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Increased Measurement Range for
Spectral-Domain Optical Coherence Tomography

through a Moving Reference Mirror

M.C.W. Schouten, Y.G.M. Douven and M.J.G. van de Molengraft
Department of Mechanical Engineering Eindhoven university of technology

Abstract In vitreo-retinal surgery, the required accuracy is
often beyond what can be achieved by hand, especially for
extended periods of time. To aid surgeons in reaching these
accuracies, robotic systems have been developed. The sur-
geon views the patients retina through the pupil and there-
fore depth perception is limited. As a solution, an optical
probe can be attached to the surgical instrument. Using
spectral-domain optical coherence tomography (SD-OCT),
one-dimensional depth-scans can be obtained. From these
scans, distances from the surgical instrument tip to the retina
can be acquired. However, the measurement range is cur-
rently limited to the size of the measurement window, which
limits the set of measurable distances. This paper explores
a method to increase the measurement range by automati-
cally moving the start-position of the measurement window.
A switching algorithm is developed to alternatively view and
measure the position of the retina and the instrument tip,
thereby keeping the maximum position variance bounded
while improving safety through earlier distance measure-
ments.

Nomenclature
Kk Kalman gain value at iteration k.
Nx Number of samples at component x.
Pk Variance at iteration k.
Qx Model noise of component x.
Rx Measurement noise on component x.
Sk Innovation variance at iteration k
xk Position of x at iteration k.
ỹk Innovation at iteration k
σx Standard-deviation of component x.

1 Introduction
In vitreo-retinal surgery procedures on the retina are per-

formed. The retina is the light-sensitive layer in the back
of the eye. To perform these procedures, high accuracy po-
sitioning of the surgical tool is required. This accuracy is
often beyond what can be achieved by hand, especially for
extended periods of time. To aid the surgeons in reaching
these accuracies, surgical systems have been developed.

Fig. 1. Schematic oveview of the principle of SD-OCT [1].

Looking through a microscope, the surgeon observes the
patients’ retina through the pupil of the patient. Due to the
small diameter of this pupil, between 1 and 8 millimeters [2],
and the type of microscope used, depth-perception is lim-
ited. To provide the surgeon with axial distance information
from the instrument to the retina, a relative distance sensor
is added to the surgical system. An optical probe is inte-
grated into the surgical instrument. Using spectral-domain
optical coherence tomography (SD-OCT), one-dimensional
depth images can be obtained. From these images, distances
between detectable components can be obtained. This addi-
tional sensor can enhance safety during surgery as feedback
becomes available. It also makes way for possible automated
procedures.

Optical coherence tomography (OCT) is a non-invasive,
high resolution interferometry technique that can be used
to create one-dimensional depth images [3]. One particular
OCT method is the SD-OCT, which is schematically shown
in Fig. 1 [4]. In SD-OCT the light of a broadband optical
light-source is split into two optical paths. One path leads to
the sample, in this case the retina, the other path leads to a
reference mirror. The interference of the light that is reflected
from both paths is used to generate a one-dimension depth-
scan. This depth-scan, called an A-scan, contains depth in-
formation over the span of the measurement window. The
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Fig. 2. Schematic overview of the relative positions of the end-
surface, retina, instrument tip and measurement window in the the
current set-up.

size and resolution of the measurement window depend on
the wavelengths present in the light source and the amount of
these wavelengths that the sensor can detect. A larger range
of wavelengths applied, whilst keeping the amount of de-
tectable wavelengths equal, results in a larger measurement
window and a lower resolution.

Fig. 2 shows a schematic overview of the application
of SD-OCT in a surgical system. The figure shows three es-
sential components for measuring distances; the end-surface,
instrument tip and the retina. The end-surface is the point
where the light leaves the optical fiber and enters the en-
vironment. Due to the change in reflective index, the end-
surface can be detected with the SD-OCT. The position of
the instrument tip is essential to know, as this is the shortest
distance from the instrument to the retina. If the instrument
tip is not in the light path, it is not visible in the A-scans.
In such cases, the distance between instrument tip and end-
surface can be determined with a calibration if it is assumed
that the probe, and thus also the end-surface, is rigidly con-
nected to the surgical tool, and that the length of the surgical
tool does not change during operation. The calibration of
this distance can be done by touching an object with the in-
strument tip. When this object appears in the A-scan, the
relative position of the instrument-tip to the end-surface can
be calculated. Furthermore, Fig. 2 shows a possible position
of the retina with respect to the instrument tip. This com-
ponent is also detectable with the SD-OCT when within the
measurement window. Thus knowing the positions of end-
surface and retina, the axial distance from instrument tip to
retina can be determined.

In the current set-up, the reference mirror is manually
positioned such that the end-surface lies in the beginning of
the measurement window, as is visible in Fig. 2. Although
the end-surface position is fixed with respect to the surgi-
cal instrument, it is not necessarily fixed inside the A-scan.
Changes in the path length of either sample arm or refer-
ence arm, result in a movement of the measurement window.
Changes in path length can occur because of temperature
change, stretching of the fiber due to pulling or movement
and equipment vibration. As a result, the relative position of
the end-surface inside the A-scan changes, while its position
with respect to the fixed world does not.

Detecting the position of the end-surface in the A-scan
is thus essential to accurately know estimate the axial dis-

tance from the instrument tip to the retina. Positioning the
end-surface at the beginning of the measurement window,
the distance at which the retina can be detected without the
instrument tip touching it, is largest.

The SD-OCT device developed for the Preceyes surgi-
cal system has a limited measurement window of about 3.7
millimeter in water. Having a limited measurement window
causes several performance limitations:

1. If due to malfunction of the sensor, either end-surface
or retina is not detectable with the sensor, this can result
in dangerous situations as it is unknown if the missing
component is not detected or just not in the measurement
window. It is assumed that the functioning of the sensor
can only be validated when detecting the retina with the
sensor, as the optical path to this component is longest.
Currently this is not always possible as the measurement
range is limited. Increasing the measurement range of
the sensor would result in detecting the retina at larger
distances, being able to validate sooner that the sensor is
working.

2. During a surgery, a static- and dynamic model of the
patients’ eye is created. These models can be used to
enhance safety by applying obtained knowledge of the
shape and movements of the eye. These models are es-
pecially useful when high precision positioning with re-
spect to the retina is desired. Due to the limited measure-
ment window, only a limited range distances between
end-surface and retina can be detected. The shape of
the eye approximates a sphere with an inner diameter
between 24 and 25 millimeter [2]. The result is that
only for a small percentage of possible distances in the
eye, actual distances can be measured, which limits the
amount of data available to create the models. When
the distance gets small and high precision position is de-
sired, these models are still unreliable and can thus not
yet be used. If the measurement range would be larger,
information on the position and the movement of the
retina would become available at larger distances. This
makes it possible to create more reliable models before
high precision positioning is desired.

3. For some surgical instruments it is not possible to posi-
tion the instrument tip close to the end-surface, or even
within measurement window distance of each other. As
a result, the range of detectable distances decreases or
even becomes zero. This limits the performance and
makes the sensor even obsolete in the latter case. If the
measurement range would be larger, the set of detectable
distances increases. As a result, the sensor can be used
for a larger variety of surgical instruments.

Each of these limitations are solved with a bigger mea-
surement range. To accomplish this, an automatically mov-
ing reference mirror is introduced. Rather than making the
measurement window larger at the cost of resolution, the
measurement window can now be moved, thus leading to a
larger range of positions on which components can be de-
tected. A challenge here is to determine which component to
position in the measurement window when it is not possible
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to position end-surface and retina within the same measure-
ment window.

This paper discusses a supervisor strategy for switch-
ing between the two detectable components (end-surface and
retina) such that the mentioned limitations are resolved while
keeping the variance on the distance from instrument tip to
retina bounded. A switching strategy is developed in the
form of an optimization problem. This is discussed in Sec-
tion 2. To convert the optimization problem into a supervi-
sor, models for tracking the positions of the two detectable
components are required. These are discussed in Section 3.
Section 4 elaborates on the periodic behavior that will occur
when executing the strategy. Doing so will result in a set of
equations that can be used to construct a supervisor. The su-
pervisor is elaborated on in Section 5. The paper ends with a
conclusion and recommendations in Section 8

2 Strategy
Since it is possible that the end-surface and retina are

not detectable within a single measurement window, altering
the position of the reference mirror is required track the posi-
tions of both components. To determine when to position the
reference mirror to observe the other component, a strategy
for positioning the reference mirror needs to be developed.
This strategy is formulated as an optimization problem. The
solution of this optimization problem can be used to deter-
mine when to start positioning the reference mirror at the
other component. In practice this means that a periodic be-
havior will occur. A full cycle through this behavior is called
a period, which has a time-length tp. A period consists of
four parts, which start at time tpx inside a period:

1. tpret : Retina is observed for first time after positioning
the mirror. This part lasts for a certain time tret in which
the retina is observed.

2. tptret : The mirror moves to position the end-surface
within the measurement window. This movement takes
time ttt .

3. tpes : The end-surface is observed for a certain time tes
after positioning the mirror.

4. tptes : The mirror moves again to position the retina in the
measurement window, also taking time ttt .

An example of the changes in variance in a single period are
shown in Fig. 3. The vertical lines here indicate the start of
one of the parts.

To determine what should be optimized and under which
conditions, the performance limitations mentioned in Sec-
tion 1 are used:

1. Validating that the sensor is working as desired, is done
by detecting the retina with the sensor. Since only the
detections of the retina are required rather than a dis-
tance, there is no additional accuracy specification. The
detection of the retina itself is thus sufficient to draw
conclusions on the functioning of the sensor.

2. The modeling of the eye is composed of a dynamic- and
static model. For the static model, distances from end-
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Fig. 3. Example periodic behavior of the variance. The figure shows
the four stages of observing retina, traveling to end-surface, observ-
ing end-surface and traveling back

surface to retina are required. A small variance on this
distance results in a more accurate measurement for the
static model. As the dynamic model tries to model the
movements of the two components. Assuming that the
end-surface movements in the A-scan do not contains
predictable dynamic behavior, only observing the retina
is required as only relative movements of the retina are
needed. Once a reliable dynamic model is obtained, it
also becomes easier to construct a static model, as move-
ments of the retina can be filtered out.

3. For each surgical instrument, and thus different dis-
tances for instrument tip to end-surface, safety must be
ensured. Therefor it should always be guaranteed with a
99.99% certainty that the instrument tip is not touching
the retina.

From these requirements it can be seen that observing the
retina contributes in solving all three limitations. Observing
the end-surface only helps in the construction of the static
model and to keep the variance on the distance between tip
and retina bounded. It is thus desired to maximize the per-
centage of time at the retina whilst keeping the variance on
the distance between the instrument tip and retina bounded
such that it can be guaranteed with 99.99% certainty that the
instrument tip is not touching the retina. The percentage of
time at the retina in a single period can be denoted as:

t%ret =
tret

tret + tes +2ttt
(1)

In this equation, t%ret is the amount of time at the retina di-
vided by the amount of time in a single period. To guarantee
at each moment in time with 99.99% certainty that the dis-
tance from instrument tip to retina is larger than zero, the
variance on this distance needs to be bounded. This can be
written as:

Ptip−ret < β99.99%(D̂tip−ret) (2)

In this equation, Ptip−ret represents the variance on the dis-
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tance from instrument tip to retina. β99.99% represents the
boundary on the variance for a 99.99% certainty bound,
which is a function of the estimated distance from instrument
tip to retina D̂tip−ret .

The complete optimization problem can be written as:

min
Nret ,Nes

:
1

t̄%ret

s.t. : Ptip−ret < β99.99%(D̂tip−ret)

tret < α

tes < γ

For : T = {t, ...,∞}
P.R. : Nes,Nret , t%ret ,α,β,γ ∈ R>0

(3)

Equation (3) shows the inverse of the average percentage of
time at the retina over multiple periods, written as the pa-
rameter to minimize. Since it is required to optimize not just
for a single period, but for all periods from the current time
until infinite, the average is used to combine the percentages
at the retina per period. The boundary condition on the dis-
tance variance is added and states that the variance at each
moment in time, spanning from the current time to infinity,
should remain bounded below a bound β, which is also time-
dependent as D̂tip−ret is time-dependent. A third and fourth
boundary condition have been added as boundaries on the
time at the retina and the time at the end-surface, as it may
be desired to look at a component at least once in a certain
time-frame. Furthermore the solution of this optimization
problem, should guarantee that there also a feasible solutions
for time going to infinite. This condition has to be added as
the switching behavior in the current period, will influence
the next and can possibly lead to an unfeasible solution in
which it is not possible to meet the boundary conditions.

2.1 Boundary value
To obtain an expression for the boundary value β, Equa-

tion (4) is used.

D̂es−ret − D̂tip−es︸ ︷︷ ︸
D̂tip−ret

− t99.99%
√

P︸ ︷︷ ︸
D99.99%

> D̃mret + D̃ms (4)

In this equation, D̂es−ret denotes the estimated distance be-
tween the end-surface and retina. D̂tip−es is the estimated dis-
tance from end-surface to instrument tip obtained from cal-
ibration. Combining both gives the estimated distance from
instrument tip to retina. The sigma level for 99.99% multi-
plied by the square root of the variance gives the maximum
distance from the estimated distance for 99.99% of time. To
ensure the boundary value is not exceeded due to movements
of retina or instrument, D̃MRet and D̃MS are added. These de-
note the possible movement of retina and instrument from
manipulation by the surgeon, within a single samples. These
are fixed parameters that are determined beforehand from
analysis of the retina and maximum movement velocity of
the surgical system.

The sigma level tx% is the amount of multiplications of
the standard-deviation that are required to cover a desired
percentage of the distribution. The sigma level for 68.27
percent is thus equal to 1. Subtracting this distance from the
expected distance from instrument tip to retina gives a value
for the minimal distance with 99.99% certainty.

The estimated distance from instrument tip to retina mi-
nus the 99.99% distance of the estimated distance, should
be larger than the D̃mret and D̃ms, to ensure that the distance
from instrument tip to retina is larger than zero in 99.99% of
the cases. Rewriting Equation (4) leads to an expression for
the boundary value β:

β99.99%(D̂es−ret) = (
D̃mret + D̃ms− D̂es−ret + D̂tip−es

t99.99%
)2 (5)

3 System
From the optimization problem it follows that it is re-

quired to estimate the distance from instrument tip to retina
with a corresponding variance. These parameters can be used
to determine the amount of time required to position the mir-
ror to observe the other component, and to determine the
99.99% boundary value.

To determine this distance and variance it is required to
track the positions of end-surface and retina with respect to
each other. From analysis of the movements of both com-
ponents from clinical trial data, an expression can be found
for the movement of either component over time. The clini-
cal trial data consists of surgery on five patients. The set of
data concerns about 1.7 hours of logged data at a frequency
of 700 hertz. The found model noise can then be used to up-
date the variance of the components estimated position when
it is not being observed. Furthermore, it is required to know
the amount of time required to position the mirror to observe
the other component. This value depends on the distance be-
tween the two components and the hardware used.

This section elaborates on the used implementation to
determine expressions for the estimated distance and vari-
ance and how the time required to position the reference mir-
ror can be determined.

3.1 Component model
To track the positions of end-surface and retina, a

Kalman-filter is introduced for both components. A Kalman-
filter is able to combine position measurements to estimate
the actual position and gives a corresponding variance on
this position [5]. The implemented Kalman filter is one-
dimensional as the position that is desired to be tracked can
be measured directly, and no model on the movement of ei-
ther component is available [6]. For the latter reason, it is
assumed that the position remains constant over time, giving
the following equation for the predicated state estimate:

x̂k|k−1 = x̂k−1|k−1 (6)
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To prevent the variance on the position of one component
having an influence on the measured position of the other
component, the components’ position has to be expressed in
a frame where the distance between the components is not
relevant. For this reason, absolute coordinates are not possi-
ble, as the absolute coordinate of the retina depends on the
estimated position of the end-surface, which has an error. As
a solution, each component position is expressed in terms of
the reference mirror position. In this frame, the retina po-
sition is not dependent on the position of the end-surface as
only the reference mirror position and position of the com-
ponent in the A-scan are required. Besides the predicted
state estimate, there is also a corresponding predicted esti-
mate variance Pk|k−1:

Pk|k−1 = Pk−1|k−1 +Qk (7)

In this equation, Pk−1|k−1 is the updated estimate variance
from the previous iteration. The model noise Qk gives an ex-
pression for the possible movement of the component over
time. This value is determined from position data from clin-
ical trials. This analysis is discussed in Subsection 3.2. The
innovation ỹk and innovation variance Sk become respec-
tively:

ỹk = zk− x̂k|k−1 (8)

Sk = Pk|k−1 +Rk (9)

The measurement noise Rk for the innovation covariance for
retina is determined in previous work, and is equal to 488
micrometer squared for an update frequency of 700 hertz [7].
This value is the combined result of normal distributions of
heartbeat, measurement and breathing. Since changes in the
optical path length occur, the position of the end-surface in
reference mirror coordinates is not constant. Analysis of
recorded end-surface positions during clinical trials resulted
in a weighted average standard-deviation of 11.67 microm-
eter for the end-surface. The resulting measurement noise
Res thus becomes 136.19 micrometer if combined with the
Gaussian noise of the measurement. Remarkable is that the
results showed a possible dependency between movements
of the end-surface and movements of the patient. All five pa-
tients from the clinical trials were under anesthesia, but one
of the patients snored during the surgery, introducing move-
ments of the retina. This patient showed a standard deviation
of 19.0 micrometer on the end-surface movement, whereas
the other four patients had an weighted average standard-
deviation of 8.1 micrometer with a maximum value of 9.1
micrometer. Based on this it appears that the movement of
the patient also influences the movement of the end-surface.
However, due to the limited number of patients, this hypoth-
esis can not be validated.

The Kalman gain Kk, updated state estimate x̂k|k and up-
dated state variance Pk|k become respectively:

Kk = Pk|k−1S−1
k (10)

x̂k|k = x̂k|k−1 +Kkỹk (11)

Pk|k = (1−Kk)Pk|k−1 (12)

The resulting estimated positions and variances of the two
Kalman-filters can be combined to obtain the estimated dis-
tance from end-surface to retina, with a corresponding vari-
ance.

3.2 Retina and end-surface Analysis
To determine the model noise for the retina and end-

surface, data from clinical trials is analyzed to get more in-
sights into these movements and their occurrence rate. This
subsection on finding expressions for these movements.

A window is defined as a subset of the total data. The
size of this window, determines how much time the window
covers. This amount of time is defined as a time-frame. The
recorded position data of each component has been split up
in overlapping windows. The overlap indicates that the start
of a window lies within another window. A subset of the
data in a window is thus also a subset of the data in another
window. Creating windows with overlap from the total data
of recorded position data, a set of windows can be obtained
which all have the same time-frame. For analysis, the first
point of each window is assumed to be the last known mea-
surement. Using this value, the maximum occurring absolute
delta with respect to this measurement value can be found
per window. Doing so for each window results in a mapping,
showing how often a certain discretized delta occurs within
a certain time-frame. Normalizing this gives the occurrence
rate of each delta.

This process can be repeated for various time-frames.
The result is a map of the occurrence rates of various deltas
for various time-frames. Combining these mappings for var-
ious patients, results in one large mapping of occurrence
rates.

The occurrence rate for a certain time-frame can be
summed up for increasing delta, until a desired occurrence
coverage percentage y% is reached. The delta corresponding
to the latest added occurrence rate shows the maximum delta
includes y% of all occurring deltas. Calculating this delta
for various values ofy% and all time-frames for which win-
dows were made, results in a set of maximum deltas. The
obtained deltas as a function of y% and all time-frames are
shown in Fig. 4 and Fig. 5. Assuming that the movement
of the component can be modeled with a normal distribu-
tion, the standard-deviation can be determined as function of
the time-length window and the percentage of occurrences
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that needs to be covered. The equation for calculating this
standard-deviation is shown in Equation (13).

σ =
∆xy%

ty%
(13)

In this equation, σ denotes the standard-deviation. This is
equal to the maximum delta that includes y% of the occur-
rences, divided by the corresponding sigma-level ty%. σ

gives a measure for the variance of a either retina or end-
surface, in this case as a function of time without measure-
ment.

3.3 Model noise
The model noise can be interpreted as the possible

change of the state, or in this case movement, over time.
Since the exact change and time of change is unknown, it
is modeled as noise. If no measurements are obtained, the
Kalman filter’s variance only updates each iteration with
Equation (7) as the Kalman gain is zero. The change in vari-
ance over multiple samples can then be written as:

Pk|k = Pk−N|k−N +QkN (14)
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In this equation, N is a positive natural number denoting a
number of samples without measurement. When only con-
sidering the change in variance within this number of sam-
ples without measurement, Equation (14) can be simplified
to:

Pk|k = QkN (15)

The variance can be written as the standard-deviation
squared:

Pk|k = σ
2 (16)

Substituting Equation (13) and Equation (15) into Equa-
tion (16) leads to the following expression:

Pk|k = σ
2

QkN = (
∆xy%

ty%
)2

Qk =
∆x2

y%

t2
y%N

(17)
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The calculated values for Q per time-length and for vari-
ous coverage percentages are shown in Fig. 6 and Fig. 7.If
the data would be normally distributed, the calculated Q for
each component would be constant, independent of the time-
length and percentage covered. This would then result in a
horizontal line in Fig. 6 and Fig. 7.

From visual analysis of Fig. 6 it can be seen that there
is no horizontal line for any sigma-level. Although there was
much less data available for analysis of the retina, the most
likely cause is that the retina movement is not normally dis-
tributed. This makes sense as the heartbeat and breathing are
not normally distributed. Fig. 7 shows that for sigma-levels
1 and 2, the found values for Q are pretty equal and constant.
The jumps that do occur in these lines are due to discretiza-
tion in the deltas. For the sigma-level three a straight line
with an offset with respect to sigma-levels 1 and 2 is shown.
This occurs when the data has a heavy tailed distribution.
The 3.78 sigma-level shows a non-straight line. This is most
likely due the set not being perfectly normal with a heavy
tail.

From these figures it can be concluded that the end-
surface approximates normal distribution but that it is heavy
tailed and that the retina does not seem to be normally dis-
tributed at all. However, choosing the maximum occurring
value for Q for retina and end-surface, the normal distribu-
tion assumption in the Kalman-filter still covers 99.99% of
all deltas. The result are model noises of 22.2 and 0.16 mi-
crometer squared for retina and end-surface respectively for a
sample frequency of 700 hertz. Since only time-length win-
dows up to 20 for the end-surface and 10 seconds for the
retina respectively are analyzed, no guarantees can be given
for larger times without looking at that component. For this
reason, boundary parameters α and γ from the optimization
problem in Equation (3) are equal to 10 and 20 seconds re-
spectively.

3.4 Hardware

Moving the reference mirror from one point to another
will always take a certain amount of time, called the travel
time ttt . To automatically position the the reference mirror, it
is placed on a voice-coil actuator which has a finite accelera-
tion depending on the maximum force that is applied and the
mass. This can be seen in Fig. 8. From FRF-measurements
it was found that the moving mass was equal to about 350
grams. The maximum force that could be applied given the
used amplifier was equal to 20 Newton. From this it results
that a maximum acceleration of about 57 meters per second
squared could be used. Assuming the coil can deliver infi-
nite jerk, a second-order trajectory generator is added, which
uses the maximum acceleration to plan the reference position
for the reference mirror. From this second-order trajectory,
the expected amount of time required to travel ttt can be de-
termined as a function of the estimated distance between the
two detectable components.

Fig. 8. Voil-coil actuator on which the reference mirror was fixed.

4 Switching behavior
The optimization problem defined stated that the switch-

ing solution for current time t, should result in feasible solu-
tions for time going to infinity. Since it is never possible
to predict for this length of time iteratively. As mentioned
in Section 2, a periodic behavior will occur when switching
between the components. Analyzing this behavior in com-
bination with the implemented models, expressions can be
found that can be used to simplify the optimization problem.
This section discusses the found results and how they can be
used to simplify the optimization problem.

4.1 Convergence of variance in periodic behavior
If the number of samples at the retina, number of sam-

ples at the end-surface and numbers of samples required for
traveling remains constant over time, the switching behavior
will be equal. As a result, the variance change on the posi-
tion of end-surface and retina in a period will also converge
to a periodic behavior. This is denoted as follows:

∆PAVisible(NA) = ∆PANotVisible(Ntt ,NB) (18)

This equation states that the change in the variance when
observing one of the components ∆PAVisible(NA), is equal to
the change in variance when not observing that component
∆PANotVisible(Ntt ,NB). As this equation is a function of the
Kalman-filter and the periodic behavior, component A can
be either retina or end-surface. Component B then denotes
the other component. The change in variance on the position
when observing component A is a function of the amount of
samples observing component A. This can be written as:

∆PAVisible(NA) = PtpA
−PtptA

(NA,PtpA
) (19)

In this equation, PtpA
denotes the variance on the position of

component A after a first observation of that component after
switching. The notation of tpx was elaborated on in Section 2
and denotes start time of one of the four steps in a period.
Observing that component for NA samples causes the vari-
ance to change, resulting in variance PtptA

at time tptA in a
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period at which the mirror starts moving to the other compo-
nent.

The right hand side of Equation (18) can also be elab-
orated. This is the part denoting the change in vari-
ance on the position when component A is not observed,
∆PANotVisible(Ntt ,NB). This variable is a function of the
amount of samples that component A is not observed
NANotVisible. NANotVisible consists of the travel-time Ntt and
the time at the other component NB samples traveling Ntt and
the amount of samples observing component B as in these
cases no observations of component A are made. Since there
is no measurement, only the prediction step of the Kalman-
filter influences the variance on the position. The resulting
variance per iteration was mentioned in Equation (14). The
second part of Equation (18) thus becomes:

∆PANotVisible(Ntt ,NB) = QANANotVisible

= QA(2Ntt +NB)
(20)

Since all components on the right half side of Equation (20)
are positive real numbers, ∆PANotVisible(Ntt ,NB) is also a pos-
itive real number. Using Equation (18), this means that
∆PAVisible(NA) is also a positive real number. This is only
possible if PtpA

is larger than PtptA
(NA,PtpA

), given that the
variance is always a positive real number.

4.2 Maximal combined variance values
The combined variance on the position is defined as the

sum of the variances on position of end-surface and retina,
which is thus a variance on the distance between these two
components. In a single period, two peaks in the combined
variance will occur as can be seen in the example period of
Fig. 3. Each peak will occur when arriving at either compo-
nent, which is Ntt samples after leaving the other component.
This is because both components are not observed while po-
sitioning the mirror. Thus the variance on the position of
both components increases. Using the denotation as used in
Equation (19) and Equation (20), the values of the variance
peaks M1 and M2 can be written as:

Mx = PtpA
+PtptB

+NttQB (21)

From Equation (21), two peaks can be found as component
A can be retina or end-surface. Component B then denotes
the remainder component.

4.3 Kalman filter convergence
For an infinite number of samples at component A,

which can be either end-surface or retina, the Kalman fil-
ter’s variance will converge to a constant. This value can be
found by solving Pk|k ≡ Pk−1|k−1. From the equations for the
Kalman filter, it can be found that Pk|k can also be written as:

Pk|k =
RA(Pk−1|k−1 +QA)

RA +Pk−1|k−1 +QA
(22)

Solving this equation for Pk|k ≡ Pk−1|k−1 results in an expres-
sion for converged constant PA,conv:

Pconv =
−QA±

√
Q2

A +4RAQA

2
(23)

Thus, when the time at a component is large enough, it can
be assumed that PtptA

is equal to the converged value PA,conv.
Since it is not possible to find a direct expression for the
Kalman filter’s position after N samples this value has to be
determined iteratively, which is a computationally heavy pro-
cess for large values of N. To limit this computation time, the
converged value PA,conv can be used instead.

5 Supervisor
To maximize the percentage of time at the retina in a

single period as denoted in Equation (1), it is desired to ob-
tain a small value for the time at the end-surface, and a large
value for the time at the retina. To obtain an expression for
the time, or in this case amount of samples, at the retina,
Equation (18) is rewritten to obtain Equation (24).

Nret =
Ptpes −Ptptes

(Nes,Ptpes )−2QesNtt

Qes
(24)

When maximizing Nret , the amount of samples at this com-
ponent, Ptpes should be maximal and Ptptes

should be minimal.
We assume that the amount of samples at the retina is

sufficiently large for the variance of the Kalman filter track-
ing the retina to converge. One of the two peaks in a period
can then be written as:

M1 = Ptpes +Ptptret
+NttQret

= Ptpes +Pret,conv +NttQret
(25)

Since the travel time ttt is determined from the hardware,
trajectory planner and the estimated distance between retina
and end-surface, the only remaining free variable is the start
value of the end-surface Ptpes . The value of both peaks should
remain bounded under boundary value β. Since a higher
value for Ptpes results in a time for observing the retina, Equa-
tion (25) can be used to find an expression for the maximum
value for Ptpes , Ptpes ,max.

Ptpes ,max +Pret,conv +NttQret = β

Ptpes ,max = β−Pret,conv−NttQret
(26)

Using this value, the end value for the end-surface Ptptes ,max
can be determined for a given Nes. Given these two variables,
it can be check if the other peak value exceeds the boundary
condition under these conditions. If not, the found solution
is feasible. Using Equation (24) and Equation (26), the max-
imum value for Nret can be found as a function of boundary
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value β, Ntt and Nes. With Nret and Nret known, the percent-
age of time at the retina can be determined for a period in
which the variance shows periodic behavior.

This same process can be repeated for the second peak
M2. This peak can be written as:

M2 = Ptpret
+Ptptes

+NttQes (27)

If it is assumed that the system is converged to periodic be-
havior in combination with sufficiently large amount of sam-
ples at the retina, then Equation (27) can be written as:

∆PretVisible(Nret) = ∆PretNotVisible(Ntt ,Nes)

Ptpret
−Ptptret

,Ptpret
) = Qret(2Ntt +Nes)

Ptpret
−Pret,conv = Qret(2Ntt +Nes)

Ptpret
= Qret(2Ntt +Nes)+Pret,conv

(28)

This equation shows that Ptpret
depends on Nes and Ntt . Since

Ntt is determined as a function of the distance between the
two components and the trajectory planner, this value can
not be chosen arbitrarily. If Equation (28) is substituted into
the equation for peak M2, Equation (27), it can be rewritten
to:

M2 = Ptpret
+Ptptes

+NttQes

= Qret(2Ntt +Nes)+Pret,conv +Ptptes
+NttQes

(29)

Setting this peak value equal to the boundary condition value,
maximal value Ptptes ,max can be found. For arbitrary number
for Nes, the maximal value Ptpes ,max can be found as well.
From these values once again the amount of samples at the
retina can be determined, and thus also the percentage of
time at the retina.

Using peaks M1 and M2, two values for Nret can be
found for an arbitrarily chosen Nes, Ntt and boundary value
β. From these two values for Nret , the highest should be ex-
ecuted as this will result in the highest percentage of time at
the retina.

This process can be repeated for increasing amounts of
Nes, until a maximum in the percentage of time at retina as a
function of Nes is found. These values for Nes and Nret denote
the switching behavior that should be used, as these provide
the maximum percentage of time at retina for a given Ntt and
β.

Determining the switching strategy using this set of
equations thus solves optimization problem Equation (3).
Since periodicity in the Kalman filters was assumed, finding
a feasible combination of samples at end-surface and sam-
ples at retina results in a feasible combination for time go-
ing to infinity. Furthermore, this method only holds if the
amount of samples at the retina is sufficiently large, as the
converged value for the variance of the retinas’ Kalman fil-
ter was used. For small Nret , it can not be guaranteed that
the end value Ptptret

approximates Pret,conv. Since Nret has to
be calculated for various Nes to find the optimal result, the
supervisor is computationally low cost for small Nes.

Fig. 9. Lookup-table created from set of equations of supervisor. a)
Optimal Nret as a function of β and Ntt . b) Optimal Nes as a function
of β and Ntt .

5.1 Implementation
Using the set of equation determined for calculating the

optimal Nes and Nret as a function of Ntt and β can be done
real-time. However, due to computation time this may not be
possible. Also, it doesn’t scale with the software execution
frequency. The computation cost remains equal if the soft-
ware execution frequency is increased, resulting in problems
at a certain frequency.

Creating a lookup-table can provide a solution. Calcu-
lating Nret for various values for Nes, β and Ntt , an optimal
mapping can created for Nes and Nret as a function of Ntt and
β. The created lookup-table can be loaded when starting the
software, after which the best solution can easily be looked
up. Doing so for the given retina and end-surface parameters,
the following lookup-table is obtained.

This lookup-table is generated beforehand and since the
optimal solution only has to be looked up, it is low cost.
However, it is currently assumed that certain parameters are
constants. If these parameters would become variables, the
lookup-table method does not hold anymore. For instance,
it is currently assumed that the model noise on the position
of the retina is a constant value. However, it is well possible
that this value can be altered once a reliable dynamic model
is obtained.

To cope with these parameters being variable, two solu-
tions are available. Either real-time execution can be done, or
multiple lookup-tables have to be generated for various pa-
rameter configurations. This thus provides a a trade-off. In
the current implemented software these parameters are still
constants. Since the initially implemented set of equations
for determining the best solution was a factor 10 larger than
the available computation time for 700 hertz, it was decided
to use the lookup-table implementation for simulations and
experiments.

6 Simulations
The supervisor as discussed in Section 5 is based on the

assumption of the Kalman filters having converged to peri-
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Fig. 10. Lookup-table created from brute force simulations. a) Opti-
mal Nret as a function of β and Ntt . b) Optimal Nes as a function of
β and Ntt .

odicity and large values for Nret . Since during surgery the
distances to the retina change due to movement of the in-
strument and due to movements of end-surface and retina,
the system may not be in perfect periodicity as ∆PANotVisible
of Equation (18) is dependent on Ntt . Furthermore, it can
be checked if the supervisor algorithm provides the optimal
solution within a solution space, by comparing it to a brute
force algorithm. . This solution space concerns values of
Nret and Nes, being bounded by the sample frequency and
boundary values α and β.

6.1 Supervisor validation
To check if the supervisor provides the optimal solution

to the optimization problem of Equation (3), a second map-
ping of the optimal Nret and Nes as a function of Ntt and β

was created. This mapping was created with a brute force
algorithm, testing the obtained β for various values of Nret ,
Nes and Ntt . Since β is computed as a function of Nret rather
then the other way around, using the brute force algorithm in
real-time is a computationally expensive and inefficient way
to find the optimal solution. The resulting mapping of this
brute force method is shown in Fig. 10. Comparing the dif-
ference in optimal solutions for the brute force- and the su-
pervisor lookup-tables results in Fig. 11. Comparing the two
tables shows that the mapping of the retina have an average
difference 105 samples with a standard-deviation of 258.52
samples. 80% of all compared values in the feasible domain
showed a difference in samples equal or smaller then 100.
The end-surface comparison shows an average difference of
0.5 samples with a standard-deviation of 0.9 samples. 80%
of the compared values has no difference in optimal amount
of values. The largest differences in samples for the retina
lookup-tables occur for large values of β and large values of
Ntt . These is an area where Nret is expected to be large. The
likely cause of this is the iterative step-size used to find Ptpret
from Ptptret

in the supervisor, as it is assumed that the brute
force solution is perfect. Due to time limitations, this could
not be validated. Since staying an additional amount of sam-
ples at a component, it is possible that the variance of the
distance between the components will exceed the boundary

Fig. 11. Difference in lookup-tables of brute force simulations and
from supervisor. a) Optimal Nret as a function of β and Ntt . b)
Optimal Nes as a function of β and Ntt .
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Fig. 12. Simulation results for supervisor testing for distance be-
tween instrument tip and retina of 0.1 millimeter, with movements of
end-surface and retina.

value. From this it can be concluded that the supervisor will
exceed the boundary under certain static conditions.

6.2 Supervisor validation for moving components at
small distances

When close to the retina, it is essential to keep the vari-
ance bounded to prevent accidental touchings of the retina.
Simulations were done for small distances between end-
surface and retina with and without these components mov-
ing. To mimic the movements of retina and end-surface, po-
sition data from the clinical trials was used. The results of
the simulation with moving retina and end-surface are shown
in Fig. 12. This figure shows that the system was unable to
keep the variance on the distance between instrument tip and
retina bounded below β. To determine the cause of this fail-
ure, the hypothesis that this behavior was caused by the mov-
ing components was tested. The same simulation was done
without the movements of the retina and end-surface, thus
having a constant distance between the components. The re-
sulting behavior from this simulation is shown in Fig. 13.
In these simulations, the system was able to keep the uncer-
tainty bounded under β. This confirms the hypothesis that the
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Fig. 13. Simulation results for supervisor testing for distance be-
tween instrument tip and retina of 0.1 millimeter, without movements
of end-surface and retina.
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Fig. 14. Simulation results for supervisor testing for distance be-
tween instrument tip and retina of 0.1 millimeter, with movements of
end-surface and retina and surgical instrument.

movements caused the boundary to be violated. However,
since movements of the retina were accounted for in deter-
mining β, it is likely that the assumption of periodicity does
not any longer. The supervisor already expects the Kalman
filters to have the maximum and minimum value from peri-
odicity, to which the filters could not have converged yet.

6.3 Supervisor validation for moving components at
long distances

Besides testing at small distances, it was also tested how
the supervisor responds and copes with larger movements.
Therefore the simulations as done in the previous subsection
were repeated, but now for larger distances. The eye has an
approximate diameter of 24 to 25 millimeter [2], therefore
simulations where done in which the surgeon operates with
a sine movement inside the eye. A sine with an amplitude of
9.75 millimeters, and frequency of 0.2 hertz, was applied at
a general distance of 10 millimeter. The result is shown in
Fig. 14. From this figure it can be seen that the supervisor is
able to keep the variance bounded for the largest part of the
eye, even if there are movements of the end-surface, retina

and surgical instrument. From this it can be concluded that
especially for very small distances it is difficult to keep the
variance bounded. From the lookup-tables this could also be
observed, as even for a travel time of 1 sample, some bound-
ary values are unfeasible to obtain. In these cases, the super-
visor can will try to obtain the best possible feasible solution.
However, it is essential to feed this information back to the
system, so that the surgeon can be alerted that the supervisor
is unable to provide a 99.99 certainty. If the distance from in-
strument tip to end-surface is known, it can also be computed
until which distance optimal performance can be achieved.

7 Experiments & Validation
In simulation an ideal world is represented in which

components are detected instantly and positioning the mir-
ror is ideal. These ideal situations may not hold in a real
environment. For this reason, experiments were performed
to find if the ideal environment of the simulation is a valid
representation of the reality, or if other influences need to be
taken into account.

For these experiments, the hardware as discussed in sub-
section 3.4 was used. The sample arm of the SD-OCT was
connected to the optical probe, measuring the location of a
piece of paper. The conducted experiments were done to ver-
ify the supervisor’s behavior in a real environment.

7.1 Supervisor experiments in real environment
To test the switching behavior, the lookup-tables that

were created with brute force simulations in Section 6 were
used to test the concept of a supervisor in the real environ-
ment. Based on the estimated distance between end-surface
and the paper, the boundary value β and Ntt could be deter-
mined. Using these values, Nret and Nes could be obtained
from the lookup-table. The reference mirror was set to po-
sition itself such that the observable component would lie
at 1 millimeter from the start of the measurement window.
This position is arbitrary since no research has been done on
optimal positioning of the reference mirror. Optimizing the
positioning of the mirror results in a lower Ntt for equal dis-
tance. As a result, the time in which there are no observations
is smaller, enhancing performance. Since the sample enters
the A-scan from the end of the measurement window, it may
not be required to move it all the way to the front of the win-
dow for detection. For fixed position of the sample, experi-
ments have been conducted to validate that also in a real en-
vironment it is possible to maximize the time at the sample,
whilst keeping the variance on the distance bounded under β.
Fig. 15 shows the Kalman filter’s variances, and combined
variance, over time during an experiment where the distance
between end-surface and paper was approximately 14 mil-
limeter. The travel time Ntt corresponding to this distance is
24 samples. A close-up of a single period is shown in Fig. 17.
Although not clearly visible in Fig. 15, only one of the two
peaks of each period exceeds boundary value β. Plot (a) of
Fig. 16 shows the delta between the peak values and the β.
From analysis of the cause of these peaks exceeding β, two
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Fig. 15. Variances obtained during experiments for estimated dis-
tance between sample and end-surface of about 14 millimeter.
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Fig. 16. a) Delta between peak values of combined variances as
obtained during measurements and β. b) Delta between peak values
of combined variances as obtained during measurements and β after
compensation.

causes were found:

1. The travel time Ntt appeared to be 49 samples instead
of the expected 24 samples. This difference is the result
of communication delay and overshoot of the reference
mirror, as can be seen in Fig. 17. Plot (a) of this fig-
ure shows the system state which denotes the state of
what the supervisor is doing. Plot(b) shows the mirror-
position and desired mirror-position. In this figure the
commutation delay can be recognized, as the response
in mirror-position is a few samples after the system-state
changes. The overshoot is also visible in plot (b). This
overshoot is due to a low-performance controller. Im-
proving the controller was not possible without the sys-
tem becoming unstable due to a imperfect non-linearity
compensation.

2. The detection software did not instantly recognize the
component after positioning of the reference mirror.
This resulted in an additional amount of samples with-
out detection. After compensating for the travel time Ntt ,
retina detection required on average 128 additional sam-
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Fig. 17. a) System state for a single period. b) Mirror position cor-
responding to the period of plot a.

ples before detection. The end-surface detection was in-
stant.

From the adjusted travel time, a corrected value for β was
determined using the executed Nret and Nes. Compensating
for the additional amount of samples required before detec-
tion, using Equation (15), values were fond for variance peak
values without this delay. The result of this compensation is
shown in plot (b) of Fig. 16. The peak values now are now
much closer to the actual boundary, differentiating only 6
percent from the expected β. From this it was concluded that
the calculated travel time is wrong and that the additional
samples required before detecting a component are the main
cause of the original peak values being much larger than the
boundary value. The samples due to communication delay
and position overshoot should be able to be resolved or de-
termined. In case these values are determined, these can be
added as additional samples required for traveling. Improv-
ing the detection software would result in a faster detection
of the components. Since the amount of samples can not
be determined beforehand, the supervisor can not compen-
sate for this. A possible solution is to determine a maximum
or average amount of samples required and add these to the
travel time. This way a better approximation can be made
of how many samples are required until the next component
will be detected. Due to time limitations and the absence
of the device, it was not possible to repeat the experiments
using the adjusted travel time.

Finally, it was found that the execution-rate of the soft-
ware was not equal to the set 700 hertz, but more closely
due to 430 hertz. For the results of these experiments this
does not matter much, except that the expected travel time
should thus be 15 samples. From this it can be concluded
even further that the position controller should be improved.
It should be researched further why the execution rate of the
software is this value and how it can be increased. Since
the model noise was determined for 700 hertz, execution
on lower frequencies causes the variance to be lower than
it should actually be after that time. During operation in
surgery, it should be checked that the execution rate is at least
700 hertz, as otherwise dangerous situations could show.
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8 Conclusions & Recommendations
In this work, an automatically moving reference mirror

was introduced to increase the measurement window for an
SD-OCT device with limited measurement range. Moving
the reference mirror results in a shift of the entire measure-
ment window. This enables component detections at dis-
tances larger than the size of the measurement window, thus
making it possible to track the position of the retina from any
position of the instrument in the eye. This makes it possible
to construct model of the sample, use a larger variety of sur-
gical instrument and validate the functioning of the SD-OCT
from larger distances. To ensure safety and maximize per-
formance, a strategy for positioning the reference mirror was
formulated in the form of an optimization problem. The opti-
mization problem maximizes the average time at the sample
whilst keeping the maximum variance on the distance to the
sample bounded, such that it can be guaranteed with 99.99%
certainty that the instrument tip is not touching the sample,
for each moment from the current time to infinite. To this
end, two Kalman filters were introduced to track the posi-
tions of both end-surface and retina. From analysis of clin-
ical data, the model noise for each Kalman filter was deter-
mined for both end-surface and retina. Since simulation for
time going to infinity is impossible, it was assumed that the
distance between sample and end-surface remains constant
over time. This way the Kalman filters’ variance change in
a period becomes constant, thus being equal for all upcom-
ing periods, which resulted in a relaxation for the solution
time. Having only to optimize for one period, expressions
were found for the variance peaks in a single period. Since
it was desired to achieve large times at the sample, it was as-
sumed that after observing the sample, the variance approxi-
mated a converged value which could be determined before-
hand. Using the assumptions mentioned and the expression
for the variance peak values, a supervisor was constructed.
The supervisor could be used real-time, if the computation
time of a solution would not exceed the execution time of
the software. If the latter would be the case, the supervisor
could be used to construct a lookup-table, from which the
amount of samples at a component follow from the travel
time and boundary value. Comparing the supervisor with
a brute-force optimization algorithm showed differences in
estimated optimal value. Since the predicted values of the
supervisor were occasionally higher than of the brute force
algorithm’s lookup-table, this could result in exceeding the
boundary value. Further research is required to find the ex-
act cause of these differences. From simulations it was con-
cluded that the supervisor functions well for most distances
between the components, but is unable to keep the uncer-
tainty bounded for small distances between the components
when there are movements involved. The expected cause
for exceeding the boundary is that the periodicity assump-
tion does not hold. For small distances, the supervisor will
thus not be able to guarantee the 99.99% certainty. How-
ever, simulations also showed that for most distances in the
eye, safe operation can be guaranteed whilst observing the
retina for long periods of time. To validate the functioning
of the supervisor in a real environment, experiments were

conducted. From these experiments it was concluded that
overshoot in the actuator, communication delay and a delay
in the detection algorithm, caused the actual travel time to
be longer than expected. Compensating for these additional
samples was done and the expected boundary value was ob-
tained. It is recommended to find expressions for these delay
and to incorporate them into the travel time. This way the su-
pervisor should be able to handle the non-ideal environment.
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