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(57) Abstract: An imaging system for performing a hybrid spiral scan
pattern includes a scanner, a scanner controller in communication with
the scanner to direct the scanner to perform a hybrid spiral scan pattern,
wherein the hybrid spiral scan pattern includes a constant angular ve-
locity (CAV) spiral scan pattern, a constant linear velocity (CLV) spi-
ral scan pattern, and a transition spiral scan pattern. In some cases, the
imaging system further includes a light source, and the scanner is po-
sitioned to receive light from the light source and direct the light to an
object. In some cases, the imaging system further includes at least one
position sensor for detecting actual positions of the scanner during the
hybrid spiral scan pattern. In some cases, the imaging system further
includes an image processor coupled to receive position data detected
by the at least one position sensor and produce an image.
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HYBRID SPIRAL SCAN PATTERNS

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0001] This invention was made with Government support under Federal Grant no.
1R21EY030270-01 awarded by the National Institutes of Health/National Eye Institute. The

Federal Government has certain rights to this invention.

BACKGROUND

[0002] Many scanning imaging systems, including most existing scanning laser microscopy
(SLM), scanning laser ophthalmoscopy (SLO), optical coherence tomography (OCT), and laser
scanning confocal microscopy (LSCM) systems, use raster scanning patterns in which image data
is acquired by collecting a series of parallel "scan lines" spaced evenly across the region of interest.
Although raster scanning simplifies the image processing step to a matter of rearranging acquired
image data in a computing device's memory, this comes at the cost of the raster scan pattern being
suboptimal in numerous ways, including low scan efficiency (e.g., the percentage of time during
a scan when useful data is acquired) caused by dead times during scanner turn-around and poor
thermal efficiency (e.g., generating excess waste heat from mechanical scanners).

[0003] Depending upon the region of interest (e.g., the anterior or posterior segment of the eye),
a spiral scan pattern may be advantageous. Some scanning systems offer non-raster scan patterns,
such as Lissajous and spiral scan patterns; however, current applications of these non-raster scan
patterns often suffer from bandwidth and/or slew rate limitations of the scanners and under-
sampling of the region of interest. For example, angular frequency rates of constant linear velocity
(CLV) spirals can exceed the bandwidth of position sensors near a center of a spiral; and for
constant angular velocity (CAV) spirals, linear velocities that exceed most imaging systems’
capabilities are required at an outside portion of a spiral, resulting in a blurred or low-contrast
image and erroneous topographic data in this portion. These non-raster scan patterns also
complicate image processing and rendering because the scan data is not arranged in the same

rectangular pattern that is easily transferable to a display.

BRIEF SUMMARY
[0004] Imaging systems and methods for performing a hybrid spiral scan pattern are provided.
The hybrid spiral scan patterns include regions of constant linear velocity spirals and regions of
constant angular velocity spirals. Image reconstruction can be carried out by an interpolation of

collected data to a raster format such that an image can be produced that is suitable for display. In
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some cases, it is possible to update the hybrid spiral scan pattern during scanning (e.g., by
generating compensating drive signals during the scan) and/or correct the data collected during
the scan with position data collected from the position sensors integrated into the scanning system.
Certain embodiments can thus provide artifact-free, high-contrast, high-resolution, and high-
quality imaging capabilities. These advantages provide broad applicability for performing the
hybrid spiral scan pattern in a variety of optical imaging technologies, including all SLM, SLO,
OCT, and LSCM technologies, as well as other scanning technologies that utilize energy
propagating in the form of waves, including all portions of the electromagnetic spectrum (e.g.,
radio frequency, far-infrared, near-infrared, visible, ultraviolet, and X-ray), and acoustic energy.
[0005] An imaging system for performing a hybrid spiral scan pattern includes a scanner and a
scanner controller in communication with the scanner to direct the scanner to perform a hybrid
spiral scan pattern. The hybrid spiral scan pattern includes a constant angular velocity (CAV)
spiral scan pattern, a constant linear velocity (CLV) spiral scan pattern, and a transition spiral scan
pattern. The imaging system can be a light imaging system (e.g., with an optical light source) or
an imaging system based on another form of propagating waves (e.g., other non-optical
electromagnetic energy or acoustic energy).

[0006] In some cases, the transition spiral scan pattern includes a moment when a velocity of the
CAYV spiral scan pattern is equal to a velocity of the CLV spiral scan pattern. In some cases, the
CAYV spiral scan pattern is an inner portion of the hybrid spiral scan pattern and the CLV spiral
scan pattern is an outer portion of the hybrid spiral scan pattern. In some cases, hybrid spiral scan
pattern spirals from a center to an outer portion. In some cases, the hybrid spiral scan pattern
further includes a flyback segment to a center. In some cases, the hybrid spiral scan pattern spirals
from an outer portion to a center. In some cases, the hybrid spiral scan pattern further includes a
flyback segment to an outer portion. In some cases, the hybrid spiral scan pattern alternates
between spiraling inwardly and spiraling outwardly with no flyback segments.

[0007] An imaging system in the form of a light imaging system for performing a hybrid spiral
scan pattern includes a light source, a light scanner positioned to receive light from the light source
and direct the light to an object, and a light scanner controller in communication with the light
scanner to direct the light scanner to perform a hybrid spiral scan pattern of the light onto the
object. The hybrid spiral scan pattern includes a CAV spiral scan pattern, a CLV spiral scan
pattern, and a transition spiral scan pattern. In some cases, the light scanner controller is
configured to: drive the light scanner in the CAV spiral scan pattern, drive the light scanner in the
CLYV spiral scan pattern, and perform a shift between the CAV spiral scan pattern and the CLV

spiral scan pattern to generate the transition spiral scan pattern. The shift can be from the CAV
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spiral scan pattern to the CLV spiral scan pattern and vice versa, depending on the particular
hybrid spiral scan pattern.

[0008] The light imaging system can further include a light detector for capturing light data and
an image processor coupled to receive the light data captured by the light detector and produce an
image from the light data. In some cases, this light data is the result of diffuse or specular
backscattering of the light directed to the object by the light scanner (i.e., a reflective imaging
system). In some cases, this light data is the result of the transmission through the object of the
light directed to the object by the light scanner (i.e., a transmissive imaging system).

[0009] A light imaging system or other imaging system can further include at least one position
sensor for detecting actual positions of the scanner during the hybrid spiral scan pattern. The image
processor may be coupled to receive position data detected by the at least one position sensor. In
some cases, the image produced from the light data uses the position data of the scanner during
the hybrid spiral scan pattern to correct the light data. For example, the image processor can
determine a difference between an expected position of the scanner according to the hybrid spiral
scan pattern and an actual position of the scanner according to the position data detected by the at
least one position sensor. The image processor can then correct the light data for image warping
caused by the scanner’s non-ideal transfer functions based on the determined difference between
the expected position of the scanner according to the hybrid spiral scan pattern and the position of
the scanner as measured by the at least one position sensor.

[0010] In some cases, the position data of the scanner during the hybrid spiral scan pattern is used
to adjust or compensate the drive control signals of the scanner controller during the performance
of the hybrid spiral scan pattern.

[0011] This Summary is provided to introduce a selection of concepts in a simplified form that
are further described below in the Detailed Description. This Summary is not intended to identify
key features or essential features of the claimed subject matter, nor is it intended to be used to

limit the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] Figure 1A illustrates the linear velocities of an example hybrid spiral scan pattern.
[0013] Figure 1B illustrates a drive waveform of the hybrid spiral scan pattern of Figure 1A.
[0014] Figure 1C illustrates a plot of an application of the example hybrid spiral scan pattern of
Figure 1A sampled at equally spaced time intervals.
[0015] Figures 2A and 2B illustrate example system architectures for a light imaging system for

performing a hybrid spiral scan pattern.
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[0016] Figures 3A and 3B illustrate example system architectures for an imaging system with
position sensors for performing a hybrid spiral scan pattem.

[0017] Figure 4 illustrates a specific embodiment of a system architecture for a light imaging
system for performing a hybrid spiral scan pattern.

[0018] Figure 5 illustrates a specific embodiment of an optical design for performing a hybrid

spiral scan pattern to an eye.

DETAILED DESCRIPTION
[0019] Imaging systems and methods for performing a hybrid spiral scan pattern are provided.
The hybrid spiral scan patterns include regions of constant linear velocity spirals and regions of
constant angular velocity spirals. Image reconstruction can be carried out by an interpolation of
collected data to a raster format such that an image can be produced that is suitable for display. In
some cases, it is possible to update the hybrid spiral scan pattern during scanning (e.g., by
generating compensating drive signals during the scan) and/or correct the data collected during
the scan with position data collected from the position sensors integrated into the scanning system.
Certain embodiments can thus provide artifact-free, high-contrast, high-resolution, and high-
quality imaging capabilities. These advantages provide broad applicability for performing the
hybrid spiral scan pattern in a variety of optical imaging technologies, including all SLM, SLO,
OCT, and LSCM technologies, as well as other scanning technologies that utilize energy
propagating in the form of waves, including all portions of the electromagnetic spectrum (e.g.,
radio frequency, far-infrared, near-infrared, visible, ultraviolet, and X-ray), and acoustic energy.
[0020] An imaging system for performing a hybrid spiral scan pattern includes a scanner and a
scanner controller in communication with the scanner to direct the scanner to perform a hybrid
spiral scan pattern. The hybrid spiral scan pattern includes a combination of a constant angular
velocity (CAV) spiral scan pattern, a constant linear velocity (CLV) spiral scan pattern, and a
transition spiral scan pattern which is a shift between the CAV spiral scan pattern and the CLV
spiral scan pattern.
[0021] Figure 1A illustrates the linear velocities of an example hybrid spiral scan pattern; Figure
1B illustrates a drive waveform of the hybrid spiral scan pattern of Figure 1A; and Figure 1C
illustrates a plot of an application of the example hybrid spiral scan pattern of Figure 1A sampled
at equally spaced time intervals.
[0022] Referring to Figure 1A, an example hybrid spiral scan pattern 100 includes a CAV spiral
scan pattern 110, a CLV spiral scan pattern 120, and a transition spiral scan pattern 130. In the

illustrated example, the CAV spiral scan pattern 110 extends from a center 140 of the hybrid spiral
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scan pattern and transitions to the CLV spiral scan pattern 120 at the transition spiral scan pattern
130. The CLV spiral scan pattern 120 extends from the transition spiral scan pattern 130 to the
outer perimeter 150 of the hybrid spiral scan pattern 100. It should be understood that while the
illustrated example shows the CAV spiral scan pattern 110 in a central portion and the CLV spiral
scan pattern 120 at an outer portion of the pattern, embodiments are not limited thereto. For
example, the CLV and CAV motion may alternate more than once.

[0023] As can be seen by the plot of linear velocities, as the CAV spiral scan pattern 110 moves
outwardly from the center 140 toward the outer perimeter 150, the linear velocity of the CAV
spiral scan pattern 110 increases as the radius of the spiral increases (and if viewing from the outer
perimeter 150 to the center 140, the linear velocity of the CAV spiral scan pattern 110 decreases).
The CLV spiral scan pattern 120 maintains a constant linear velocity throughout the scanning
process.

[0024] There is a moment of time (hereinafter, the “critical time”) during application of the hybrid
spiral scan pattern 100 that the linear velocity of the CAV spiral scan pattern 110 is equal to the
linear velocity of the CLV spiral scan pattern 120. While not a requirement for the time at which
CAYV changes to CLV (or vice versa), this critical time is the most natural time at which to make
a transition between the CAV spiral scan pattern and the CLV spiral scan pattern (e.g., the
transition spiral scan pattern 130). As shown in the Figure, the radius at which the linear velocity
of the CAV spiral scan pattern is equal to the linear velocity of the CLV spiral scan pattern is
referred to as the “critical radius™.

[0025] As a specific example of solving for the critical time mathematically, given a scanning
mirror with a bandwidth limit wz and a slew rate limit vz, to parameterize the hybrid spiral scan

pattern 100 with a radial pitch of Ar and outside radius R, first compute the following:
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[0026]
[0027] Next, an outwardly spiraling hybrid spiral scan pattern can be parameterized as follows:
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[0029]
[0030] Note that . is the critical time in these equations. The hybrid spiral scan pattern 100 is

CAYV for t < t. and CLV for t. <t. Note also that 7(¢.) = r., so that r. can be thought of as the

“critical radius”—the radial coordinate of the spiral when the transition spiral scan pattern 130
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occurs. The critical radius is the same for both inward spirals and outward spirals. Indeed, it is
possible to generate the hybrid spiral scan pattern 100 starting from the outer perimeter 150
towards the center 140 and starting from the center 140 out towards the perimeter 150 by using
the critical radius. Moreover, certain implementations can alternate starting positions and even
alternate the direction of the hybrid spiral scan pattern 100 to combine both an outward spiral and
an inward spiral.

[0031] Referring to Figure 1B, a drive waveform of a single axis of a scanner performing the
example hybrid spiral scan pattern 100 is illustrated. In this example, the hybrid spiral scan pattern
begins from the center (e.g., center 140 of hybrid spiral scan pattern 100 shown in Figure 1A) with
CAYV and transitions to CLV at the critical time (indicated by dotted line). This waveform may be
adrive waveform of a galvanometer that is used as part of the scanner performing the hybrid spiral
scan pattern. The galvanometer drive waveforms can be calculated as x(¢) = Kr(¢) cos 6(¢), () =
Kr(?) sin 6(f) for 0 <t < tena, where K is the position-to-voltage proportionality constant. These
waveforms can be discretized and quantized for digital to analog conversion.

[0032] Note that a.u. = arbitrary units. Further note that the drive waveform is a chirped sinusoid
modulated with a piecewise envelope function consisting of a linear and then square root portion.
The linear portion corresponds to the CAV segment, and the square root portion corresponds to
the CLV segment. The switch from the linear to square root envelopes occurs at exactly the critical
time .

[0033] Referring to Figure 1C, a plot of a hybrid spiral scan pattern 100 on a two-dimensional
grid sampled at regular time intervals is illustrated for a specific scenario. As illustrated, the
difference between the CAV spiral scan pattern region 160 (which corresponds to CAV spiral
scan pattern 110 of Figure 1A) and the CLV spiral scan pattern region 170 (which corresponds to
CLV spiral scan pattern 120 of Figure 1A) is readily visible, with the transition region 190 clearly
identifiable between the two. The radial "spokes" occur in the CAV spiral scan pattern region 160
because the sampling frequency is an integer multiple of the angular frequency w: as selected for
this example. It should be understood that other sampling frequencies and other angular
frequencies may result in a different plot. The inner portion of the CAV spiral scan pattern region
160 is visibly oversampled due to the decreased linear velocity of the CAV spiral scan pattern
nearest the center, which may be desirable in applications in which the center is the region of
interest (e.g., in applications in which an eye is the subject being scanned).

[0034] As illustrated in Figures 1A-1C, the transition spiral scan pattern can include the transition
when the linear velocity of the CAV spiral scan pattern 110 is equal to the linear velocity of the

CLV spiral scan pattern 120. However, in certain embodiments, the transition spiral scan pattern
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130 can occur, for example, where the linear velocity for the CAV spiral scan pattern 110 has a
different end value than that used for the CLV spiral scan pattern 120.

[0035] In some cases, the CAV spiral scan pattern 110 is an inner portion of the hybrid spiral scan
pattern 100 and the CLV spiral scan pattern is an outer portion of the hybrid spiral scan pattern
100. In some cases, the hybrid spiral scan pattern 100 spirals from a center 140 to an outer
perimeter 150. In some cases, the hybrid spiral scan pattern 100 includes a flyback segment to a
center 140. The flyback segment may be advantageous to re-center a scanning system between
multiple/successive outward scans. In some cases, the hybrid spiral scan pattern 100 spirals from
an outer perimeter 150 to a center 140. In some cases, the hybrid spiral scan pattern 100 includes
a flyback segment from a center 140 to an outer perimeter 150. In some cases, the hybrid spiral
scan pattern 100 alternates between spiraling inwardly (e.g., from an outer perimeter 150 to a
center 140) and spiraling outwardly (e.g., from a center 140 to an outer perimeter 150) and vice
versa. In other words, the hybrid spiral scan pattern 100 may include multiple/successive spirals
(e.g., outward then inward or vice versa) until a satisfactory amount of data (e.g., backscattered or
transmitted light data) is collected.

[0036] As described above, the critical radius can be used for both inward and outward spirals,
such that the hybrid spiral scan pattern 100 switches between CAV and CLV as part of the
transition spiral scan pattern at the critical radius. In some cases, to repeatedly scan the same area
with the hybrid spiral scan pattern 100 following an outward spiral, an inward spiral can be
performed (e.g., calculated to be continuous with the already performed outward spiral). This
option provides higher scan rates but is subject to the potential of misalignment between the
inward and outward spirals. In some cases, to repeatedly scan the same area with the hybrid spiral
scan pattern 100 following an outward spiral, a flyback segment may be used to bring the scan
back to the center 140, upon which another outward spiral may be performed. In some cases, a
flyback segment may be a linear segment. In some cases, the flyback segment is a coarse inward
spiral.

[0037] Figures 2A and 2B illustrate example system architectures for a light imaging system for
performing a hybrid spiral scan pattern. Referring to Figure 2A, a light imaging system 200 for
performing a hybrid spiral scan pattern includes a light source 210, a light scanner 220 positioned
to receive light from the light source 210 and direct the light to an object, and a light scanner
controller 230 in communication with the light scanner 220 to direct the light scanner 220 to
perform a hybrid spiral scan pattern of the light onto the object. The hybrid spiral scan pattern

includes a CAV spiral scan pattern, a CLV spiral scan pattern, and a transition spiral scan pattern.
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[0038] In some cases, the light scanner controller 230 is configured to (e.g., by software and/or
hardware elements) drive the light scanner 220 in the CAV spiral scan pattern, drive the light
scanner in the CLV spiral scan pattern, and perform a shift between the CAV spiral scan pattern
and the CLV spiral scan pattern to generate the transition spiral scan pattern. In some cases, the
shift between the CAV spiral scan pattern and the CLV spiral scan pattern is a shift from the CAV
spiral scan pattern to the CLV spiral scan pattern. In some cases, the shift between the CAV spiral
scan pattern and the CLV spiral scan pattern is a shift from the CLV spiral scan pattern to the
CAV spiral scan pattern.

[0039] In some cases, the light source 210 includes at least one of a laser, a superluminescent
diode (SLD), and a light emitting diode (LED). In some cases, the laser is a diode laser. In some
cases, the light source 210 is an incoherent light source or a thermal light source. In some cases,
the light source 210 excites fluorescent molecules in the object, which then re-emit photons of a
different wavelength. Accordingly, the light, from the light source 210, includes visible light,
infrared light, ultraviolet light, or a sub-band therein. In some cases, the light scanner 220 includes
at least one of a galvanometer scanning mirror, a microelectromechanical system (MEMS)
scanning mirror, a resonant scanning mirror, and a piezo-electric scanning mirror. In some cases,
the light scanner 220 further includes one or more translating or rotating refractive elements. In
some cases, the one or more translating or rotating refractive elements includes prisms or wedges.
In some cases, the light scanner 220 includes at least one of an acousto-optic scanner, an electro-
optic scanner, and a holographic scanner.

[0040] Referring to Figure 2B, in a further embodiment, a light imaging system 240 for
performing a hybrid spiral scan pattern includes the light source 210, a light scanner 220
positioned to receive light from the light source 210 and direct the light to an object, a light scanner
controller 230 in communication with the light scanner 220 to direct the light scanner 220 to
perform a hybrid spiral scan pattern of the light onto the object, a light detector 250 for capturing
light data backscattered or fluoresced from or transmitted through the object as a result of the light
directed to the object by the light scanner 220, and an image processor 260 coupled to receive the
light data captured by the light detector 250 and produce an image from the light data. In some
cases, this light data is the result of diffuse or specular backscattering of the light directed to the
object by the light scanner (i.e., a reflective imaging system). In some cases, this light data is the
result of the transmission through the object of the light directed to the object by the light scanner
(i.e., atransmissive imaging system). As with the implementation described with respect to Figure

2A, the hybrid spiral scan pattern that can be performed under control of the scanner controller
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230 includes a CAV spiral scan pattern, a CLV spiral scan pattern, and a transition spiral scan
pattern.

[0041] The light detector 250 can be any suitable detector for detecting the light backscattered or
fluoresced from or transmitted through an object as result of light directed to the object by the
light source 210. Examples include, but are not limited to an avalanche photodiode, a
photomultiplier tube, a p-» photodiode, a p-i-n photodiode, and a thermal detector. In some cases,
the light detector may be a two-dimensional image sensor such as a charge-coupled device (CCD)
or an active-pixel sensor such as a complementary metal-oxide semiconductor (CMOS) image
sensor. In some cases, amplifiers, filters, and other signal conditioning devices may be included
as part of light detector 250. The image processor 260 can be a dedicated computing device or a
personal computer or other multi-function computing device. Image reconstruction can be carried
out at the image processor 260 by an interpolation of collected data to a raster format such that an
image can be produced that is suitable for display.

[0042] In some cases, it is possible to update the hybrid spiral scan pattern during scanning (e.g.,
by generating compensating drive signals during the scan) and/or correct the data collected during
the scan (for image reconstruction) with position data from the position sensors.

[0043] Figures 3A and 3B illustrate example system architectures for an imaging system with
position sensors for performing a hybrid spiral scan pattern. Referring to Figure 3A, an imaging
system 300 for performing a hybrid spiral scan pattern includes a scanner 310, a scanner controller
320 in communication with the scanner 310 to direct the scanner 310 to perform a hybrid spiral
scan pattern, and at least one position sensor 330 for detecting actual positions of the scanner
during the hybrid spiral scan pattern. In some cases, the scanner controller 320 is configured to
(e.g., by software and/or hardware elements) drive the scanner 310 in a CAV spiral scan pattern,
drive the scanner 310 in a CLV spiral scan pattern, and perform a shift between the CAV spiral
scan pattern and the CLV spiral scan pattern to generate a transition spiral scan pattern. Indeed,
the scanner controller 320 may operate as described with respect to the light scanner controller
230 of Figures 2A and 2B. In some cases, the imaging system 300 utilizes a source of energy
propagating in the form of waves, including any portion of the electromagnetic spectrum or
acoustic energy.

[0044] In some cases, the at least one position sensor 330 is directly coupled to the scanner 310.
In some cases, the at least one position sensor 330 detects positions of the scanner 310 from a
distance. The at least one position sensor 330 may be a capacitive displacement sensor, an eddy-
current sensor, a hall effect sensor, an inductive sensor, a laser doppler vibrometer, a linear

variable differential transformer (LVDT), a photodiode array, a piezo-electric transducer, a
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position encoder (e.g., an interferometric encoder and/or laser interferometric encoder), a
potentiometer, a proximity sensor, a string potentiometer, and an ultrasonic sensor. The
information from the at least one position sensor 330 can, in some cases, be fed back to the scanner
controller 320, as described in more detail below. In some cases, the imaging system 300 can be
a light imaging system such as described with respect to Figures 2A and 2B. However various
modalities are also applicable. For example, the system can be suitable for at least one of light
energy and sound energy.

[0045] Referring to Figure 3B, in a further embodiment, an imaging system 340 for performing a
hybrid spiral scan pattern includes a scanner 310, a scanner controller 320 in communication with
the scanner 310 to direct the scanner 310 to perform the hybrid spiral scan pattern, at least one
position sensor 330 for detecting actual positions of the scanner 310 during the hybrid spiral scan
pattern, a detector 350 for capturing image data reflected, backscattered, or fluoresced from or
transmitted through the object as a result of energy directed to the object by the scanner 310, and
an image processor 360 coupled to receive position data detected by the at least one position sensor
330 and the image data captured by the detector 350 and produce an image from the image data
and the position data. In some cases, the image produced from the image data uses the position
data of the scanner 310 during the hybrid spiral scan pattern to correct the image data. The
corrected image data can be rasterized for display on a display screen. For example, the image
processor 360 can determine the difference between an expected position of the scanner 310
according to the hybrid spiral scan pattern and an actual position of the scanner 310 according to
the position data detected by the at least one position sensor 330. The image processor 360 can
then correct the image data for image warping caused by the scanner’s non-ideal transfer functions
based on the determined difference between the expected position of the scanner and the actual
position of the scanner.

[0046] In some cases, the scanner controller 320 receives the position data from the position
sensor(s) 330 and determines a difference between the expected position of the scanner 310
according to the transfer function of the scanner 310 and the position data detected by the at least
one position sensor 330. In some cases, the scanner controller 320 determines the aforementioned
difference by constructing an approximation of the transfer function, deducing an inversion
operator by inverting the approximation of the transfer function, computing a compensated drive
waveform for the scanner using the inversion operator, and generating compensating drive signals
for the scanner 310 using the compensated drive waveform during the hybrid spiral scan pattern.
The scanner controller 320 can then communicate the compensating drive signals to the scanner

310 during the hybrid spiral scan pattern. When the compensating drive signals are executed by
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the scanner 310, the scanner 310 produces a response that adheres more closely to the
intended/expected scan pattern. In some cases, the transfer function is theoretically or empirically
determined.

[0047] As a specific example, a detector in a reflective SLM system samples the intensity of
backscattered light at regular intervals, giving a discrete-time series /[f] for t € {fo . . . tena}. The
image processing can transform this one-dimensional time series into a two-dimensional raster
image, suitable for display on computer screens, or storage into a conventional image format such
as TIFF, JPEG, or PNG. According to an example implementation, each intensity sample /[¢] is
associated with a corresponding (x, y) position describing the location on the sample where this
intensity sample was taken. However, this is complicated by the transfer function of real scanning
systems being non-ideal: given a drive waveform x(¢) in one axis, the response waveform x'(¢) is
related to x(¢¥) by some operator F' such that x'(¥) = F (x(¢)). The transfer function ' is usually
nonlinear, but can contain approximately linear regions. The described position sensors 330 can
be used to facilitate methods for correcting image warping caused by the non-ideal scanning
system transfer functions.

[0048] In some cases, these methods include inverting the scanning system’s transfer function #'
to deduce an inversion operator (7, then generating compensating drive signals G(x(¢)) and G((¢))
such that F' (G(x(?))) = x(¢) and F (G((¢))) = y(f). This inversion may be facilitated by measuring
the scanning system responses, via the position sensors 330, to input drive signals from scanner
controller 320, as well as by knowledge of the dynamics of the particular scanner (e.g.,
galvanometer scanning mirror technology). Machine learning methods, such as convolutional
neural networks (CNNs), may be used to deduce G. In some cases, these methods include driving
the scanning system with the unmodified waveforms x(¢) and y(f) and simultaneously using the
position sensor signals to record the response of the system as x'(¢) and y'(¢).

[0049] In any case, the result is a pair of response waveforms x'() and y'(7). With these waveforms,
each /]7] can be associated with the corresponding position (x'(f), y'(¢)) for all t € {fo . . . tend}.
Taken as a whole, these associations can be rasterized by forming a two-dimensional raster image
Ay suitable for display or saving to a conventional image format. To accomplish this, conventional
graphics processing unit (GPU) technology, which is capable of performing this rasterization in
real time, can be used at the image processor 360. In some cases, inverse distance-weighted
interpolation methods may be used to rasterize the image data.

[0050] Figure 4 illustrates a specific embodiment of a system architecture for a light imaging
system for performing a hybrid spiral scan pattern. Figure 5 illustrates a specific embodiment of

an optical design for performing a hybrid spiral scan pattern to image the posterior segment of an
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eve. It should be understood that these are specific embodiments of an optical design and of a
system architecture for a light imaging system for performing a hybrid spiral scan pattern; in other
embodiments, more or fewer features may be included in an optical design and/or a light imaging
system for performing a hybrid spiral scan pattern. Referring to Figure 4, a light imaging system
400 for performing a hybrid spiral scan pattern includes data acquisition hardware (DAQ) 402 in
communication with a light source 404 to provide light source control signals to the light source
404. In some cases, the light source control signals include commands to the light source 404 to
switch on and off, to produce specific wavelengths of light (e.g., by turning one or more emitters
that produce specific wavelengths of light), or to provide specific intensities of light by intensity
modulation (e.g., modulating the intensity of light illuminating the CAV region of the hybrid spiral
scan pattern, where linear velocities are low, to provide uniform time-weighted illumination of
the object). The light source 404 provides light to an optical subsystem 422 of an imaging probe
420. The light then traverses through the imaging probe 420 to a scanning subsystem 430 and
back again to the optical subsystem 422 where the light is directed to a subject.

[0051] Specifically, beam scanners 432 of the scanning subsystem 430 are in communication to
receive command signals from a scanner control interface 406 to direct the light to a subject in a
hybrid spiral scan pattern. In some cases, the beams scanners 432 are galvanometer scanners.
Position sensors 434 of the scanning subsystem 430 are in communication with the scanner control
interface 406 (which, in turn, is in communication with the DAQ 402) to provide position data
collected from the position of the beam scanners 432 during the hybrid spiral scan pattern to the
DAQ 402. In some cases, the scanner control interface 406 may be included within the imaging
probe 420. In some cases, the scanner control interface 406 may be included with the DAQ 402.
In some cases, the imaging probe 420 may contain any of the features illustrated in the light
imaging system 400.

[0052] In some cases, the imaging probe 420 may include an optical design for confocally imaging
the posterior segment of the eye as illustrated in Figure 5. Referring to Figure 5, an optical design
500 for performing the hybrid spiral scan pattern includes a collimating lens 510 (e.g., of the
optical subsystem 422 of Figure 4) that receives light from a light source through an optical fiber
550. In some cases, the collimating lens is an achromatic triplet collimator, including, but not
limited to, a Hastings triplet. Next, light from the collimating lens 510 reaches the scanning system
520 (e.g., scanning subsystem 430 of Figure 4), which directs the light according to the hybrid
spiral scan pattern. In some cases, the light from the collimating lens 510 is first passed through
an electrically tunable liquid lens to provide focus adjustment before reaching the scanning system

520. In some cases, the scanning system 520 includes galvanometers (e.g., beam scanners 432 of
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Figure 4). In some cases, position sensors (e.g., position sensors 434 of Figure 4) are included at
the galvanometers. The light is directed by the scanning system 520 to the scan lens 530, and from
the scan lens 530 to an objective lens 540 (e.g., of the optical subsystem 422 of Figure 4). In some
cases, one or more of the scan lens 530 and objective lens 540 may include a Plossl eyepiece
consisting of two achromatic doublets, or an aspheric lens. From the objective lens 540, the light
is directed to the eye 502, where it enters the pupil and is focused onto the retina. Light reflected
from the retina follows the same optical path in reverse, back to the light detector (i.e., the optical
subsystem 422 of Figure 4) via the optical fiber 550.

[0053] In some cases, the scanning system 520/scanner control interface 406 includes instructions
stored within memory that are performed by a processor to implement the hybrid spiral scan
pattern (e.g., as described with respect to Figures 1A-1C). Alternatively, or in addition, the
functionality for performing the hybrid spiral scan pattern described herein (e.g., as described with
respect to Figures 1A-1C) can be performed, at least in part, by one or more hardware logic
components of the scanning system 520/DAQ 402. For example, and without limitation,
illustrative types of hardware logic components that can be used include microcontrollers, field-
programmable gate arrays (FPGAs), application-specific integrated circuits (ASICs), application-
specific standard products (ASSPs), system-on-a-chip systems (SOCs), complex programmable
logic devices (CPLDs), etc.

[0054] Referring back to Figure 4, light that is backscattered or fluoresced from or transmitted
through an object (e.g., from the light that is directed to the eye 502 in Figure 5) is detected and/or
collected by a light detector 408. Light image data that is collected/detected by the light detector
408 is then sent to the DAQ 402 for image processing. In some cases, the DAQ 402 may send the
light image data to a computer (PC) 410 for image processing. In some cases, the PC 410 includes
an image processor to produce an image from the light image data. The image processor can
include a central processing unit (CPU), a graphics processing unit (GPU), an application specific
processor, or logic devices, as well as any other type of processing device, combinations, or
variations thereof that execute software and/or perform logic operations to produce an image for
display. The image processor may rasterize the light image data to produce an image on a display
connected to the PC 410.

[0055] The PC 410 may also include one or more storage resources including storage (e.g., to
store the light image data and/or position information). The one or more storage resources can
include volatile and non-volatile memories, removable and non-removable media implemented in
any method or technology for storage of information, such as computer readable instructions, data

structures, program modules, or other data. Examples of storage resources include storage devices
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in the form of random access memory, read only memory, magnetic disks, optical disks, CDs,
DVDs, flash memory, magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic
storage devices, or any other suitable storage media. In no case is a storage resource implementing
the storage a transitory propagated signal. Indeed, as used herein “storage media” do not consist
of transitory, propagating waves. Instead, “‘storage media” refers to non-transitory media. Storage
can store instructions for the processes carried out by the imaging system, including instructions
for performing the hybrid spiral scan pattern, collection of position data, and collection of the
image data. It is further contemplated that said instructions can be stored at any suitable computer-
readable storage medium for execution by any imaging system. Again, it should be understood
that “computer-readable storage medium™ does not consist of transitory propagating signals.
[0056] In some cases, the PC 410 may be remote from the DAQ 402 (e.g., on-site, off-site, or
cloud-based) to securely receive the light image data from the DAQ 402. In some cases,
communications interfaces for sending/receiving the light image data can include a network
interface for coupling to the Internet or cellular service (e.g., for communicating with a service
tied to a mobile application on a mobile device) and/or a short-range interface (near field, wide
band, Bluetooth ®, or other common communication protocols) that can be used to communicate
wirelessly with nearby devices. In some cases, the communications interfaces can include direct
interfaces for particular sensors or general interfaces such as USB, Ethernet, or FireWire.

[0057] Although the subject matter has been described in language specific to structural features
and/or acts, it is to be understood that the subject matter defined in the appended claims is not
necessarily limited to the specific features or acts described above. Rather, the specific features
and acts described above are disclosed as examples of implementing the claims and other

equivalent features and acts are intended to be within the scope of the claims.
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CLAIMS

What is claimed is:

1. A light imaging system for performing a hybrid spiral scan pattern, comprising:

a light source;

a light scanner positioned to receive light from the light source and direct the light to
an object; and

a light scanner controller in communication with the light scanner to direct the light
scanner to perform a hybrid spiral scan pattern of the light onto the object, wherein the hybrid
spiral scan pattern comprises a constant angular velocity (CAV) spiral scan pattern, a constant

linear velocity (CLV) spiral scan pattern, and a transition spiral scan pattern.

2. The light imaging system of claim 1, wherein the light scanner controller is
configured to:

drive the light scanner in the CAV spiral scan pattern;

drive the light scanner in the CLV spiral scan pattern; and

perform a shift between the CAV spiral scan pattern and the CLV spiral scan pattern to

generate the transition spiral scan pattern.

3. The light imaging system of claim 2, wherein the shift between the CAV spiral scan
pattern and the CLV spiral scan pattern is a shift from the CAV spiral scan pattern to the CLV

spiral scan pattern.

4. The light imaging system of claim 2, wherein the shift between the CAV spiral scan
pattern and the CLV spiral scan pattern is a shift from the CLV spiral scan pattern to the CAV

spiral scan pattern.

5. The light imaging system of claim 1, wherein the transition spiral scan pattern
comprises a moment of time when a linear velocity of the CAV spiral scan pattern is equal to

a linear velocity of the CLV spiral scan pattern.

6. The light imaging system of claim 1, wherein the CAV spiral scan pattern is an inner
portion of the hybrid spiral scan pattern and the CLV spiral scan pattern is an outer portion of

the hybrid spiral scan pattern.
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7. The light imaging system of claim 1, wherein the hybrid spiral scan pattern spirals

from a center to an outer perimeter.

8. The light imaging system of claim 6, wherein the hybrid spiral scan pattern further

comprises a flyback segment to a center.

9. The light imaging system of claim 1, wherein the hybrid spiral scan pattern spirals

from an outer perimeter to a center.

10. The light imaging system of claim 9, wherein the hybrid spiral scan pattern further

comprises a flyback segment from a center to an outer perimeter.

11. The light imaging system of claim 1, wherein the hybrid spiral scan pattern

alternates between spiraling inwardly and spiraling outwardly.

12. The light imaging system of claim 1, further comprising:

a light detector for capturing light data backscattered from or transmitted through the
object as a result of the light directed to the object by the light scanner; and

an image processor coupled to receive the light data captured by the light detector and

produce an image from the light data.

13. The light imaging system of claim 12, further comprising at least one position sensor
for detecting actual positions of the light scanner during the hybrid spiral scan pattern, wherein
the image processor is coupled to receive position data detected by the at least one position

sensor and produce the image from the light data and the position data.

14. The light imaging system of claim 13, wherein the image processor produces the
image from the light data and the position data by:

correcting the light data using the actual positions of light scanner during the hybrid
spiral scan pattern as detected by the at least one position sensor; and

rasterizing the corrected light data for display on a display screen.
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15. The light imaging system of claim 12, wherein the light detector comprises at least
one of an avalanche photodiode, a photomultiplier tube, a p-» photodiode, a p-i-n photodiode,

a thermal detector, and a two-dimensional image sensor.

16. The light imaging system of claim 15, wherein the two-dimensional image sensor

is a charge-coupled device (CCD) or an active-pixel sensor.

17. The light imaging system of claim 16, wherein the active-pixel sensor is a

complementary metal-oxide semiconductor (CMOS) image sensor.

18. The light imaging system of claim 1, wherein the light scanner comprises at least
one of a galvanometer, a MEMS scanning mirror, a resonant scanning mirror, and a piezo-

electric scanning mirror.

19. The light imaging system of claim 18, wherein the light scanner further comprises

one or more translating or rotating refractive elements.

20. The light imaging system of claim 19, wherein the one or more translating or

rotating refractive elements comprise prisms or wedges.

21. The light imaging system of claim 18, wherein the light scanner further comprises

at least one of an acousto-optic scanner, an electro-optic scanner, and a holographic scanner.

22. The light imaging system of claim 1, wherein the light source comprises at least one

of a laser, a superluminescent diode (SLD), and a light emitting diode (LED).

23. The light imaging system of claim 1, wherein the light source is an incoherent light

source or a thermal light source.

24. An imaging system for performing a hybrid spiral scan pattern, comprising:
a scanner;
a scanner controller in communication with the scanner to direct the scanner to perform

a hybrid spiral scan pattern, wherein the hybrid spiral scan pattern comprises a constant angular
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velocity (CAV) spiral scan pattern, a constant linear velocity (CLV) spiral scan pattern, and a
transition spiral scan pattern; and
at least one position sensor for detecting actual positions of the scanner during the

hybrid spiral scan pattern.

25. The imaging system of claim 24, further comprising an image processor coupled to

receive position data detected by the at least one position sensor.

26. The imaging system of claim 25, further comprising a detector for capturing image
data from energy directed to an object by the scanner, wherein the image processor is coupled
to receive the image data captured by the detector and produce an image from the image data

and the position data.

27. The imaging system of claim 26, wherein the image processor produces the image
from the image data and the position data by:

correcting the image data using the position data of the scanner during the hybrid spiral
scan pattern as detected by the at least one position sensor; and

rasterizing the corrected image data for display on a display screen.

28. The imaging system of claim 26, wherein the energy comprises at least one of light

energy and sound energy.

29. The imaging system of claim 26, wherein the image processor determines a
difference between an expected position of the scanner according to the hybrid spiral scan
pattern and an actual position of the scanner according to the position data detected by the at

least one position sensor.

30. The imaging system of claim 29, wherein the image processor corrects the image
data for image warping based on the determined difference between the expected position of

the scanner and the actual position of the scanner.

31. The imaging system of claim 29, wherein the expected position of the scanner is

based on a transfer function for the scanner.
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32. The imaging system of claim 24, wherein the scanner controller is coupled to
receive position data detected by the at least one position sensor and determines a difference
between an expected position of the scanner according to a transfer function for the scanner
and an actual position of the scanner according to the position data detected by the at least one

position sensor.

33. The imaging system of claim 32, wherein the scanner controller determines the
difference between the expected position of the scanner and the actual position of the scanner
by:

constructing an approximation of the transfer function;

deducing an inversion operator by inverting the approximation of the transfer function;

computing a compensated drive waveform for the scanner using the inversion operator;
and

generating compensating drive signals for the scanner using the compensated drive

waveform during the hybrid spiral scan pattemn.

34, The imaging system of claim 33, wherein the scanner controller further
communicates the compensating drive signals to the scanner during the hybrid spiral scan

pattern.

35. The imaging system of claim 24, wherein the scanner controller is configured to:
drive the scanner in the CAV spiral scan pattern;

drive the scanner in the CLV spiral scan pattern; and

perform a shift between the CAV spiral scan pattern and the CLV spiral scan pattern to

generate the transition spiral scan pattern.
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