted from pixels to units of angular rota-
tion, i.e., radians.

The cross-correlation algorithm used for digital speckle cor-
relation detects both the cross-correlation peak location and

the peak height. It is important for the success of the speckle
correlation technique that the peak location be measured cor-
rectly and accurately. In order to measure displacement using
the proposed speckle correlation technique, it is essential that
the speckle pattern of the reference image frame and the k’th
frame remains correlated.

Large movements between two imaged speckle patterns
result in decorrelation. The decorrelation can also occur due
to changes in the speckle pattern triggered by biospeckle. It
is expected that other fixational eye movements (drift and micro-
saccades) and particularly biospeckle will cause decorrelation
between image frames captured from the sclera. It may be nec-
essary to acquire a new reference image frame at intermittent
intervals to maintain correlation stability between the current
and reference frame.

1.2.1 Frame stability

For cross-correlation displacement tracking to be successful, it is
desirable that the correlation peak be sharp and large so that it is
distinguishable from background. A sharp peak indicates a good
match between images. As image frames become more decor-
related, the height of the cross-correlation peak drops and the
width of the peak becomes broader. To quantify this feature,
a peak height-to-floor ratio, analogous to a signal-to-noise
ratio, can be used. To calculate this ratio, the peak value of
the cross-correlation plot is determined and then divided by
the average of the background floor value. The decibel value
of the peak-to-floor ratio was calculated as

Ratio ¼ 20 log
�
Peak Value
Mean Floor

�
. (1)

A high peak height-to-floor ratio indicates better noise
(biospeckle) tolerance and a lower probability of error in the
measurement results.

1.3 Volume Scattering

The scattering that produces speckle can originate either from
the surface of an object or within the object’s volume.32 Volume
scattering occurs when light penetrates a surface and undergoes
multiple scattering before emerging from the surface. In cases
of volume scattering, a component of surface scattering also
exists. Speckle patterns from a material into which light pene-
trates are composed of different sized speckle: (1) large speckles
originating from light scattered from the surface and (2) smaller
speckles produced by light emerging from the inner volume of
the material.33

The performance of the proposed speckle correlation system
was previously tested and verified using an approximately single
scattering surface.18 A single scattering surface is a simplified
model of what is expected in vivo. In an in-vivo situation,
which features the eye sclera as a target for laser light, the
laser light is expected to be multiply scattered by the scleral
tissue.

The theory of speckle metrology for speckle generated by
volume scattering is less developed than that for surface scatter-
ing and the influence of volume scattering might have on
speckle correlation is yet to be determined.Fig. 1 Set-up for speckle correlation.
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1.4 Mathematical Biospeckle Simulation

To simulate the effects of biospeckle, a phase variance
model28,34,35 is followed in this work. In the model, random
phase variations are included into the speckle matrix of each
generated speckle pattern to simulate the phase change caused
by the scattering centers in living objects that lead to biospeckle.

Using the model, a scattering center has a phase distribution
ϕðm; n; kÞ, given by28

ϕðm;n;kÞ¼ϕðm;n;k−1ÞþGðm;n;kÞσ½Δϕðk−1;kÞ�; (2)

where σ½Δϕðk − 1; kÞ� is the standard deviation of the phase
changes between frame k − 1 and frame k. k varies from 1
to K − 1, where K is the total number of frames. G is a random
N × N matrix with a Gaussian distribution with a mean of zero
and a standard deviation of unity.35 A new random matrix for
Gk is calculated for every frame in the speckle sequence. The
degree of biospeckle is related to the magnitude of the phase
changes between subsequent frames, i.e., a large phase differ-
ence between speckle frames is equivalent to a high degree
of biospeckle. Hence, the larger the value of σ½Δϕðk − 1; kÞ�,
the more biospeckle that is present in a speckle pattern.
Assuming that a constant “level” of biospeckle is present in
a given simulation, then σ½Δϕðk − 1; kÞ� reduces to the same
value σ½Δϕ� between each frame.

It should be noted that the above model assumes no other
form of speckle displacement is taking place. If the speckle
pattern was not stationary, the correlation coefficient would
be reduced due to the speckle displacement as well as due to
the presence of any biospeckle.

2 Methods

2.1 In vivo

The optical setup for the in-vivo experiment is illustrated in
Fig. 2. In-vivo speckle measurements were captured from
three healthy volunteers. The volunteers (three healthy females,
mean age of 28 years) were instructed to maintain a steady head
position while a recording was taken from the sclera of their
right eye. Written informed consent was obtained from the
volunteers and the protocol was approved by the local ethics
committee (St. James’s/AMNCH Research Ethics Committee).

The sclera of the volunteers was illuminated by a 632.8-nm
plane polarized HeNe laser which was reduced down to an eye-
safe power of 180 μW, for an exposure duration of 10 s, by the
use of a neutral density filter and a beam splitter. The speckle
pattern generated on the sclera target was collected by an
EMCCD camera (Cascade 128+, Roper Scientific, Arizona36)
operating at 500 Hz with a 128 × 128 array of 24-μm pixels
and a 100% fill factor. The EMCCD sensor was placed in
the Fourier plane of a lens with a focal length of 150 mm. A
5 s (2500 frames) reading was taken for each measurement.
The 8-bit, uncompressed, digitized speckle image frames
were then sent to the numerical software package MATLAB

37

for processing.

2.1.1 In-vitro comparison

An OMT simulator device18 with an inanimate cardboard sur-
face was used so that the level of stability achievable with bio-
speckle could be compared to that of a nonbiological reference.
The procedure above was repeated using the OMT simulator.

Note that the “simulator” is a physical device used to test the
measurement system, whereas the “simulation,” described else-
where in this paper, is a mathematical model of eye tremor and
biospeckle. The simulator replicates OMT movement in terms
of typical frequencies and amplitudes. A cardboard target was
attached to the simulator surface and the simulator was set
at 80 Hz and 4 μrad peak-to-peak. The amplitude of 4 μrad
was chosen to test the stability, as it is the lowest amplitude
that could be tested using the simulator.

2.1.2 Biospeckle characterization

The speckle patterns recorded from volunteers in vivo were
quantified using the parameters THSP, GLCM, IM, energy,
homogeneity, and correlation of GLCM. The mean values of
the in-vivo results were then compared to the values found for
the mathematically simulated biospeckle frames.

2.1.3 Frame stability

The peak height-to-floor ratio was analyzed for each of the
in-vivo speckle videos from the volunteers and for the simulator
speckle images. The mean floor value of the correlation plot
was calculated, excluding a 10 × 10 pixel mask around the
correlation peak. This area was omitted since it may contain
a part of the peak.

Setting the first frame as the reference frame, a log plot
of y ¼ 20 log ðpeak value∕mean floorÞ for the correlation of
each subsequent frame with the reference frame was plotted.

Data from the in-vivo sclera biospeckle frames, collected
from all three volunteers, were next used to establish how rap-
idly the speckle frames decorrelate. First, each frame (k) of the

Fig. 2 Experimental setup for in vivo measurement.
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2500 biospeckle images was correlated with the previous frame
(k − 1), and the average peak height-to-floor ratio was calcu-
lated. The procedure was then repeated for correlation of
frame (k) with frame (k − n), where n ranged from 2 to 10.
In total, comparisons were made for delays ranging from 2
to 20 ms.

2.2 Simulated Biospeckle

To simulate the biospeckle patterns seen in vivo, a numerical
model was generated in MATLAB. In the model, we assume
the speckle pattern intensity at the detector, Iðx; yÞ, arises
from interference of speckles generated from surface scattering
and speckles generated from volume scattering. The surface
scattering component was taken to shift on the detector in
response to rotation of the target. The volume scattering com-
ponent, however, was assumed to remain unchanged with dis-
placement. Both components accumulated random phase errors
with time due to biospeckle effects.

An Snðx; yÞ matrix, signifying complex speckle amplitudes,
was created to represent surface speckle and had a larger input-
ted speckle size, σs ¼ 2 pixels. The matrix Vkðx; yÞ, also signi-
fying complex speckle amplitudes, was made to represent
volume scattering and was given a smaller input speckle size,
σv ¼ 0.8 pixels. These speckle size values were chosen empiri-
cally so that the speckle size of the final simulated biospeckle
image matched the speckle size seen in vivo.

The value of the standard deviation of the phase difference
between each generated speckle frame, σΔϕ, was altered exper-
imentally until it produced speckle that resembled the speckle
patterns seen in vivo.

Mathematical speckle was generated by adopting speckle
simulation methods outlined by Goodman,32 Duncan and
Kirkpatrick,38 and Rabal and Braga.28 The process that was
used to model biospeckle is illustrated in Fig. 3 and out-
lined below:

1. In the first iteration of the code (k ¼ 1), the phase
matrix, ϕðm; nÞ, is a random 128 × 128 uniform
phase distribution between 0 and 2π as performed
in the speckle generation steps by Duncan and
Kirkpatrick.38 After the first iteration, the phase matri-
ces ϕk were created in accordance with Eq. (2) by
multiplying σΔϕ with a matrix of random numbers,
Gk and adding the product to the previous phase matri-
ces ϕk−1.

2. The phase matrices were zero padded in matrices
skðx; yÞ and vkðx; yÞ of sizeM ×M and P × P, respec-
tively, where M ¼ σs × 128 and P ¼ σv × 128.

3. A fast Fourier transform was performed on both
skðx; yÞ and vkðx; yÞ to yield arrays representing the
complex amplitude speckle at the detector, i.e., to
create Skðx; yÞ and Vkðx; yÞ.

4. To replicate the displacement of the speckle pattern
caused by surface movements, the data in the
Skðx; yÞ matrix was displaced using the Fourier shift
theorem.

To account for the volume scattering effects of the
sclera, the Vkðx; yÞ matrix was multiplied by a multi-
ple scattering amplitude factor (MSAF). The MSAF is
a measure of the relative amplitude of the surface and
volume component of scattering. Here, the MSAF fac-
tor was set to 0.5.

5. The two matrices were added together on a complex
basis, resulting in the matrix Tkðx; yÞ.

6. The matrix Tkðx; yÞ was multiplied by its complex
conjugate Tk � ðx; yÞ. In accordance with the speckle
generation method used by Duncan and Kirkpatrick,38

the M ×M and P × P matrices were low pass
filtered by resizing them to the desired array size,
128 × 128 pixels. This created the first biospeckle
intensity image frame Ik¼1ðx; yÞ.

7. The process was repeated until the desired number of
image frames, K, was created.

To simulate the effect of eye movement on the speckle pat-
tern, a 5-s long fixational eye movement trace that had been
previously acquired in vivo using a piezoelectric (PZT) probe
system39,40 was used to drive the speckle pattern displacement
in the simulation. The trace was the raw output of the PZT
probes and included drift and microsaccades. This introduced
a known movement into the simulation. With a simulated sam-
pling frequency of 500 Hz, a total of 2500 speckle frames were
generated over the duration of the movement.

2.2.1 Verification of OMT Signal Recovery from
Cross Correlation

The mathematically generated speckle frames were used to
determine the ability of the speckle correlation algorithm to

Fig. 3 Biospeckle simulation procedure.
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extract the known OMT movement in the presence of simulated
biospeckle. After the speckle frames were generated and dis-
placed, they were further processed in MATLAB. The analysis
procedure to calculate the angular speckle displacement from
the cross-correlation peak has been described previously.18 The
displacement trace recovered from the simulation was then
compared to the displacement trace inputted to the simulation
from the OMT-PZT measurement system recording.

3 Results

3.1 In vivo

Figure 4 shows five sequential speckle frames taken 2 ms apart
from the sclera of one volunteer. An initial qualitative analysis of
the frames indicates similar features in each frame and they
appear reasonably stable at this frame interval. The speckle
size for the example shown was found to be 80 μrad (1 pixel).

3.1.1 Biospeckle characterization

The results of the in-vivo speckle characterization are presented
alongside those of the simulated biospeckle patterns for com-
parison purposes.

3.1.2 Frame stability

Figure 5(a) shows a cross-correlation plot calculated between
two speckle frames taken 5 s apart, using the speckle collected
from the simulator with cardboard surface while it was running
at 80 Hz, 4 μrad peak-to-peak. Figure 4(b) shows the cross-
correlation plot for the same recording, however, each frame
was correlated with the previous frame and the frames used
to generate the correlation plot were taken 2 ms apart.
Figures 5(c) and 5(d) show typical in-vivo cross-correlation
plots created using frames captured at 5 s and 2 ms apart.

Both the plots generated using speckle from the simulator
show a clear cross-correlation peak. This demonstrates that
even at a very low amplitude (4 μrad) and a time difference
of 5 s, the speckle correlation algorithm can measure the dis-
placement of an inanimate object.

In Fig. 5(c), the peak of the correlation plot for the in-vivo
biospeckle is indistinguishable from background. This shows
that the biospeckle frames become completely decorrelated
when they are cross-correlated 5 s apart. The decorrelation is
due to temporal changes caused by a combination of actual
eye movement, biospeckle, and the low contrast associated
with the collected images. In the case where each frame is cor-
related with the previous frame (2 ms apart), the correlation peak
for the in-vivo speckle images is more distinguishable, less
noisy, and larger.

Figure 6 shows the results of measuring the peak height-
to-floor ratio over time for (1) the simulator at 80 Hz, 4 μrad

peak-to-peak with each frame correlated to the first, reference
frame (2) the simulator at 80 Hz, 4 μrad peak-to-peak with
each frame correlated to the previous frame (time between
frames: 2 ms) (3) one subject’s sclera with each frame correlated
to the first, reference frame, and (4) the same volunteer’s sclera
with each frame correlated to the previous frame.

As shown in the figure, in the in-vivo case when each frame is
correlated with the previous frame, the peak height-to-floor ratio
amplitude is higher than that for each frame correlated with the
original reference frame. The simulator results show almost con-
stant correlation peak amplitude with time when correlated with
the previous frame or when correlated with the first frame.

The poor amplitude of the in-vivo result derived from each
frame being correlated with the original reference frame is a
consequence of biospeckle acting as noise. Biospeckle causes
subsequent speckle images to become progressively more differ-
ent. When each frame is correlated with the previous frame, the
image pairs are relatively similar across the tested range. Each
frame correlated with the previous frame gave a mean correla-
tion peak-to-floor ratio of 0.19 dB, and an increase of 0.16 dB
compared to correlation with an original reference frame.

Figure 7 shows the dependence of the mean correlation peak
height-to-floor ratio on the number of frames between the refer-
ence frame and the tested frame in vivo for three different vol-
unteers. As can be seen in the figure, the frames decorrelated
rapidly. When the frames were correlated with a reference
frame, five frames proceeding it (a time difference of 10 ms),
the peak height amplitude dropped to a value <0.1 dB. In com-
parison, for the inanimate cardboard surface, absence of bio-
speckle, the peak height-to-floor ratio never dropped lower
than 0.97 dB. This demonstrates that the decorrelation effects
in the eye occur rapidly.

3.2 Simulated Speckle

3.2.1 Biospeckle characterization

The speckle size of the in-vivo speckle images was calculated
from the full-width half-maximum to be 1 pixel. Using speckle
sizes of σs ¼ 2 pixels and σv ¼ 0.8 pixels, the speckle size seen
in vivo was replicated in the simulated biospeckle images. The
standard deviation of the phase difference between speckle
frames, σðΔϕÞ, was found to provide the closest resemblance
to the biospeckle seen in vivo when σðΔϕÞ was set equal to
0.11 rad between frames separated by 2 ms.

An in-vivo speckle image recorded from one volunteer and a
mathematically generated speckle image are shown in Fig. 8.
The image histograms of all frames from the in-vivo and simu-
lated speckle sequence are shown alongside the speckle images.
As evidenced, the simulated and in-vivo images appear similar
in terms of the speckle size and distribution. Likewise, the

Fig. 4 Five sequential frames taken in vivo from the sclera, 2 ms apart.
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Correlation peak height to floor ratio

In–vitro
In–vitro
In–vivo
In–vivo

Fig. 6 Correlation peak height-to-floor ratio plotted against time for in-vitro speckle frames and for in-vivo speckle frames for a single subject.

Fig. 5 Cross-correlation plots for (a) speckle frames recorded at 5 s apart on the simulator running at 80 Hz, 4 μrad peak-peak (b) frames recorded at
2 ms apart on the simulator running at 80 Hz, 4 μrad peak-peak (c) frames recorded at 5 s apart in vivo and (d) frames recorded at 2 ms apart in vivo.
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In-vivo correlation peak height-to-floor ration

Fig. 7 Dependence of peak height-to-floor amplitude on the time between the reference frame and the tested frame. Frames were recorded at 2 ms
apart and the values shown are mean values as measured over 5 s.

Fig. 8 Simulated biospeckle pattern and the histogram created from all frames in the series (top) and biospeckle from in-vivo eye sclera and
the histogram created from all frames in the series (bottom).
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histograms display similar features in terms of the spread of gray
values, shape of the histogram, and histogram skewness.

Figures 9 and 10 show the THSPs and GLCM derived from
the in-vivo and from the simulated biospeckle image sequences.
Qualitatively, the THSPs and GLCMs appear comparable, dis-
playing a high biospeckle activity through a fast change in pixel
intensity over time.

Table 1 shows the quantitative results of the second-order
statistics calculated from the GLCM of the THSP for (1) volun-
teers in vivo and (2) a series of simulated speckle patterns
(σs ¼ 2 pixels, σv ¼ 0.8 pixel) with variable biospeckle levels.
The rationale for a choice of biospeckle level set at
σðΔϕÞ ¼ 0.11 rad can be seen from Table 1 as this value
gives a reasonable match between all observed and simulated
parameters.

As expected, the mean stability of the images decreased with
increasing σðΔϕÞ. The correlation parameter, derived from the
GLCM, showed a notable variation in the simulation as σðΔϕÞ
increased. The IM increased as the σðΔϕÞ increased, this was to
be expected since a higher IM is indicative of higher biospeckle
activity. The energy and homogeneity showed a slight change as
σðΔϕÞ changed.

To measure the similarity between the inputted PZT signal
and the measured output signal for the speckle simulations, a
signal cross-correlation was performed.41

The results are shown in Table 1 and a plot of the mean cor-
relation peak height-to-floor ratio against input and output signal
cross-correlation is shown in Fig. 11. The cross correlation used
here is insensitive to scaling but is influenced by signal shifting.
The cross correlation never reached the maximum value of unity.
This is likely to be in part due to signal shifting and part due to
actual differences in the input and simulated output signals. The

Fig. 9 Time history speckle pattern (THSP) from simulated speckle (a)
and from in-vivo eye (b).

Fig. 10 Gray level co-occurrence matrix (GLCM) from simulated biospeckle (a) and from in-vivo eye (b).

Table 1 In-vivo parameters of biospeckle and change in simulated biospeckle parameters with increasing phase change. σΔϕ ¼ 0.11was the chosen
value used in simulations. Multiple scattering amplitude factor (MSAF) was equal to 0.5 for simulated speckle. The time between frames was 2 ms.

Phase change, σΔϕ (rad)

In vivo 0 0.03 0.05 0.07 0.09 0.11 0.13 0.15 0.17 0.19 0.21 0.23

Mean peak height-to-floor
ratio (dB)

0.28� 0.03 0.58 0.5 0.47 0.43 0.38 0.32 0.27 0.22 0.17 0.13 0.09 0.07

Moment of inertia (IM) 61.94� 17.78 18 19 27 41 52 65 80 93 106 116 122 132

Correlation 0.63� 0.10 0.89 0.87 0.81 0.74 0.64 0.55 0.45 0.36 0.28 0.22 0.16 0.11

Energy 0.003� 0.001 0.011 0.007 0.006 0.005 0.004 0.004 0.004 0.003 0.003 0.003 0.003 0.003

Homogeneity 0.29� 0.02 0.54 0.44 0.39 0.34 0.31 0.29 0.27 0.26 0.25 0.24 0.24 0.23

Signal correlation N/A 0.53 0.53 0.53 0.54 0.53 0.53 0.54 0.54 0.54 0.32 0.06 −0.03
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signal cross correlation decreased drastically after the correlation
peak height-to-floor ratio amplitude fell <0.1 dB. This level of
stability sets a lower limit on how stable the biospeckle images
need to be to measure OMT displacement.

3.2.2 Simulated frame stability

Using the same procedure outlined in Sec. 2.1.3 for in-vivo
speckle images, the stability of the simulated biospeckle
image frames was tested over time. To imitate the in-vivo experi-
ment, the simulation was repeated three times with different ran-
dom speckle realizations. Figure 12 displays the dependence of

the correlation peak height-to-floor ratio on the time between
correlated frames for both the mean of the in-vivo results and
the mean of the simulated results. As can be seen from the
plot, the two cases show similar decaying curves, however,
the simulated results have a faster drop in peak height amplitude
and fall <0.1 dB after 6 ms.

3.2.3 Verification of OMT signal recovery from
cross correlation

Figure 13 displays both a filtered version of the PZT trace input-
ted to translate the simulated biospeckle patterns and the

Mean peak height-to-floor ratio (dB)

Input and output signal correlation versus mean peak height-to-floor ratio for simulated speckle
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Fig. 11 Mean peak height-to-floor ratio against input and output signal cross-correlation for simulated speckle images.

In–vivo results
Simulated results

In−vivo correlation peak height−to−floor ratio

Fig. 12 Dependence of the peak height amplitude on time between the reference frame and the tested frame. The solid line represents the mean of the
simulated results, whereas the dashed line represents the mean of the in-vivo results. Frames were recorded at 2 ms apart and the values shown are
measured over 5 s.
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simulated filtered measured displacement’s trace using speckle
correlation. Filtering was performed using a Butterworth band-
pass filter between 20 and 150 Hz. The speckle patterns in the
simulation were created using the same parameters that gener-
ated the patterns and results seen in Sec. 3.2.1. The time between
each frame was 2 ms. The measured result was found to under-
estimate the amplitude by 51%. However, importantly, it was
capable of tracking the displacement and recreating the general
shape of the OMT trace.

Another simulation of the measurements was performed but
with MSAF set to zero. The modeled case was equivalent to a

surface scattering surface showing biospeckle but no volume
scattering.

Figure 14 displays the input and measured displacements
for the simulated speckle with MSAF set to zero. As shown
in the plot, the measured displacement was in good agreement
with the input displacement. A measurement error of only 1%
was calculated. These results show that time-varying biospeckle
alone does not disrupt the measurements at short frame-
to-frame intervals, however, when a multiple scattering
field is introduced, it causes systematic underestimation of
amplitude.

Filtered displacement signal horizontal direction

Simulated measured displacement
Input displacement
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Fig. 13 Filtered input data (dashed line) and filtered displacement recovered from simulated speckle images (solid line).
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Fig. 14 Filtered input data (green) and filtered displacement recovered from simulated biospeckle images (blue). Multiple scattering amplitude factor
(MSAF) was equal to zero.
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4 Discussion
The aim of this work was to determine if in-vivo biospeckle
images captured from the human sclera are sufficiently stable
for speckle cross-correlation displacement tracking to be used
for eye movement measurement and, in particular, for OMT
measurement. The stability of the biospeckle images was
investigated using metrics to characterize the correlation peak
between frames.

In this work, in-vivo speckle images were seen to become
unstable rapidly. After five frames (10 ms), the correlation
peak height-to-floor ratio was found to drop <0.1 dB. A ques-
tion arises as to whether this decorrelation is due to biospeckle
or perhaps due to movement. Certainly, no significant decorre-
lation was seen here from an inanimate surface moving at OMT
amplitudes. In a real eye, other movements are also at play. The
maximum possible displacement of the sclera due to normal
eye movement at a frame rate of 500 fps is estimated to be
1.56 mrad∕frames. With the same optical configuration used
here, the results of previous work18 using our proposed system
on an inanimate diffuse object with a near ideal speckle surface
found that the speckle cross-correlation technique broke down at
a displacement of about 5 mrad. It seems reasonable to suggest
that the dominant effect causing decorrelation between frames
taken at brief intervals apart is in fact biospeckle.

To obtain the highest correlation peak in-vivo and keep
decorrelation at a minimum, the time period between frame
correlation needs to be short. In effect, this means tracking
displacement using a frame-to-frame correlation rather than
a reference frame. A drawback of this method is that as the
displacement trace is generated by integrating all frame-to-
frame displacements, and any error that occurs during one cor-
relation pair builds in to the displacement result and the error
accumulates.

Biospeckle-induced changes in a speckle pattern were
numerically simulated in this work by creating a series of
speckle matrices whose phase changes between speckle image
frames. The simulated speckle images were shown to be quali-
tatively comparable to those found in vivo and a quantitative
analysis of metrics derived from the GLCM also provided sim-
ilar results. An OMT signal, previously recorded using a PZT
system, was used to translate the simulated speckle images. We
modeled biospeckle as a simple accumulation of phase errors
from frame-to-frame. Using this approach, the predicted and
actual fall off in frame-to-frame correlation (as quantified
using the peak height-to-floor measure) followed the same
form. The results show that even in the presence of biospeckle,
the OMT trace was recoverable. From this, it is expected that
the OMT signal will be measureable from the eye sclera.

The mathematical biospeckle simulated in this work is a first-
order empirical model. Rather than attempting to present a com-
plete theoretical model, this model was based on matching the
temporal and spatial properties of the simulated speckle with the
corresponding properties seen in vivo. A limitation of the model
presented is that it assumes the speckle scattered from both the
surface and volume elements of the media retain the same linear
polarization of the incident light. In practice, the volume com-
ponent would be expected to demonstrate depolarization. The
simplified model presented here does, however, capture the
interesting aspect of interference between the volume and sur-
face components and models the basic behavior expected using
speckle correlation metrology with a volume scatterer. A some-
what higher level model could include a second volume matrix

representing the speckle with a polarization orthogonal to that of
the surface component and the “parallel” volume component.
As the parallel and perpendicular components do not interfere,
the net effect would be the addition of static component to each
speckle image frame (subjected to the same decorrelation effects
modeled for the parallel volume component). The likely impact
of this component would be to contribute to bias error in frame-
to-frame displacement estimates.

A further limitation of the model is that it is based on results
from a small (n ¼ 3) number of volunteers. In addition, the
model parameters we used were matched empirically to the
results seen for a particular optical configuration. At a different
wavelength, power, and optical setup, the model parameters
used here may not give such a good match to observed speckle.
To fully model biospeckle from the sclera would require an in-
depth knowledge of the scattering properties of the sclera and of
the temporal changes in these properties. A more precise under-
standing of the physics and statistics of the scattering interaction
of these cells with laser light is also required. With a fuller
understanding of these properties, other quantities such as the
number of scatterers producing biospeckle and the rate of bio-
speckle could be included into the mathematical model.

The results of this paper show that biospeckle alone does not
lead to a significant change in the measured angular displace-
ment. Multiple scattering within the sclera is believed to cause a
bias amplitude error but further work is needed to quantify and
define the error. Based on the results, it is expected that bio-
speckle images captured in vivo from the sclera will result in
an OMT measurement that has a smaller than expected ampli-
tude, due to multiple scattering of the laser light at the sclera, but
that the biospeckle activity will be stable enough to track the
displacement once a sufficiently high frame rate is used.

5 Conclusions
The aims of this work were (1) to assess how rapidly biospeckle
frames from the in-vivo eye sclera decorrelate due to the time-
dependent biospeckle and (2) to establish if this decorrelation
impacts on the feasibility of the proposed speckle correlation
technique for OMT measurement.

It was found that decorrelation due to biospeckle was rapid
and the method of cross-correlating each frame with an original
reference frame is not suitable. To overcome the difficulties
associated with biospeckle-induced decorrelation, each bio-
speckle image frame should be cross correlated with the pre-
vious frame. With the frame rate available for this work, the
shortest separation between frames was 2 ms.

A mathematical model to simulate biospeckle captured from
the eye sclera at a frame rate of 500 Hz was presented and ana-
lyzed. The model gave a good qualitative and quantitative match
to the speckle patterns seen in vivo. In the model, it was found
that OMT-like displacements were recoverable from biospeckle
images, provided the consecutive images remained “stable” at a
level>0.1 dB for the mean peak height-to-floor ratio of the cor-
relation peak. Based on speckle measurements recorded from
volunteers in this study, it is expected that if in-vivo speckle
images are correlated on a frame-to-frame basis, they will fulfil
this requirement.
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