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Abstract
Decoupling Retinal Input from its Physiological Constraints
by
Hannah Kay Doyle
Doctor of Philosophy in Electrical Engineering and Computer Science
University of California, Berkeley

Professor Ren Ng, Chair

The human visual system is constrained by its physiological implementation. The imperfect
optics of the cornea and lens blur the light arriving at the retina. The inherent spectral
sensitivity functions of the retina’s three cone photoreceptor types give rise to the allowable
gamut of colors that humans can perceive. The mosaic-like tiling arrangement of those cone
cells in the retina dictates the spatial sampling characteristics of the eye, limiting the resolu-
tion with which one can perceive fine spatial detail. Even under fixation, the eye’s constant
motion causes the retinal image to shift continuously across the photoreceptor mosaic. To-
gether, these consequences of human biology impose constraints on visual perception under
natural viewing conditions. However, through recent advances in retinal imaging and stimu-
lation technology, we bypass these constraints through unnaturally precise spatial control of
light at the retinal interface, allowing for manipulation of the inputs to the visual system at
the level of individual photoreceptors. By gaining control of cone activations at the cellular
scale, we push past the spectral and spatial boundaries of the human visual system.

This work explores color and spatial vision beyond the physiological restrictions of typical
viewing conditions. Chapter 1 provides background on those restrictions and the optical
instrument used to make such experiments possible through simultaneous imaging, eye-
tracking, and stimulation. Each subsequent chapter outlines the application of this technol-
ogy to perform psychophysical experiments which probe the human color and spatial vision
system outside of its typical operating conditions. Chapter 2 studies color perception of
wavelengths outside the visible spectrum by eliciting 2-photon absorption of infrared light in
photoreceptor cells. Chapter 3 shows humans a color with a saturation beyond the bound-
ary of the human color gamut using targeted stimulation of individual cone photoreceptors.
Chapter 4 tests the spatial limits to vision, imposing emulated photoreceptor loss on the
retina and finding where visual acuity breaks down as a result. These experiments offer
insight into the way color and spatial vision arise from the signals delivered to the retina, by
enacting control over the input while simultaneously measuring the resulting sensory output.
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Cone spectral types and their spectral sensitivity functions. A retinal
image from 4° eccentricity is shown on the left with labels indicating the L (red),
M (green), and S (blue) cones. The spectral sensitivity for each cone type (a.u.) is
plotted as a function of wavelength on the right. L, M, and S cones are primarily
sensitive to long, medium, and short wavelengths, respectively. . . . . . . . . ..
LMS chromaticity triangle. The ternary diagram visualizes color space with
respect to the relative activation levels of the L, M, and S cones. The spectral
locus is the result of plotting these activation levels for monochromatic wave-
lengths spanning the visible spectrum. The human color gamut is the convex
hull bounded by the spectral locus, colored to approximate the appearance cor-
responding to each point in color space. The white region outside of the human
color gamut represents the patterns of L, M, and S, activation that are impossible
to achieve under natural viewing due to overlap in the spectral sensitivities.

Sample eye motion trace. A real recorded eye motion trace is plotted showing
the x- and y- position of the eye in degrees during a period of fixational eye motion.
Segments of drift appear jagged on the plot and are periodically interrupted by
microsaccades, which correspond to straight line segments where the eye moves
a greater distance. . . . . ... Lo
AOSLO schematic diagram (courtesy Austin Roorda). A simplified visu-
alization of the Adaptive Optics Scanning Light Ophthalmoscope shows its main
components. The light source is a laser, whose output is routed through the sys-
tem by a series of concave mirrors to the eye. Along its path, it is scanned in a
raster pattern by a slow vertical and fast horizontal scanner. The incident light
is reflected from the retina and travels back through the system where it is split
into wavelength channels by dichroic mirrors and measured by photomultiplier
tubes (PMTs) and a wavefront sensor (WFS). The wavefront sensor measures the
shape of the returning wavefront, which then informs the shape of the deformable
mirror (DM). These two components operated in a closed feedback loop to flatten
the wavefront and produce a sharply focused spot of light at the retina. . . . . .
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tive optics enables high-resolution imaging of the cone photoreceptor mosaic by
compensating for the eye’s imperfect optics. . . . . . . . .. ... L.

Color matching experiment details. (a) The 1064-nm 2-photon AOSLO
raster alternates in time with an AOSLO-generated matching raster. The match-
ing raster is a mixture of 532- and 680-nm light, which subjects tune until it is
indistinguishable from the 2-photon raster. (b) The 940-nm 2-photon AOSLO
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Imaging results and corresponding 2-photon luminance data at 940
nm. Images were collected at the defocus levels where subjects made matches.
The central thirds of each subject’s images are shown in separate rows, with each
column corresponding to a given defocus level. Lines connect each of the defocus
levels to the corresponding point in the plot of average 2-photon luminance across
all subjects. The sharpest images of the photoreceptors tend to coincide with the
brightest matches. . . . . . . . . ...
Modeling of through-focus 2-photon luminance profile and boost from
AO. The blue line is the simulated 2-photon luminance on a log scale (arbitrary
units) vs. defocus for a perfect AO correction. The thin black lines are the
simulated 2-photon luminances for 10 eyes with varying types and degrees of
aberration. The thick black line is the average of these uncorrected eyes. All
modeling results are normalized so that the ideal eye peaks at 1 a.u. and aligned
so that all peaks are at 0 D. The FWHMs of the with- and without-AO plots are
labeled inred. . . . . . . . ..

Overview of novel principle and prototype system. (A) System inputs.
(i) Retina map of 10® cone cells pre-classified by spectral type [40]. (ii) Target
visual percept. (iii) Infrared cellular-scale imaging of the retina with 60 frames-
per-second rolling shutter. Fixational eye movement is visible over the three
frames shown. (B) System outputs. (iv) Realtime per-cone target activation lev-
els to reproduce the target percept, computed by: extracting eye motion from the
input video relative to the retina map; identifying the spectral type of every cone
in the field of view; computing the per-cone activation the target percept would
have produced. (v) Intensities of visible-wavelength 488 nm laser microdoses at
each cone required to achieve its target activation level. (C) Infrared imaging and
visible-wavelength stimulation are physically accomplished in a raster scan across
the retinal region using AOSLO. By modulating the visible-wavelength beam’s
intensity, the laser microdoses shown in (v) are delivered. Drawing adapted with
permission (Harmening and Sincich [89]). (D) Examples of target percepts with
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Color matching of Oz colored squares produced by cone-by-cone stim-
ulation. (A to D) Each [ms chromaticity triangle plots color matches for one
subject with the indicated stimulation wavelength and type of matching color sys-
tem (RGB projector, or tunable near-monochromatic laser and projector white).
Target colors are specified as (I, M, and S) triplets, which are the relative light
intensity levels directed to each cone class. Color matches to different target col-
ors are denoted with differently colored markers. Each triangle also plots: color
matches for randomly interleaved jitter control condition [see EJ; coordinates of
the stimulation wavelength; natural color gamut of human vision; gamut of the
matching color system and its whitepoint; and perceptual uncertainty ellipses
for the average color matches (projected JND ellipsoid at the coordinates of the
“positive” component of the color match, computed from CIELAB/AFEY, scaled
three times the actual size). Ellipses not visible are smaller than their associated
markers. (E) Illustration of the control condition randomly interleaved into all
experiments: microdose target locations are randomly jittered by two intercone

spacings in Oz stimuli that are otherwise identical to the experimental condition.

Image and video recognition experiments. We tested subjects’ ability to
recognize image and video content consisting of Oz colors: A, a 4-alternative
forced choice (4-AFC) line orientation recognition task, and B, a 2-AFC rotation
direction task experiments. Oz stimuli consisted of equiluminant red lines and
disks presented on an olo background, as depicted. The bar graphs show individ-
ual subject performance over 20 trials per condition and average accuracy across
5 subjects with 95% confidence intervals. In experimental conditions with Oz
microdoses delivered experimentally (blue bars) subjects are able to accurately
identify line orientation and rotation direction. In control-group stimuli (gray
bars), where cone-targeting is compromised through jittering microdose target
locations, task accuracy is reduced to guessing rate as indicated by the dashed
lines. . . . . e
Subject’s view during color matching experiment. Left shows the exper-
imental view. Right shows an example of the multicolored mosaics shown for a
periodic 15-second “refresh period”. . . . . . . . . . . ... ...
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Dropout conditions. The two panels compare the cone and pixel dropout con-
ditions with 75% dropout. The frames on the left show the retinal mosaic with
cones in black and the green C stimulus overlaid. Due to fixational eye motion,
the retinal mosaic moves relative to the world-fixed C stimulus between each
frame. The eye motion trajectory is shown as a red trace overlaid on the frame,
with lighter colors indicating time points further in the past. In the cone dropout
condition (top), a fully intact stimulus is sampled by a retinal mosaic where a
percentage of the cones have been removed randomly. In the pixel dropout con-
dition (bottom), a percentage of pixels are removed randomly from the stimulus,
which is sampled by an intact retinal mosaic. The right shows the accumulation
of information in each case. Under fixational eye motion, the loss moves with the
eye in the cone dropout condition, allowing for the intact parts of the mosaic to
sample more of the letter, building a more filled-in percept over time. In the pixel
dropout condition, the loss remains fixed to the stimulus and no information is
accumulated through eye motion. . . . . . . . .. ... ...
Acuity threshold experiment. Acuity is plotted versus the fraction of cones
remaining and the equivalent dropout percentage under the cone dropout con-
dition (blue) and the pixel dropout condition (red) for 4 subjects. Dashed lines
show the fitted regression lines to individual subject data, while the solid lines
show the fitted regression line across all 4 subjects for the 2 conditions, where y
is the logM AR acuity and x is the logarithm of the fraction of cones remaining in
the mosaic. The bold points show the average acuity across subjects with error
bars indicating the standard error of the mean. . . . . . . . .. ... ... ...
Stimulus duration experiment. The difference in fraction correct between the
cone and pixel dropout conditions on a 4AFC Landolt C task is plotted versus
stimulus duration. Individual subject A Performance is plotted with faint lines.
The average A Performance across those 4 subjects is plotted with dark lines and
error bars indicating the standard error of the mean. . . . . . . ... ... ...
Sampling coverage analysis. (a) The average sampling coverage of the Landolt
C stimulus across all trials in the acuity threshold experiment is plotted versus the
fraction of cones remaining and the equivalent dropout percentage for the cone
dropout condition (cyan) and the pixel dropout condition (orange). The dashed
lines show the fits to each individual subject’s data, and the solid lines show the
fits to the data averaged across subjects, where y is the sampling coverage in
decimal form and x is the logarithm of the fraction of cones remaining in the
mosaic. (b) The measured acuity for each subject at each dropout percentage
is plotted versus the calculated sampling coverage from the corresponding trials.
Each point represents one subject at one dropout percentage, either under the
cone dropout (cyan) or pixel dropout (orange) condition. The data is fit by a
linear relationship (black), where y is the logMAR acuity and z is the sampling
coverage in decimal form. . . . . ... ..o
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Cone dropout adaptation experiment design. The schematic diagram de-
picts the design of a single trial in the adaptation experiment. First, subjects
view a stimulus subject to a specific pattern of cone dropout for 5-7 seconds.
Then, following a brief blank period, subjects see a test stimulus with either no
dropout, the same dropout pattern, or a different spatial pattern of dropout with
the same overall percentage. The subject then rates the uniformity of the second
stimulus shown. . . . . . . . ..
Cone dropout adaptation experiment results. The uniformity rating results
are shown as bar charts for the adaptation experiment with 2 subjects. Each bar
chart shows the average rating across all trials for the no dropout (blue), same
dropout (purple), and different dropout (red) conditions. The left plot shows data
from subject 20204L, who completed 90 trials, and the right plot shows data from
subject 10003L, who completed 120 trials. . . . . . . . . ... .. .. ... ...
Adaptation timecourse experiment results. The time taken to adapt to a
cone dropout pattern is plotted versus the dropout percentage. Each data point
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Chapter 1

Introduction

The study of human vision using conventional methods is obscured by physiological factors
that enact layers of transformation between the light entering the eye and the signals gener-
ated at the retinal interface. Here, we employ advances in high-precision optical stimulation
to modulate retinal input more directly than previously possible. In doing so, we bypass the
spectral, chromatic, and spatial constraints imposed by human physiology. In Chapter 2,
we study human perception of wavelengths that fall beyond the visible range and show that
tight focusing of light at the cones imparts a 25-fold boost in its visibility. In Chapter 3, we
show humans a color “olo” whose saturation lies outside of the gamut of human color vision
that is achievable under ordinary viewing. Finally, in Chapter 4, we isolate the role of the
retinal mosaic in mediating spatial vision and show that eye motion provides a compensatory
benefit for acuity under cone cell loss. These experiments taken together characterize human
visual perception outside of its spectral, chromatic, and spatial limits.

1.1 Physiological Limits to Vision

At the back of the eye sits the retina, the light-sensitive tissue which acts as the interface
converting light from the external world into sensory signals reaching the brain. This con-
version takes place in photoreceptor cells that tile the retinal mosaic. These cells themselves
belong to distinct spectral classes which dictate their relative sensitivity to light across the
visible spectrum under daytime conditions. Together, these physiological features of the
retina impose constraints on the input to the human visual system.

There are additional layers of processing which follow the initial activation of the pho-
toreceptors that shape the visual percept. Signals generated by the cones feed into retinal
ganglion cells, which often pool responses from several cones [1]. Ultimately, the outputs
from roughly 5 million cone cells in total are reduced to roughly 1 million optic nerve fibers
exiting the eye, resulting in significant compression on the signals produced at the retinal
interface [2, 3]. Beyond the retina, sensory signals face multiple stages of higher-level visual
processing in the brain [4, 5]. In this work, we focus on manipulating the retinal input, and
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Figure 1.1: Cone spectral types and their spectral sensitivity functions. A retinal
image from 4° eccentricity is shown on the left with labels indicating the L (red), M (green),
and S (blue) cones. The spectral sensitivity for each cone type (a.u.) is plotted as a function
of wavelength on the right. L, M, and S cones are primarily sensitive to long, medium, and
short wavelengths, respectively.

therefore will primarily consider the factors that directly shape it, namely the eye’s optics
and the characteristics of the retinal mosaic.

Factors constraining human color vision

The retina contains photoreceptor cells that absorb light, providing the inputs to the visual
system that lead to perception. These cells belong to two broad categories, known as rods and
cones, which operate at different light levels in order to establish the retina’s wide dynamic
range. Rods are primarily active at dim scotopic light conditions while cones dominate at
brighter photopic light levels, and both cell types contribute in the mesopic range between
the two [6]. While rods mediate night vision, cones facilitate daytime vision and inform the
visual system about color.

Photoreceptor cells detect light through absorption of photons by photopigments. Pho-
topigments themselves consist of opsin, a protein, which is bound to the 11-cis-retinal chro-
mophore, a light-sensitive molecule. When a photon is absorbed by the chromophore, it
undergoes a conformational change, which in turn causes the opsin to change shape and
become active. These two conformational changes trigger a cascade that ultimately results
in a change in the photoreceptor cell membrane potential which transmits an electrical signal
to downstream retinal neurons [7].

In the typical human retina, there are three types of cone cells, distinguished by their
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spectral sensitivity functions. These types are designated L, M, and S cones, indicating their
sensitivity to long, medium, and short wavelengths, respectively [8, 9]. A retinal mosaic
labeled with the three types along with their sensitivity functions is shown in Figure 1.1.
The sensitivity functions dictate the degree to which each cone type is activated in response
to varying wavelengths of light, and are a direct result of their genetic makeup. Genes
encode different opsins for the L, M, and S cones which dictate the spectral tuning of the
chromophore that they bind to [10]. Then, the combined activation levels of the three cone
types serve as a basis for encoding color information.

The consequences of the trichromatic cone mosaic for color vision are twofold. First,
one can see that the spectral sensitivities span a finite range of wavelengths. That is, there
is an upper and lower wavelength bound outside of which the L and S cones no longer
respond. This defines the visible spectrum of wavelengths, ranging from approximately 400-
700 nm. Wavelengths outside of this range are typically not perceptible under standard
viewing conditions.

Second, the shapes and relative positioning of the L, M, and S spectral sensitivity func-
tions form the space of colors that humans can see. One can visualize this by constructing a
chromaticity diagram that shows the gamut of human color vision, representing all possible
combinations of cone activation levels [11]. Figure 1.2 shows the LMS triangle chromaticity
diagram, a ternary plot where the three vertices correspond to pure L, M, and S activation
respectively. To establish the bounds of the human color gamut, one can sweep across all
wavelengths in the visible spectrum and plot the relative LMS activations at each wavelength
on the triangle. This is known as the spectral locus, the edge of the human color gamut
that is derived directly from the spectral sensitivities themselves. Under normal viewing
conditions, this edge corresponds to the most saturated colors that humans can perceive.

Points along the spectral locus correspond to monochromatic light, whereas mixtures
of pure light will lie on a line connecting their spectral components. One such line is the
line of purples, which represents mixtures of long- and short-wavelength light and acts as
a non-spectral closure connecting the endpoints of the spectral locus. Then, any spectrum
of light is a weighted combination of pure wavelengths and thus lies at a point within the
convex hull defined by the spectral locus and line of purples. That is, the gamut of human
color vision can be represented as the area bounded by the spectral locus and line of purples,
which is shown as the rainbow region in Figure 1.2 [12].

Notably, the rainbow region representing the gamut of human color vision does not
cover the entire area of the LMS triangle. This is due to a feature of the LMS sensitivities
themselves, namely that the M cone spectral sensitivity overlaps completely with the L and
S sensitivity functions. As a result, any light that activates M cones will also activate L
cones, S cones, or both. Thus, there are certain combinations of L, M, and S activations
that are forbidden by this feature of the LMS sensitivities. These are the points which lie
outside of the human color gamut, represented by the empty area in Figure 1.2. There is no
spectrum of light that corresponds to these points.
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Spectral Locus

Human Color Gamut

Figure 1.2: LMS chromaticity triangle. The ternary diagram visualizes color space with
respect to the relative activation levels of the L, M, and S cones. The spectral locus is the
result of plotting these activation levels for monochromatic wavelengths spanning the visible
spectrum. The human color gamut is the convex hull bounded by the spectral locus, colored
to approximate the appearance corresponding to each point in color space. The white region
outside of the human color gamut represents the patterns of L, M, and S, activation that are
impossible to achieve under natural viewing due to overlap in the spectral sensitivities.

Factors constraining human spatial vision

Light from the external world undergoes several modifications in the process of being con-
verted to sensory signals reaching the brain. First, the aberrations of the eye impart blur as
light travels through the eye’s optics. Second, the eye is constantly in motion, even when
one fixates on a target. Thus, the blurred light landing on the retina is also translated across
it due to the eye’s motion. Finally, the light is sampled by the discrete array of cone pho-
toreceptor cells that tile the retina. In combination with postreceptoral stages of processing,
these layers of transformation jointly determine the finest level of spatial detail that can be
resolved by the human visual system.

The optics of the eye are imperfect due to the non-ideal shape of the cornea and lens
[13, 14]. These aberrations can be broken down into their constituent components and rep-
resented by Zernike polynomials [15]. Lower order aberrations such as defocus and astigma-
tism dominate in day-to-day vision and can be corrected with prescription lenses. However,
higher order Zernike modes such as coma, trefoil, and spherical aberration remain uncor-
rected. These become especially significant as pupil size increases [16], which is the case in
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Figure 1.3: Sample eye motion trace. A real recorded eye motion trace is plotted showing
the x- and y- position of the eye in degrees during a period of fixational eye motion. Segments
of drift appear jagged on the plot and are periodically interrupted by microsaccades, which
correspond to straight line segments where the eye moves a greater distance.

many vision experiments which require dilation. The size of the blur resulting from these
aberrations spans several cones at the fovea, thus complicating precise stimulation of those
cells.

In addition to monochromatic aberrations, the eye’s optics also introduce wavelength-
dependent chromatic aberrations [17]. This includes longitudinal chromatic aberration,
where wavelengths are focused at different depths in the eye, spanning approximately 2
D across the visual range [18], as well as transverse chromatic aberration, where wavelengths
land at different locations on the retina [19, 20]. While typically not noticeable in everyday
vision, these sources of error become relevant when studying vision at the cell level with
multi-wavelength displays, as the differences in light delivery between wavelengths can span
several cone cells.

In addition to the spatial blurring of light incident on the retina, visual stimuli are
temporally spread across the retina due to the eye’s constant motion. Even while trying
to fixate on a visual target, the eye exhibits fixational eye motion with periods of drift and
microsaccades as shown in Figure 1.3. This motion varies in magnitude between individuals,
with average drift velocities typically on the order of 50 arcmin/s [21]. This is significant in



CHAPTER 1. INTRODUCTION 6

scale compared to the size of a cone cell, which ranges from 0.5 - 2 arcmin [22, 2]. Tt has
been shown that the presence of eye motion has an effect on visual acuity and spatial vision
23, 24, 25, 26].

After being altered by the eye’s optics and motion, the retinal image is discretized into
individual activation levels by the cone photoreceptors, which tile the retina in a mosaic-
like arrangement [27]. The density of this array of cells varies across the retina. At the
center of the retina in the fovea, the average reported spatial density is 199,000 cones/mm?,
with densities ranging from 100,000 - 324,000 cones/mm? between people [2]. Further from
the fovea, cone density decreases sharply with increasing eccentricity. This sets a baseline
sampling limit for resolving fine visual detail [28]. However, the impact of the retinal mosaic
on the sampling limits of the visual system is entangled with the effects of the eye’s imperfect
optics and motion.

1.2 Cone-Targeted Stimulation

Study of the human visual system is clouded by the physiological constraints described
above. Under traditional display methods, the input signal to the visual system is the result
of light coming from that display being modified by the aberrations of the eye, translated
on the retina due to the eye’s motion, and sampled by the retina’s discrete array of cone
photoreceptors and their various spectral types. Thus, these factors cannot be decoupled
and studied independently under conventional methods.

The work described in subsequent chapters utilizes the most recent advances in retinal
stimulation in order to bypass the constraints imposed by the optical aberrations of the eye,
eye motion, and the spectral and spatial characteristics of the retinal mosaic. A sequence of
technological breakthroughs were necessary in order to make this possible. First, adaptive
optics was used to correct for the eye’s aberration in order to produce images of the retinal
mosaic. The sharp focusing ability that comes from an adaptive optics correction then
enabled the delivery of visible stimuli comparable to the size of individual cones. Next,
the complications introduced by eye motion were compensated for with the introduction of
retinal-image based eye tracking and retinally-stabilized stimuli. This enabled the targeting
of individual cone cells, which was then scaled up with hardware and software improvements
to population scales of cones. Finally, with additional methods for characterizing the spectral
types of cones in the retinal mosaic, these advancements culminated in Oz, a principle for
creating visual percepts cone-by-cone, enabling unprecedented control over the input to the
human visual system.

Adaptive optics scanning light ophthalmoscopy

Optical quality in the human eye is limited by aberrations in the cornea and lens, which in
turn impede our ability to image the smallest features on the retina [13]. Through Adaptive
Optics Scanning Light Ophthalmoscopy (AOSLO), we can use a closed-loop correction of
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Figure 1.4: AOSLO schematic diagram (courtesy Austin Roorda). A simplified
visualization of the Adaptive Optics Scanning Light Ophthalmoscope shows its main com-
ponents. The light source is a laser, whose output is routed through the system by a series
of concave mirrors to the eye. Along its path, it is scanned in a raster pattern by a slow ver-
tical and fast horizontal scanner. The incident light is reflected from the retina and travels
back through the system where it is split into wavelength channels by dichroic mirrors and
measured by photomultiplier tubes (PMTs) and a wavefront sensor (WFS). The wavefront
sensor measures the shape of the returning wavefront, which then informs the shape of the
deformable mirror (DM). These two components operated in a closed feedback loop to flatten
the wavefront and produce a sharply focused spot of light at the retina.
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those aberrations to both image the back of the eye with sufficient precision to see individual
cells, and to deliver sharp focused spots of light at cellular scale [29, 30]. When done
simultaneously, these capabilities enable psychophysical experiments that offer insight into
the way perception arises from discrete cone photoreceptor signals.

A representative schematic diagram of an AOSLO is shown in Figure 1.4. This highlights
the main components, which vary between specific system implementations. The light source
is often a laser, whose output is relayed by a series of curved mirrors through the system to
reach the eye. This light is reflected off of the back of the eye and travels back through the
optical setup to be detected by the imaging and wavefront sensing arms.

A critical component of this system is the adaptive optics correction. The adaptive optics
component is made up of a wavefront sensor (WFS) and deformable mirror (DM), which
operate in a closed loop to correct for the eye’s optical aberrations. Using the measurement
of the eye’s wavefront from the wavefront sensor, an array of actuators in the deformable
mirror react accordingly to shape the mirror and flatten the wavefront at the pupil plane.
The changes made on the deformable mirror in turn change the measurement made at the
wavefront sensor, creating a feedback loop that works continuously to maintain a stable
correction. Under the laws of diffraction, a larger pupil size produces a smaller focused
spot at the retina. However, as pupil size increases, the higher-order aberrations of the eye
also become more prominent [31, 16]. Adaptive optics compensates for these aberrations,
allowing for the use of a dilated pupil while exploiting the benefits for tight focusing at the
retina.

Thus far, these system components are sufficient to produce a focused spot of light at
the retina; however, the desired outcome is to produce images of the retina and stimulate it
over an extended region. Thus, the system contains two scanners in the optical path that
move orthogonally in two dimensions. Together, they move the focused spot of light in a
raster pattern on the retina in order to image and stimulate over that region.

The light reflected from the retina travels back through the system and thus is de-
scanned upon its double-pass through the scanning elements. A sequence of filters split the
returning light by wavelength channel such that each channel’s light is delivered to the to
the corresponding imaging or wavefront sensing arm. The imaging arms consist of detectors,
often with confocal pinholes positioned in front of them to reject out-of-focus light and
improve contrast of the retinal image. The benefit in image quality provided by adaptive
optics is shown in Figure 1.5.

Cone-size stimuli

By correcting for the aberrations of the eye, adaptive optics allows for focusing of light more
sharply at the retina than is possible under ordinary viewing. This enables the delivery of
stimuli that are small enough to only activate single cones, offering a way to probe visual
function at the cellular level. Prior work delivered 0.33-arcmin unstabilized flashes of visible
light to the retina and asked subjects to report whether they saw the flashes and to name
their hue [32]. Aside from one subject who tended to report a sensation of red, subjects
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Figure 1.5: Retinal imaging with and without adaptive optics (courtesy Austin
Roorda). A comparison is shown between two images taken at the same retinal location
without (left) and with (right) an adaptive optics correction. Adaptive optics enables high-
resolution imaging of the cone photoreceptor mosaic by compensating for the eye’s imperfect
optics.

responded with a wide range of color responses including white. This was in contrast to
prior work that had only recorded red or green hue sensations when presenting small flashes
of light intended to only activate L or M cones [33]. However, the flashes in these studies
were delivered without the ability to stabilize them to the retina and without knowledge
of the specific cones that they stimulated. Thus, it was not yet possible to correlate any
given psychophysical response with any particular cone, leaving an opportunity for further
advancement.

Retinally-stabilized stimulation

Even while fixating, the eye moves on a scale that is significant when compared to the size
of a single cone cell. In order to send light to specific targets on the retina, it is therefore
necessary to track the eye as it moves and use this tracking information to update the
stimulation pattern with low latency. Prior work achieved offline tracking using a cross-
correlation method to track a video of the moving retina against a single reference image
[34]. Online tracking was then accomplished using a map-seeking circuit algorithm to track
the live view of the retina and render stimuli that were fixed to target locations on the retina
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[35]. Later work custom-designed a field-programmable gate array (FPGA) to reduce latency
between the tracking and high-speed modulation of the laser’s output such that stabilization
error was reduced to 0.15 arcmin [36].

Cone-targeted stimulation

Later work combined the capabilities of cone-sized stimulation and retinal stabilization in
order to perform targeted stimulation of individual cone cells. As an initial validation,
small-spot detection experiments were conducted with this new technology [37]. Whereas
prior work lacked certainty about which cones were being targeted, this work showed that
it was possible to reliably target specific chosen cones by comparing detection thresholds
between 543-nm flashes targeted at cones and at gaps between cones. Subjects reliably
showed higher thresholds for detection in the gap-targeted case than the cone-targeted case.
This demonstrated that the light delivery was precise enough to influence the activation
levels of individual cones.

Cone cells belong to three different classes, each with different spectral sensitivity func-
tions, but they cannot be distinguished by pure inspection of the retinal image. However,
methods were developed in order to classify cones by their spectral type through densitome-
try [38] and later through optoretinography [39, 40, 41, 42]. Armed with cone classification
information, new experiments were made possible that could connect color perception to
specific cone cells of known type. Several experiments probed this by targeting individual
cones in a classified retina with 543-nm light and asking subjects to report the resulting
color experience [43, 44, 45]. Again, they found a large proportion of cones signaled white,
irrespective of their type. When cones did signal a color, however, long-wavelength sensitive
cones tended to signal red while medium-wavelength tended to signal green, despite the un-
derlying light being the same in both cases. This demonstrated a connection between cone
spectral type and color experience at the single-cone level.

Further work improved from one cone to two cones at a time in order to investigate how
cone signals are combined to form color percepts [46]. This work revealed that saturation
ratings were higher than expected by linear summation when two cones of the same spectral
type were activated, and lower for two cones of different types. This work therefore began
to show how an overall color experience arises through comparison between cone signals, in
a way that is impacted by the spectral identities of those cones.

1.3 Summary of Contributions

The technical foundation described above presents an opportunity to manipulate the retinal
input with high precision and probe the impact on visual perception. The work described in
this dissertation exploits that opportunity by building on that technical foundation to achieve
population-scale cone-by-cone stimulation and applying it to bypass spectral, chromatic, and
spatial constraints on human vision.
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Population-scale cone-by-cone stimulation

While measuring the color responses of individual cones provided some insight into the cel-
lular basis for color vision, a gap remained between this highly specialized viewing condition
and normal color vision, which derives inputs from many thousands of cones. In order to
extend this capability to study color vision more broadly, we scale up these experiments
accordingly.

In order to reliably perform stimulation over the entire AOSLO field of view, we track
the eye’s motion using a map of the retina that extends beyond that region. We create these
retina maps using R-SLAM [47], a method developed by Jay Shenoy and James Fong. This
method jointly solves for an underlying retinal image and an eye motion trace given a video
of the moving retina. We therefore can give R-SLAM a series of videos spanning a large area
in order to construct a map of the retina over that region, which is used for subsequent live
tracking.

While prior work delivered very brief flashes of light to the retina, more sustained presen-
tations would be necessary to more faithfully mimic normal viewing. This in turn requires
reliably low latencies between tracking and stimulus updates. We use new software called
Wizard, written by James Fong, which splits the incoming retinal image into strips for
tracking and keeps latency between tracking and stimulus updates below 4 ms.

With sufficiently low latency and high bandwidth, Wizard enables programmable control
over the stimulation of thousands of cones at a rate of 10° microdoses of light per second.
This is the basis for the Oz principle of displaying color imagery [48]. Using the ability
to target cones with laser light at population scales, we can in principle recreate arbitrary
visual percepts by controlling the activation of each cone across the field of view. In this
way, we gain access to the retinal input directly, allowing for psychophysical experiments
that decouple this input from the physiological factors that typically constrain it.

Bypassing spectral, chromatic, and spatial constraints

The spectral sensitivity functions of the cones establish an approximate range of wavelengths
that humans can perceive. However, one can perceive infrared wavelengths of light that fall
beyond the visible range through 2-photon absorption in the cone photoreceptors if the
spatiotemporal concentration of that light is sufficiently high [49]. In Chapter 2, we utilize
the adaptive optics component of our system to elicit this effect through tight focusing of
infrared light at the retina, imparting a 25-fold boost in the perceived luminance of infrared
light as compared to the non-focused condition. Through color matching experiments, we
characterize visual perception beyond conventional spectral limits.

In addition to determining the visible range of wavelengths, the cone sensitivities give rise
to the shape of the human color gamut. In particular, the overlap in these sensitivities results
in a forbidden region of theoretical LMS color space, corresponding to LMS activation levels
that cannot be produced by any spectrum of light. In Chapter 3, we use the Oz principle
to bypass those chromatic constraints on human color vision. We leverage precise, cone-
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targeted laser stimulation to achieve these forbidden activations by targeting only the M
cone cells. Through sustained presentation of these stimuli, we are able to characterize the
resulting percept in color matching experiments. We show human subjects the color “olo,”
which appears as a blue-green hue with a saturation that lies beyond the spectral locus of
the human color gamut.

Finally, we adapt the Oz system to explore the consequences of the retinal mosaic on
spatial vision in Chapter 4. We eliminate the confound introduced by the eye’s aberrations
using adaptive optics to correct for them. We additionally account for the impact of eye
motion by constructing two stimuli conditions that respond differently to fixational eye
movements. Further, we implement programmable control over the effective sampling density
of the retina by selectively stimulating varying proportions of cone cells. In this way, we are
able to reveal the direct impact of decreasing sampling power on visual acuity, and show
that eye motion provides a compensatory benefit under degradation of the retinal mosaic.
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Chapter 2

Boosting 2-Photon Vision with
Adaptive Optics

The 2-photon effect in vision occurs when two photons of the same wavelength are absorbed
by a cone photopigment in the retina and create a visual sensation matching the appearance
of light close to half their wavelength. This effect is especially salient for infrared light,
where humans are mostly insensitive to 1-photon isomerizations and thus any perception
is dominated by 2-photon isomerizations. This phenomenon can be made more readily
visible using short-pulsed lasers, which increase the likelihood of 2-photon excitation by
making photon arrivals at the retina more concentrated in time. Adaptive optics provides
another avenue for enhancing the 2-photon effect by focusing light more tightly at the retina,
thereby increasing the spatial concentration of incident photons. This chapter makes three
contributions. First, we demonstrate through color matching experiments that an adaptive
optics correction can provide a 25-fold increase in the luminance of the 2-photon effect — a
boost equivalent to reducing pulse width by 96%. Second, we provide image-based evidence
that the 2-photon effect is most visible when light is focused at the photoreceptor level. Third,
we use our results to predict the specifications for a system that could utilize 2-photon vision
and adaptive optics to image and stimulate the retina using a single IR wavelength and reach
luminance levels comparable to conventional displays.

2.1 Introduction

Due to the spectral sensitivities of human cone photoreceptors, wavelengths of light outside
of the visible range spanning from approximately 400 to 700 nm are largely imperceptible to
humans [8, 9]. However, human sensitivity to infrared light under certain viewing conditions
has been observed since the mid-20th century [50, 51, 52, 53, 54, 55]. This infrared light also
did not appear red when observed; rather, many noted that it was similar in appearance
to light at half its wavelength. This observation pointed to a 2-photon process occurring
somewhere in the eye. Some hypothesized that second harmonic generation was taking place
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at the cornea, generating photons of visible light which could then be detected at the retina
[56]. More recently, it was shown through electrophysiological experiments that 2-photon
vision is the result of direct photoisomerization in the chromophores [49].

The process of 2-photon absorption has been well-characterized for its use in fluorescence
microscopy. This phenomenon requires 2 photons to arrive at the same excitable molecule
simultaneously. Thus, it depends greatly on the spatiotemporal density of incoming photons.
Under diffraction-limited conditions, the number of 2-photon absorptions n, generated when
using a pulsed laser is dictated by

2 ATA4
Ng X py N4 (2.1)

Tp

where pg is the average laser power, NA is the numerical aperture of the focusing element,
and 7, is the pulse duration [57]. Thus, there are multiple avenues for boosting the number
of 2-photon absorptions in order to make the 2-photon effect more visible. Because the
uncorrected human eye does not typically have diffraction-limited optics, prior work has
focused on enhancing 2-photon vision by decreasing 7, through the use of short-pulsed lasers,
or by increasing the laser power py.

Fortunately, adaptive optics (AO) has matured to the level where we can correct the eye’s
aberrations, allowing us to leverage the numerical aperture parameter NA [30]. AO allows us
to use the largest physiological pupil sizes and achieve high spatial concentration of photons
at each photoreceptor, effectively increasing NA and further enhancing the 2-photon effect,
so that the same light can be made visible with AO while being almost invisible without it.

Others have probed characteristics of 2-photon vision including acuity [58] and contrast
sensitivity [59], as well as the factors influencing it such as pulse duration [60]. However,
the benefits of an AO correction on 2-photon vision have not yet been studied. In order to
characterize these benefits, we carry out color and luminance matching experiments which
help demonstrate the boost that AO provides in the salience of the 2-photon effect. We sup-
plement these results with predictions about AO’s enhancement of 2-photon vision, using
a simple model of light capture by a hexagonal mosaic both with and without aberrations
present. We are also able to collect images of the retina at varying levels of defocus which
we combine with our perceptual results to establish a link between the best focus for the
photoreceptors and the brightest 2-photon effect, building on the work done in (Gorczyn-
ska I, et al. TOVS 2022;63:ARVO E-Abstract 4447 — F0126) and (Doyle H, et al. TOVS
2022;63:ARVO E-Abstract 4551-F0465).

Since its discovery, 2-photon vision has generated interest for its use in clinical applica-
tions such as microperimetry for testing visual function [61, 62, 63, 64, 65, 66]. Because
infrared light is less prone than visible light to scattering from opacities in the eye’s optics,
the 2-photon effect is potentially useful for testing visual function in ageing or precatarac-
tous eyes. Further, due to the 2-photon effect’s quadratic dependence on power, the effective
cone sensitivity functions are steeper, yielding a higher degree of certainty when measuring
detection thresholds.
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Our interest in 2-photon vision is for the entirely separate application of display tech-
nology, and especially for displays which simultaneously image and stimulate the retina [37,
43]. Such displays typically image using barely-visible infrared light and stimulate simulta-
neously using visible wavelengths. The infrared images of the retina are often used to inform
the delivery of gaze-contingent stimuli at visible wavelengths. This multi-wavelength opera-
tion is susceptible to errors introduced by transverse and longitudinal chromatic aberrations.
Both must be corrected in order to deliver light at visible wavelengths to precise locations
on the retina when using an infrared image for tracking [67]. However, the 2-photon vision
phenomenon means that infrared wavelengths can be made visible under certain conditions
and invisible otherwise. This means that a display could be conceived which uses the same
infrared wavelength for both invisible imaging and visible stimulation, thereby eliminating
the aforementioned chromatic aberration challenges associated with the current paradigm.
We use the results from our color and luminance matching experiments to propose a system
that uses AO combined with short pulses to achieve 2-photon stimulation with a luminance
that is similar to conventional displays while satisfying ANSI standards for safe power levels
at the eye.

2.2 Methods

The human subjects protocol was reviewed and approved by the University of California,
Berkeley Institutional Review Board and adhered to the tenets of the Declaration of Helsinki
regarding ethical treatment of human subjects for research. Six subjects participated in
total, four of which are co-authors of the study from which this chapter has been adapted
[68]. Each provided informed consent before participating. All subjects self-reported to
have no ocular disease or condition that might affect imaging. All subjects were dilated and
cyclopleged using one drop of 1% tropicamide and one drop of 2.5% phenylephrine. For all
experiments reported here, light exposure levels were kept within the maximum exposure
limits as specified by the Z136.1 ANSI standard for the Safe Use of Lasers [69].

We carried out experiments using an Adaptive Optics Scanning Light Ophthalmoscope
(AOSLO). More details of the system are provided in other work [29, 22, 70] and in Chapter
1; thus, only the most relevant aspects of the system will be described here. In the AOSLO,
light was delivered in a raster-scanned pattern over a 0.9° x 0.9° square field across the retina.
For the experiments done at 1064 nm, a ~60-Hz frame rate with 256 lines per frame was
achieved with a combination of a slow galvanometer scanner at 60 Hz and a fast resonant
scanner at ~16 kHz. For experiments done at 940 nm, the slow galvanometer scanner was
operating at 30 Hz for a ~30-Hz overall frame rate. The fast resonant scanner operates
in a sinusoidal fashion which causes it to move more slowly at the left and right edges of
the raster, resulting in brighter bands at those edges. In order to achieve a more uniformly
bright appearance for ease of color matching, we centered a beam block at the retinal plane
in the optical path which eliminated these bright edges. The focused spot was corrected
to near diffraction-limited using AO, which is a set of optical methods to measure and



CHAPTER 2. BOOSTING 2-PHOTON VISION WITH ADAPTIVE OPTICS 16

compensate ocular aberrations [30]. In this system, the wave aberrations were measured with
a custom-built Shack-Hartmann wavefront sensor and the aberrations were corrected with
a 97-actuator deformable mirror (DM97-08; ALPAO, Montbonnot-Saint-Martin, France).
The AO ran continuously in closed-loop during all AO-corrected conditions. For AO-off
conditions, the deformable mirror was set to a precalibrated ‘flat-state’.

The current AOSLO can operate with up to four wavelengths scanning independently or
simultaneously. All light sources were drawn from a supercontinuum laser (SuperK Extreme;
NKT Photonics, Birkerod, Denmark) and coupled into four single-mode fibers. Specific
wavelengths for each channel were selected by placing spectral filters into the optical path
prior to fiber coupling. For the experiments reported here, narrowband filters centered at
either 1055 nm [FWHM BW = 85.5 nm| or 940 nm [FWHM BW = 21.9 nm| were used
in the first channel for 2-photon stimulation (reasons for using these wavelengths are given
in later sections). Although we used a filter that is centered at 1055 nm, the spectrum of
our supercontinuum light source contains a peak at 1064 nm, so the transmitted light was
dominated by 1064-nm light. Wavefront sensing was also done with the same 940- or 1064-
nm wavelengths. A second near-infrared channel with light centered at 840 nm [FWHM BW
= 21.1 nm| was used to facilitate tracking and imaging (see below). The final two channels
had wavelengths centered at 532 [FWHM BW = 23.9 nm| and 680 nm [FWHM BW = 29.8
nm| and were used for color matching. The power of each visible channel could be adjusted
using computer-controlled acousto-optic modulators. The light in all four channels could be
shut off completely using electronically activated physical shutters in their respective optical
paths.

The light from the supercontinuum laser comprises short ‘chirped’ pulses at a repetition
rate of 100 MHz, whose frequency components are spread in time. The pulse width depends
on the wavelength and the bandwidth and were measured experimentally to be 14.4 ps for
the 1064-nm waveband and 8.0 ps for the 940-nm waveband. These pulses, although quite
long relative to the femtosecond-scale pulse widths used for 2-photon fluorescence imaging,
were short enough to elicit 2-photon vision, especially with the addition of AO.

Experiments showing defocus dependence, power dependence,
and AO boost (1064 nm)

The first set of experiments were done using light centered at 1064 nm. This wavelength was
chosen for two reasons. First, our supercontinuum light source had a lot of available power at
this band, which enabled a measurement of the power-squared dependency of the 2-photon
effect. Second, the peak spectral sensitivity of the eye lies close to half of this wavelength,
making the 2-photon effect especially visible. To match color and luminance, subjects used
a combination of 532-nm and 680-nm light which was also delivered using the AOSLO (see
above). Thus, the 2-photon field and matching fields were positioned at the same point in
space, and were alternated in time as depicted in Figure 2.1a. The shutters were used to
switch between the two fields every 2 seconds while the subject adjusted the mixture of 532-
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Figure 2.1: Color matching experiment details. (a) The 1064-nm 2-photon AOSLO
raster alternates in time with an AOSLO-generated matching raster. The matching raster
is a mixture of 532- and 680-nm light, which subjects tune until it is indistinguishable from
the 2-photon raster. (b) The 940-nm 2-photon AOSLO raster is a 0.9° x 0.9° field positioned
0.675° above fixation. Subjects tune the color of an equally-sized projector-generated square
that is positioned opposite their fixation in order to achieve a match to the appearance of
the 2-photon raster. (c) The 532-nm and 680-nm primaries used in 1064-nm experiments
are shown on the chromaticity diagram. The line connecting them represents all possible
mixtures of the two. The gamut of the projector used for matching in 940-nm experiments
is also shown, where the 3 vertices of the triangle correspond to its red, green, and blue
primaries.

and 680-nm light in order to achieve a match to the 1064-nm raster. Subjects adjusted the
relative proportions of 532- and 680-nm light using the motorized faders on a MIDI controller
(Behringer X-Touch Compact, Willich, Germany). To obtain quantitative measures of the
luminance for the matches, we multiplied the measured total power of the 532- and 680-nm
sources by the fractional intensity levels chosen in a given match and computed equivalent
luminance considering the field size on the retina using methods described in the appendix
of [71].

Through-focus profiles of the 2-photon effect were collected by instructing subjects to
make color and luminance matches to the IR raster pattern for a range of defocus settings,
which were set by adding defocus offsets to the deformable mirror. The defocus settings
were not uniform, but were more closely spaced around best focus to capture the maximum
response in greater detail. This “best focus” was estimated prior to the beginning of the
experiment, using a procedure where subjects adjusted defocus using a dial on the MIDI
controller to maximize the luminance of the 2-photon effect. Each subject made 3 color
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matches at 11 defocus levels, which were presented in a pseudorandom order. The power at
1064 nm for these experiments ranged from 921 to 927 uW for 4 out of 5 subjects. For the
5th subject, 20230R, the power was 837 W due to technical limitations.

The power dependence of the 2-photon effect and the boost due to AO were measured
by instructing subjects to make color and luminance matches for a range of 5 uniformly
distributed power settings ranging from 81 pW to 795 W at the eye. These power levels
were achieved using neutral density filters and presented in a pseudorandom order. For
these experiments, subjects first adjusted the defocus offset added to the deformable mirror
to optimize for the luminance of the 2-photon effect both with and without AO. These two
defocus settings were then maintained during the subsequent matching.

Experiments confirming that 2-photon effect occurs at the
photoreceptor layer (940 nm)

The second set of experiments were done with light centered at 940 nm, chosen because
there were detectors commercially available to perform imaging along with the color and
luminance matching. Subjects matched to the 0.9° AOSLO raster using a similar-sized square
generated by a DLP LightCrafter projector (Wintech, Carlsbad, CA) that was coaligned
with the AOSLO. The projector display had a total field of view of ~18 degrees and was
viewed through a Badal optometer configuration which enabled the defocus setting for each
individual to be adjusted and for which all the light from the projector was delivered into
the eye via a ~7-mm exit pupil that was coaligned with the exit pupil of the AOSLO
(this is often referred to as a Maxwellian view). The projector display was programmed
using MATLAB (Mathworks, Natick, MA) with the Psychophysics Toolbox [72, 73, 74] to
present calibrated RGB images to the subject. In this experiment, subjects saw two squares
positioned on opposite sides of a fixation cross as shown in Figure 2.1b. The fixation cross
and matching square were generated by the projector and the 2-photon square was generated
by the AOSLO’s raster scan. Subjects adjusted the RGB values of their projector-generated
matching square using the motorized faders on the MIDI Controller.

The projector display was configured in Maxwellian view, making direct measurements
of its radiometric properties challenging. To obtain quantitative measures of the luminance
for the projector matches, we first used a spectroradiometer (PR650, PhotoResearch (now
Jadak), North Syracuse, NY) to measure the shape of each primary’s spectral power distri-
bution. We then empricially measured the responsivity of our optical power meter (Newport,
Irvine, CA) and used that power meter to measure the power of each primary at its max-
imum intensity setting. Using these measurements, we could infer the scaling factor which
converted the spectra measured by the spectroradiometer into absolute units of power. Tak-
ing into account the field size on the retina, we could then compute the luminance of any
linear combination of the projector’s primaries.

At 940 nm, we also wished to collect images of the subjects’ retina. To do this, we placed
a 90:10 beamsplitter in the path of the wavefront sensor and collected the diverted light
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using an avalanche photodiode (APD410A /M, Thorlabs, Newton, NJ) in order to generate
an image. Due to the fact that the power was low and the sensitivity of the detector was not
ideal, we needed to average several 940-nm images together in order to achieve a high enough
signal-to-noise ratio for the image. To facilitate frame averaging, we simultaneously tracked
the eye motion by imaging at 840 nm and used this to stabilize the incoming 940-nm images
for averaging. As a result, we were limited in the defocus range that we could image over,
because we lost signal in 840 nm as we went more out-of-focus and could no longer track. As
the 840-nm light used for imaging was readily visible, the imaging was done alternately, but
not simultaneously with the color and luminance matching. During the color and luminance
matching, the shutter was used to block the 840-nm channel entirely.

All 940-nm experiments were done with AO correction. As in the 1064-nm experiments,
varying levels of defocus were added to the deformable mirror in order to collect a through-
focus profile of the 2-photon effect where the spatial confinement of the raster-scanned spot
was varied. Each subject made 3 color matches at 11 defocus levels, which were presented in
a pseudorandom order. The power at 940 nm ranged from 206 to 209 uW across 5 sessions.

Modeling

To confirm that the results were consistent with expectations, we performed simple modeling
to predict the increases in 2-photon luminance that we would expect with defocus and
aberration correction via AO. We modeled this using custom code written in MATLAB.

In this model, we iterated through defocus levels ranging from -1 D to 1 D in increments of
0.01 D. At each defocus, we computed the PSF of 1064-nm light at the retina resulting from
the added defocus combined with the aberrations of the eye. After the PSF was computed,
we applied a binary mask intended to mimic light collection by a cone mosaic. This mask
consisted of cones which were modeled as circles with a radius of 0.5 arcmin in a close-packed
hexagonal arrangement that extended over the entire field size of the simulation, which was
66.9 arcmin. Because the number of 2-photon absorptions increases with the square of light
intensity as dictated by Equation 2.1, we took the squares of the integrated PSF intensity for
all cone apertures in the mask and summed them to produce a proxy for 2-photon luminance.

In order to evaluate the boost in 2-photon luminance provided by an AO correction,
we ran this model for an ideal, aberration-free eye and compared it to results using real
aberration data. We used Zernike coefficients from 10 de-identified adult human subjects
(mean age: 26.3 £ 4.3 years; range: 22-34 years) with a 7-mm or greater pupil size. These
subjects were taken from a previously published dataset which included 74 human eyes [75].
For the purposes of our modeling, the 10 subjects were uniformly drawn from the larger
dataset ordered by high-order RMS, avoiding the extremes.
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Figure 2.2: Through-focus 2-photon luminance profile at 1064 nm. Subjects made 3
matches using a mixture of 532- and 680-nm light at each of the 11 defocus levels. The total
luminances of their matches are plotted against defocus and axial distance in microns. We
fit a Gaussian to each subject’s data and center the closest sample to the Gaussian’s peak at
0 D for ease of comparison between subjects. The matched luminance of the 2-photon effect
peaks around an optimal focus for each subject.

2.3 Results

Human experiments

Color and luminance matching results for the 1064-nm and 940-nm experiments described
above are presented in order below.

at 1064 nm

The through-focus luminance profiles of the 2-photon effect at 1064 nm for each subject are
shown in Figure 2.2. For these experiments, the amount of 1-photon isomerization of 1064-
nm light is negligible — the 680-nm luminance decreases to 0.018 c¢d/m? on either defocus
extreme, on average. The 680-nm component also rises with the 532-luminance component as
the focus changes, suggesting that both are necessary in order to match the color appearance
of the defocus-dependent 2-photon effect. Thus, we plot the combined luminance of both
the 532-nm and 680-nm components in Figure 2.2 to represent the 2-photon effect’s total
luminance.

We can calculate the equivalent wavelength that is metameric to each match combination,
as we know the proportions of 532- and 680-nm light along with their absolute power levels.
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Figure 2.3: Power dependence of 2-photon luminance with and without an AO
correction. Subjects made 3 matches with AO and 3 matches without AO to the 1064-nm
2-photon raster at 5 laser power settings. The total luminances of their matches are plotted
against laser power. We fit a quadratic model to the luminance results with and without
an AO correction. The matching results show a significant boost in 2-photon luminance as
a result of AO, with the boost for each subject ranging from 8.5x to 36.8x at the highest
power setting.

In doing so, we find that the average through-focus equivalent monochromatic wavelengths
are 542 nm, 544 nm, 553 nm, 554 nm, and 558 nm across our 5 subjects. Thus, the color
appearance of the 2-photon effect at 1064 nm tends to skew toward wavelengths that are
longer than the expected half-wavelength of 532 nm. In these results, we also see that the
luminance of the 2-photon effect decreases on either side of the optimal focus for each subject,
which was determined psychophysically at the start of the experiment. We will later show
through imaging results at 940 nm that this optimal focus corresponds to the defocus setting
where light is focused most tightly at the layer of the photoreceptors.

We also investigated the power dependence of the 2-photon perceived luminance with and
without AO at 1064 nm. Subjects again matched by tuning a mixture of 532- and 680-nm
light, and the total luminance of their matches at 5 power levels is plotted in Figure 2.3. We
see that the luminance of the 2-photon effect varies with the square of the laser power, as
expected. For all subjects, there is a significant boost in luminance when AQO is used. This
boost ranges from 8.5x to 36.8x at the highest power level, with an average increase of 25.5x
when using AO. These results establish conditions under which nearly invisible infrared light
can be made visible through the use of AO alone.
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Figure 2.4: Through-focus 2-photon luminance profile at 940 nm. Subjects made 3
matches using an RGB projector to the 940-nm 2-photon raster at 11 defocus levels. The
red component and the combination of the green and blue components of their matches are
plotted as luminance for each defocus. The green and blue mixture is taken to represent
the luminance of the 2-photon effect at 940 nm, which increases around an optimal focus for
each subject. Each subject’s data is aligned for comparison using the same procedure as in
Figure 2.2.

at 940 nm

For experiments at 940 nm, there is a non-negligible visible red component due to 1-photon
isomerizations of 940-nm light in addition to the 2-photon effect. Thus, in Figure 2.4,
we separate this 1-photon component from the 2-photon component of the match made
using an RGB projector. The 1-photon isomerizations should appear to be a pure red as
they would only stimulate long-wavelength sensitive cones, so we take the red value of the
RGB match to represent the 1-photon component entirely. The fact that the red luminance
persists and remains relatively flat and consistent between subjects at the limits of the
defocus range is evidence that the red primary encodes 1-photon isomerizations. The 2-
photon component can then be explained by the remaining combination of the green and
blue projector primaries. These RGB values are converted to luminance and plotted in
Figure 2.4 at each of the 11 defocus levels. We again see that there is an optimal defocus
level around which the luminance of the 2-photon effect peaks for each subject, as it did in



CHAPTER 2. BOOSTING 2-PHOTON VISION WITH ADAPTIVE OPTICS 23

our experiments at 1064 nm.

It is also apparent that the red component appears to be anticorrelated with the green
and blue components, especially for subjects 100031 and 20218R. That is, there is a decrease
in the red component around defocus values where the 2-photon component is dominant.
This cannot be due to a reduction in 1-photon isomerizations. Rather, we surmise that it
is because matching was done using a projector, and subjects were limited in the gamut of
colors that could be achieved with the matching stimulus, as shown in Figure 2.1c. As a
result, some subjects could not achieve the same saturation on the matching stimulus as
they saw in the 2-photon stimulus, and instead opted to decrease the red component of their
RGB match in an attempt to compensate, at some cost to the fidelity of the overall match.

The use of AO also made it possible to collect images at 940 nm with the same channel
that was used for 2-photon stimulation. For each subject, we collected images for at least 4
defocus settings around the best focus. In Figure 2.5, we compare the images collected at
each defocus level to the corresponding average match luminances across all subjects. We see
that the optimal focus for maximizing 2-photon luminance is at or near the optimal focus for
sharp images of the photoreceptors. This correlation is more apparent for some subjects than
others; as noted before, we relied on simultaneous tracking using 840-nm imaging in order to
frame-average images in 940-nm due to low signal and low photodetector sensitivity to 940
nm. Unstable tracking could cause the 940-nm image SNR to suffer, or it may have prevented
us from collecting an image entirely, as is the case for subjects 10003L, 20217R, and 20225R
at certain defocus levels. Nevertheless, we do tend to see sharper photoreceptor structure
in images near the defocus level where 2-photon luminance is highest. Indeed, the imaging
results suggest that the optimal focus for imaging the cones is at least within ~25 microns
axially from the optimal focus for 2-photon luminance. That is, the 2-photon luminance
is increased when light is focused near the photoreceptors. This provides imaging-based
support for the finding that the 2-photon absorptions are occurring at the photoreceptors
and that 2-photon vision is the result of direct 2-photon isomerization of cone photopigments.

Modeling

The results of our modeling for the luminance of the 1064-nm 2-photon luminance are shown
in Figure 2.6. There is a significant boost in the modeled 2-photon luminance of the AO-
corrected ideal eye over the aberrated eyes. This boost ranges from 9.0x to 35.1x between
the peaks of the aberrated eyes and the ideal eye, with an average of 20.1x. For comparison,
the average boost from AO found in our experiments was 25.5x, ranging from 8.5x to 36.8x
among the 5 subjects in experiments at 1064 nm. That the boost is slightly smaller in
modeling on average may be due to our method for finding optimal focus prior to carrying
out the color and luminance matching. Subjects used a dial on the MIDI controller to change
the defocus setting until they found the brightest 2-photon effect both with and without AO.
Because the luminance without AO was so low, subjects may not have been sensitive enough
to tune the defocus to its truly optimal setting. This would have resulted in an inflated boost
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Figure 2.5: Imaging results and corresponding 2-photon luminance data at 940
nm. Images were collected at the defocus levels where subjects made matches. The central
thirds of each subject’s images are shown in separate rows, with each column corresponding
to a given defocus level. Lines connect each of the defocus levels to the corresponding point
in the plot of average 2-photon luminance across all subjects. The sharpest images of the
photoreceptors tend to coincide with the brightest matches.
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Figure 2.6: Modeling of through-focus 2-photon luminance profile and boost from
AO. The blue line is the simulated 2-photon luminance on a log scale (arbitrary units)
vs. defocus for a perfect AO correction. The thin black lines are the simulated 2-photon
luminances for 10 eyes with varying types and degrees of aberration. The thick black line is
the average of these uncorrected eyes. All modeling results are normalized so that the ideal
eye peaks at 1 a.u. and aligned so that all peaks are at 0 D. The FWHMs of the with- and
without-AO plots are labeled in red.

between the AO on/off cases relative to the modeling, where boost factors are calculated
using the true optimal defocus setting for each real eye.

The full width at half maximum (FWHM) of the luminance vs. defocus plot for the
eye with an ideal AO correction is 0.182 D (68.3 pm). We can compare this to our own
results by fitting a Gaussian to all subjects’ luminance vs. defocus data from Figures 2.2
and 2.4. In doing this, we find that the FWHM of our subjects’ data is 0.243 D (91.1 pum)
and 0.221 D (83.0 um) for 1064 nm and 940 nm respectively. For comparison, the FWHM
of the average non-AO-corrected eye’s luminance vs. defocus in our modeling was found to
be 0.980 D (367.5 pum). Thus, the FWHM values found in our data agree more closely with
the modeled luminance under an AO correction, as expected.
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2.4 Discussion

Future system specifications

We have shown that AO can be used to create a strong 2-photon effect without the need for
ultrashort, femtosecond-scale pulses. A system that combines short pulses with AO would
then reach even higher luminance levels that are comparable to conventional displays. Our
results establish a benchmark and can be used to inform the specifications for the develop-
ment of displays based on 2-photon vision, which would eliminate the chromatic aberration
challenges associated with gaze-contingent displays that image with IR and stimulate with
visible light. If we take the average luminance at the highest laser power from Figure 2.3,
we can extrapolate using the quadratic power dependence to determine the power required
to achieve a desired display luminance. Combining this with a reduction in pulse duration
using Equation 2.1, we can reach even higher luminances with reduced power. In doing so,
our data suggests that a 500-cd/m? display could be achieved with an average power of 0.86
mW and a pulse duration of 100 fs with the addition of an AO correction. Several candidate
lasers for such a system already exist, with wavelengths close to 1064 nm and pulse widths
close to 100 fs [76, 77, 78]. In such a system, the femtosecond source would be used for
stimulation, appearing like a monochromatic source around half of its IR wavelength. A
continuous-wave source at the same IR wavelength would then serve as the imaging light
while remaining nearly invisible due to its low temporal concentration. This imaging and
stimulating system would enable precise, single-cone level retinal stimulation without the
careful correction of chromatic aberration that would typically be required. In implementing
such a system, we must also ensure that exposures are kept at safe levels.

Performing experiments in the AOSLO system also allowed us to image using the same
wavelength channel that was creating the 2-photon effect, so that retinal imaging could be
done along with our psychophysical experiments. We were thus able to show that the 2-
photon effect’s luminance increased when light was focused at the photoreceptors, providing
further support for the finding that 2-photon vision is a result of direct excitation of cone
photopigments. This result is an added benefit for any future system that combines IR
imaging with 2-photon stimulation, as the optimal focus for imaging the cones will coincide
with the optimal focus for precise stimulation of the cones. This is often not the case in
systems which use separate wavelength channels for imaging and stimulation due to the
presence of longitudinal chromatic aberrations (LCA) in the eye’s optics, which varies across
subjects. In a multi-wavelength system, this inter-subject variability in LCA requires custom
compensatory solutions that add complexity to system design [79].

Color appearance

In doing color matching experiments, we found that the color appearance of the 2-photon
effect at 1064 nm was not exactly matched by 532-nm light alone, which would correspond
to half of the IR wavelength. Rather, subjects found it necessary to add some amount of
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680-nm light in order to achieve a match to the 2-photon effect. As discussed previously, this
is unlikely to be due simply to 1-photon isomerizations of 1064-nm light, as we found a focus
dependence in the red component. That is, the added 680-nm component rose and fell in a
way that was correlated with the green 532-nm component. This suggested instead that there
was a redshift in the 2-photon effect’s color itself relative to the expected half-wavelength
appearance.

In calculating the average through-focus equivalent wavelength, we found a mean of 550
nm and standard deviation of 6.8 nm across our 5 subjects. The origin of this redshift
phenomenon in the 2-photon effect is unclear, but it has been observed before in color
matching experiments [49]. One possible explanation is that the 2-photon cross section may
differ between cone types, resulting in a change in the realized color appearance relative to
what would be predicted under 1-photon isomerizations by light at half of the IR wavelength.
If this were the case, this shift in color appearance toward redder wavelengths would suggest
that L cone opsins may have a larger 2-photon cross section than M cones, thereby amplifying
the L-cone activation level. Another possibility which has been suggested is that secondary
absorption of slightly longer-wavelength photons emitted by a 2-photon fluorescence process
in rhodopsin could lead to this redshifted color appearance [49].

Individual differences

There is a notable difference between the color matching data at 940 and 1064 nm in the
degree of inter-subject variability. At 1064 nm, there is a 2-fold difference in peak 2-photon
luminance. This is not too surprising, as there can be intersubject variability in the quality
of AO correction, scatter, or even photoreceptor coupling efficiency.

For 940-nm, however, we see a 6-fold difference in the highest and lowest reported 2-
photon luminances. We hypothesize that this disparity could be explained by variation in
macular pigment concentrations between subjects. Although macular pigment concentra-
tions can vary by a factor of >10 across the population [80], people generally agree on the
blueness of objects in the world under normal viewing conditions. As such, they must have
developed a post-receptoral amplification factor which compensates for the attenuation of
blue signals by their own macular pigment density, as suggested by [81]. However, 2-photon
stimulation by 940-nm light presents a unique scenario where the incoming light is not ac-
tually attenuated by macular pigment, yet it stimulates as if it were light near 470 nm. The
resulting blue signal should therefore be subject to the same adaptive factors that would
affect blue light under normal viewing conditions. Since those adaptive factors vary between
people, the blueness and brightness of the 2-photon effect could be amplified to different
degrees perceptually. These different amplification factors could explain the wide variation
across subjects who are matching to the same 2-photon stimulus. It is also consistent with
the reduced inter-subject variation in the experiments at 1064 nm, which would not be af-
fected by the same post-receptoral amplification, as 532-nm light is virtually unabsorbed by
macular pigment [82]. Thus, we would expect more variation between subjects in the data
collected at 940 nm due to differences in their macular pigment concentrations and resulting
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compensatory factors. Future work will seek to validate this hypothesis by supplementing
the color matching results with objective measurements of macular pigment optical density
in each subject.

2.5 Conclusions

In prior work, the 2-photon effect in vision has been made more salient using lasers with
pulses on the scale of femtoseconds. With this work, we have shown that a boost in 2-
photon luminance can instead be provided by an AO correction, through its ability to focus
light tightly at the level of the photoreceptors. We used color and luminance matching
experiments at 1064 nm and 940 nm to characterize the through-focus luminance profile
and laser-power dependence of the 2-photon effect. The use of an AO correction yielded
a 25-fold boost in 2-photon luminance, on average. We supplemented these results with a
model of the through-focus 2-photon luminance profile with and without AO, and found
a predicted boost factor and FWHM which resembled our experimental results. We used
the same infrared channel that generated the 2-photon visual sensations to collect images
at several defocus settings, which revealed that the 2-photon effect appeared brighter as the
image of the cones became sharper. This provided image-based evidence that the 2-photon
effect indeed occurs in the cones.

The phenomenon of 2-photon vision has previously been explored primarily due to its
potential for testing visual function in clinical settings. With this work, we have proposed
a new application for 2-photon vision: a display system that can image and stimulate the
retina using one IR wavelength. Such a display would have the following benefits: First, it
would eliminate the need to account for the effects of chromatic aberration between channels
in a multi-wavelength system. Second, the power-squared dependence of the 2-photon effect
means that any 2-photon stimulation would have increased contrast as compared to the back-
ground 1-photon imaging light. Third, the defocus dependence of the 2-photon effect means
the optimal focus for sharp imaging would coincide with the optimal focus for stimulation
luminance. We have extrapolated from our 2-photon luminance measurements in order to
specify the pulse duration and power required to achieve a 500-cd/m? display using 2-photon
stimulation with AO, and verified that such a system is achievable with current technology.
Future work may involve the development and testing of this kind of display system.
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Chapter 3

Novel Color via Stimulation of
Individual Photoreceptors at
Population Scale

Human color vision is derived from the relative activation levels of the three cone types
present in the retina. These activation levels are dictated both by the spectral makeup of
incident light and by the spectral sensitivity profile of each cone type. Because there is
overlap among the spectral sensitivity profiles of the three cone types, their activations are
correlated with one another. This correlated behavior constrains the number of activation
patterns that are possible across the three cone types, thereby limiting the gamut of color
sensations that are achievable for humans. Here we present Oz, a principle for displaying
color imagery that uses cell-by-cell light delivery to stimulate each cone type independently,
breaking this correlation between their activation levels. We show through color matching
experiments that this cone-targeted stimulation allows us to produce color percepts that fall
outside of the human color gamut as it had been previously defined. Our results extend
the range of color sensations available to humans by generating visual stimuli which are
impossible to achieve under natural viewing conditions.

3.1 Introduction

All color reproduction technology today, including RGB displays and CMYK printers, is
based on spectral metamerism, which works by producing light of a spectral power distri-
bution that causes the same activation level as a target color for each cone type in the
retina. This approach dates back to at least 1861, when Maxwell gave a live demonstration
at the Royal Institution that superimposing red, green, and blue images could produce the
appearance of full-color images to human observers [83]. In this study, we introduce a fun-
damentally different principle for displaying color, which we call Oz, consisting of optically
stimulating individual photoreceptor cells on the retina at population scale in order to di-



CHAPTER 3. NOVEL COLOR VIA STIMULATION OF INDIVIDUAL
PHOTORECEPTORS AT POPULATION SCALE 31

rectly control their activation levels. In principle, arbitrary colored visual imagery can be
reproduced by this cell-by-cell approach (see Fig. 3.1). The Oz principle can be thought
of as spatial metamerism in the sense that it is based on shaping the spatial distribution of
light on the retina rather than its spectral distribution.

Oz enables fundamentally novel colors that lie beyond the natural gamut (space of colors)
of human vision. For example, in normal color vision, any light that stimulates the M cones
must also stimulate the L and/or S cones, because of overlap in their spectral response
functions [8, 9]. Aside from spatial metamerisim, the only known ways to selectively excite
M-cones has been via pre-adapting of the other cone types [84, 85, 86] which is a transient
effect by definition, or by a method called silent substitution[87, 88] which can be used to
modulate a single cone type, but not isolate it. However, cell-by-cell stimulation in Oz can
naturally target light to only M cones and not L or S with relatively high contrast and in
a sustained manner, which in principle would send a novel color signal to the brain. In
principle, Oz expands the well-known, bounded color gamut of natural human vision [12]
to any (L,M,S) color coordinate with non-zero elements. In practice, we achieve a partial
expansion of colorspace towards this theoretical maximum, depending on the wavelength of
the laser, diffraction limit, cone cell size, and computational latency errors.

We prototype a system for displaying Oz imagery to human subjects. Our system builds
on previous work that pioneered cone-targeted stimulation and psychophysics of single cone
cells [43, 32, 45, 44] or pairs [46]. We build our Oz prototype on an AOSLO [29] that
simultaneously images and stimulates the retina with a raster scan of near-diffraction-limited
laser light over a 0.9° square field-of-view. Using nearly-invisible infrared light to image the
retina, we can track the eye’s motion in real time. We compensate for this motion and deliver
pulses of visible-wavelength laser dynamically targeted at each cone cell within the field of
view. These laser microdoses are delivered at a rate of 10° per second to a population of
1000-2000 cones.

In order to achieve an intended LMS activation through cone-targeted stimulation, the
spectral type of each cone must be known. In a preparatory step, cone cells are classified by
spectral type in the subject’s retina using recently-developed optoretinography techniques
in an AO-OCT system [39, 41, 40]. In this study, we use a classified region containing 1000-
2000 cones located near 4° eccentricity from the foveola. These regions span an area that is
larger than our system’s field of view, so that cones that fall within the stimulated region
are classified, even under fixational eye motion.

We show Oz stimuli to human subjects and perform the following experiments: color
matching of uniform Oz color squares, and alternative-forced-choice image and video recog-
nition experiments. As a control condition, stimuli are randomly repeated with microdose
delivery intentionally compromised. During these control trials, each microdose is “jittered”
randomly so that it lands on a random neighboring cell. In this case, the microdose pattern
delivered to the retina is no longer correlated with the subject’s cone mosaic, and we expect
the subject’s perception of the color to converge on the color of the stimulating laser.
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Figure 3.1: Overview of novel principle and prototype system. (A) System inputs.
(i) Retina map of 103 cone cells pre-classified by spectral type [40]. (ii) Target visual
percept. (iii) Infrared cellular-scale imaging of the retina with 60 frames-per-second rolling
shutter. Fixational eye movement is visible over the three frames shown. (B) System outputs.
(iv) Realtime per-cone target activation levels to reproduce the target percept, computed
by: extracting eye motion from the input video relative to the retina map; identifying the
spectral type of every cone in the field of view; computing the per-cone activation the target
percept would have produced. (v) Intensities of visible-wavelength 488 nm laser microdoses
at each cone required to achieve its target activation level. (C) Infrared imaging and visible-
wavelength stimulation are physically accomplished in a raster scan across the retinal region
using AOSLO. By modulating the visible-wavelength beam’s intensity, the laser microdoses
shown in (v) are delivered. Drawing adapted with permission (Harmening and Sincich [89]).
(D) Examples of target percepts with corresponding cone activations and laser microdoses,
ranging from colored squares to complex imagery. Teal-striped regions represent the novel
color ‘olo” of stimulating only M cones.
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3.2 Results

Color matching experiments
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Figure 3.2: Color matching of Oz colored squares produced by cone-by-cone stim-
ulation. (A to D) Each Ims chromaticity triangle plots color matches for one subject with
the indicated stimulation wavelength and type of matching color system (RGB projector, or
tunable near-monochromatic laser and projector white). Target colors are specified as (L,
M, and S) triplets, which are the relative light intensity levels directed to each cone class.
Color matches to different target colors are denoted with differently colored markers. Each
triangle also plots: color matches for randomly interleaved jitter control condition [see El;
coordinates of the stimulation wavelength; natural color gamut of human vision; gamut of
the matching color system and its whitepoint; and perceptual uncertainty ellipses for the
average color matches (projected JND ellipsoid at the coordinates of the “positive” com-
ponent of the color match, computed from CIELAB/AEY, scaled three times the actual
size). Ellipses not visible are smaller than their associated markers. (E) Illustration of the
control condition randomly interleaved into all experiments: microdose target locations are
randomly jittered by two intercone spacings in Oz stimuli that are otherwise identical to the
experimental condition.
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Fig. 3.2 graphs results of the color matching experiments. 5 subjects performed 222 color
matches. We highlight four observations.

First, Oz colors form a triangle around the stimulation wavelength for 488 nm (panel
B), and a line of colors for 543 nm (panel A). This is consistent with the fact that 488 nm
activates all 3 cone types, whereas 543 nm primarily activates L and M cones. Second, the
jitter control condition causes the color to “collapse” toward the stimulation wavelength, as
expected.

Third, the variance in matching Ims chromaticity increases with the distance of Oz colors
from the gamut of the color matching system. This is a consequence of perceptual uncertainty
being calculated in CIELAB at the positive match point before being translated according
to the added negative color and projected onto the Ims chromaticity triangle.

Fourth, panel C provides unequivocal confirmation that olo lies beyond the natural hu-
man gamut. In these matches, all subjects found it necessary to desaturate olo with projector
white in order to match the (near) monochromatic colors shown, which lie on the boundary
of the natural human gamut. These matching monochromatic wavelengths, from 501 to 512
nm, are the most saturated teal hues for normal color vision under the test subjects’ viewing
conditions.

Subjects’ qualitative hue naming and saturation ratings corroborate these quantitative
results. Color names volunteered for olo include “teal,” “green,” “blue-greenish,” and “green,
a little blue.” Subjects consistently rate olo’s saturation as 4 out of 4, compared to an average
rating of 2.9 for the near-monochromatic colors of matching hue shown in row C.

Image and video recognition experiments

We design image and video recognition experiments to probe the ability of human subjects
to understand images created with spatial metamerism in Oz. We use 4-alternative forced
choice (4-AFC) and 2-AFC tasks where subjects can only succeed using hue information
created through accurate Oz stimulation. In the 4-AFC task, subjects must identify the
orientation of a line in a static image. In the 2-AFC task, subjects must detect the rotation
direction in a video of a moving disk. In these stimuli, the lines and disks are rendered as
red (all-L cone) on an olo background (all-M cone), delivered using a stimulating wavelength
of 543 nm. A calibration step is performed to ensure that foreground and background are
equiluminant (see Methods 3.4), so that in the jitter control condition, the square appears
as a uniform square of the laser color and the task reduces to guessing.

Fig. 3.3 plots the results of the 4-AFC line orientation task and the 2-AFC rotation
direction task.

In the experimental condition, subjects are able to reliably detect both line orientation
and motion direction (blue bars). In the control condition (with jitter), subjects’ performance
is reduced to guessing for both tasks (gray bars).

These quantitative results are borne out with qualitative descriptions of the experiment.
Subjects report seeing either red or orange lines and disks on a blue-green or green back-
ground, when the task was easy, compared with a uniform square of yellow-green, when they
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Figure 3.3: Image and video recognition experiments. We tested subjects’ ability
to recognize image and video content consisting of Oz colors: A, a 4-alternative forced
choice (4-AFC) line orientation recognition task, and B, a 2-AFC rotation direction task
experiments. Oz stimuli consisted of equiluminant red lines and disks presented on an olo
background, as depicted. The bar graphs show individual subject performance over 20 trials
per condition and average accuracy across 5 subjects with 95% confidence intervals. In
experimental conditions with Oz microdoses delivered experimentally (blue bars) subjects
are able to accurately identify line orientation and rotation direction. In control-group
stimuli (gray bars), where cone-targeting is compromised through jittering microdose target
locations, task accuracy is reduced to guessing rate as indicated by the dashed lines.

were forced to guess. The former correlates directly with accurate Oz microdose deliveries,
and the latter with the jitter control condition, where only the natural color of the 543 nm
light should be perceived.
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3.3 Discussion

Oz represents a new class of experimental platform for vision science and neuroscience, which
strives for complete control of the first visual neural layer to the brain—programmability
of every photoreceptor’s activation at every point in time. Our prototype and experiments
offer visually-striking proof that this class of neural control is now achievable. When Oz
microdoses are intentionally “jittered” by just a few microns, subjects perceive a square
of just the ordinary laser color. When these same Oz microdoses are delivered accurately,
subjects can be made to perceive different colors of the rainbow, unprecedented colors beyond
the natural human gamut, and imagery like brilliant red lines or rotating dots on an olo
background.

The fact that no ordinary light can stimulate the M cells in isolation has long been noted.
Previous experiments have elicited temporary color percepts outside the natural gamut [84,
86], with methods such as bleaching L photopigment with red light before displaying green
light. However, such percepts rely on fleeting adaptation states and after-images, so they
are difficult to measure precisely [84, 90] and lack the spatial control for general imagery.
Alternate methods delivering light to only one [43, 32, 45, 44] or two [46] M cells at a time
revealed variable hues that depended on the surround conditions. In contrast to both of
these approaches, spatial metamerism in our Oz prototype produces novel colors like olo
stably enough and over a large enough area for color matching, for sustained durations (a
minute or longer if desired), and within arbitrary colored imagery.

The required control of photoreceptor activations at population scale is technically chal-
lenging, and our experiments are limited to a field-of-view of 0.9° square centered at 4°
eccentricity, which requires gaze fixation. Enlarging Oz to an apparent N° square field-of-
view and relaxing the fixational requirement so that the subject can freely examine any part
of the video faces significant technical challenges. It would require spectral classification of
the central 2N° square patch of retina (classification has progressed to within 0.3° eccen-
tricity, but not yet to the smallest cells in the fovea [41, 42]). It would require improving
optical focus and spatiotemporal accuracy to achieve diffraction-limited microdoses within
each cell, while allowing saccadic eye motion within the video field of view. It would also
require scaling up; for example, to 4 - 10* cones and 107 microdoses per second for a 2° x 2°
“free-gaze” Oz system.

Spatial metamerism requires highly dynamic spatiotemporal patterns of activation on the
retina. For example, viewing a uniform square of color, which in principle is a constant ratio
of L, M, and S activation, actually represents dynamic switching on and off of each cone’s
activation as it enters and exits the boundary of the square during fixational eye drift. In
our color matching experiments, such switches in activation occur on the order of 1000 times
per second. In contrast, simply fixing an unchanging activation level at all cones results in
the color percept rapidly fading to become invisible — consistent with well-known Troxler
fading. The dynamism of the spatiotemporal pattern of activation increases dramatically
when considering general image and video percepts, where fine image details move across a
cone during eye movement and cause the activation level to fluctuate rapidly at every cone in
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the population. Such dynamic spatiotemporal fluctuation in activations occurs continuously
in everyday visual perception. Reproducing such patterns in Oz requires fine-grained and
complex programmability of the fluctuation in each cell’s microdose intensity, and can be
thought of as extending computer graphics and virtual reality from screen pixels down to
the level of individual photoreceptors.

This class of programmable platform will enable diverse new experiments. For example,
Oz can support systematic probing of phenomena such as the threshold at which a small
number of cones begin to contribute to a stable color percept [32, 43, 44, 91], or the nonlinear
function of a retinal ganglion cell’s response to cone activations in its receptive field [92, 93].
Oz can reproduce and then enable programmable “micro-adjustments” to probe the cone
activations underlying visual phenomena that operate near the limits of visual perception,
such as the two colored-line illusion [94] or visual loss with high levels of cone dropout [95,
96]. More ambitiously, Oz can be programmed to probe the plasticity of human color vision.
For example, gene therapy has been used to add a third cone type in adult squirrel monkeys,
boosting color dimensionality from 2D to 3D [97]. Analogously, Oz can program signals to
the brain as if a subset of cones were filled with a new photopigment type with a different
spectral response. Such an approach can flexibly probe neural plasticity to boosting color
dimensionality [98] in humans, such as attempting to elicit full trichromatic color vision in
a red-green colorblind person, or eliciting tetrachromacy in a human trichromat.

3.4 Methods

Color matching experiments
Color matching tools

In order to characterize the colors seen by subjects when viewing Oz stimuli, we conduct color
matching experiments using light sources with known spectral characteristics. We produce
Oz stimuli using two stimulation wavelengths: 488 nm, to which all three cone types are
sensitive, and 543 nm, which primarily activates L. and M cones. Subjects produce matches
using two different color matching systems. In one set of experiments, subjects use an DLP
Lightcrafter RGB projector as the matching field (Wintech, Carlsbad, CA). We control this
display using the Psychophysics Toolbox [72, 73, 74]. In the other experiments, subjects use
a tunable-wavelength source with the option of adding additional white light to either the
Oz stimulus or matching field using the RGB projector. The tunable-wavelength source is
generated using a SuperK supercontinuum laser connected to the SuperL. VARIA tunable
filter (NKT Photonics, Birkergd, Denmark).

Our custom color matching control panel is a Behringer X-Touch MINI USB Controller
(Behringer, Willich, Germany), which we programmed specifically for the color matching
task. In experiments using the RGB projector, subjects use 3 free-wheeling dials on this con-
troller to adjust the hue, saturation, and value of the projector-generated matching square,
and an additional dial to add desaturating white light to the Oz square if necessary to achieve
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an overall match. In experiments using the tunable-wavelength source, subjects use 2 dials
to adjust the center wavelength and overall intensity of the matching square, and have the
option of using 2 additional dials to add desaturating white light either to the stimulus or the
matching field. We use a bandwidth of 10 nm, and the center wavelength can be adjusted
over a range from 405 nm to 525 nm.

Subject view

A sketch of the subject’s view during color matching is shown in Fig. 3.4. The projector
displays a gaze target that we instruct subjects to fixate on for the duration of the experiment.
Approximately 4° adjacent to the gaze target, there is a 0.9° square in which both the Oz
color and matching color appear in alternation. This geometry ensures that the AOSLO
stimulates the classified region of the subject’s retina.

The projector generates a gray background field that is 17° in diameter. The chromaticity
of this gray background is taken as the reference white point for plotting in Fig. 3.2. The
luminance of this gray background is kept at approximately 500 cd/m? to establish photopic
light levels and avoid interference from rod activation. The gray background pixels are turned
off within the Oz/matching square so that no projector light is added to either stimulus. This
black square is 1.2x the size of the stimulus, so that any slight misalignment between the
AOSLO and projector display does not cause the stimuli to mix with the gray background.

Color matching protocol

During a color matching trial, subjects adjust the controllable color until they achieve a
match with the Oz color. The Oz and matching squares of color are spatially coincident
and alternate in time, turning on for 1 second each followed by 1 second of darkness in a
repeating cycle. Subjects are free to take as much time as necessary to achieve a match.
Every 30 seconds, there is a “refresh period” during which the entire field is replaced with
a series of multicolored mosaics inspired by the “wipeout” pattern from prior work in hue
matching under fixation [90]. Each mosaic appears for 1 second, and each refresh period
lasts 15 seconds. In order to submit a match, subjects must have undergone a refresh period
within 12 seconds prior and not made any further color adjustments. This is to ensure that
the submitted match can be quickly confirmed while the presence of afterimages is minimal.

As an option, subjects can view the Oz and matching squares vertically side-by-side, syn-
chronously alternating 2 seconds on and 2 seconds off. This allows simultaneous comparison
of the two colors, but subjects must return to the spatially overlapped and temporally alter-
nating view to judge the match using a common patch of adapted retina before submission.

Subjects may note that the color of the stimulus is not uniform across the entire field of
stimulation. In particular, some parts of the field may occasionally appear as the color of
the stimulating laser itself, regardless of the LMS activation levels being targeted. This is
because any errors in delivery will tend to cause the percept to skew toward the color of the
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Color matching view “Refresh period” view

Figure 3.4: Subject’s view during color matching experiment. Left shows the ex-
perimental view. Right shows an example of the multicolored mosaics shown for a periodic
15-second “refresh period”.

stimulating laser. Subjects are told to match to the color they see that is most dissimilar
from the natural color of the laser.

Plotting color matches

To compute LMS color match coordinates, we spectrally characterize the RGB projector and
the tunable laser using a spectroradiometer (PR-650, PhotoResearch (now Jadak), North
Syracuse, NY). We measure the spectral power distribution for the projector’s red, green,
and blue pixel primaries and the linearity of each primary across its 8-bit range, subject to a
lookup table which we compute in a calibration step. We compute color match coordinates
as the weighted sum of the red, green, and blue primary spectra, each scaled according
to the measured output levels corresponding to the matching RGB values selected by the
subject. For matches made using the tunable laser system, we individually measure the
spectrum of each match setting that was submitted during the experiment. Then, any
match involving both the projector’s desaturating white and the tunable-wavelength source
can be constructed by combining the individually-measured spectra for the two sources.
The projector’s gamut is the triangle enclosed by the chromaticity coordinates of its red,
green, and blue primaries, as shown in Fig. 3.2a and b. The tunable laser’s gamut is the
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edge of the spectral locus corresponding to wavelengths between 405 nm and 525 nm. When
combined with white light from the projector, its overall gamut for matching is encompassed
by the region outlined in Fig. 3.2c. To match colors beyond the boundary of these gamuts,
the subject adds an amount of projector white to desaturate the Oz color until a color
match is achievable. The resulting coordinates for the Oz color are the coordinates of this
desaturating white subtracted from the coordinates of the matching color.

Qualitative hue naming and saturation rating

In addition to color matching, we carry out color naming experiments in which subjects
observe a stimulus, then name its hue and rate its saturation on a scale from 1 to 4. Subjects
see the same fixation cross and gray background, with stimuli appearing at 4° eccentricity
from fixation, as in the color matching experiments. Stimuli turn on and off for 2 seconds
each on a continuous cycle, and a refresh period occurs before each new stimulus is shown.
Subjects are instructed to observe the stimulus for as long as necessary, then to report their
qualitative description.

Image and video recognition experiments

In order to quantify our ability to show image and video stimuli in Oz, we conduct 4-
alternative forced choice (4AFC) and 2-alternative forced choice (2AFC) image and video
recognition tasks. In the image task, we present a line stimulus where the line is oriented
in 1 of 4 directions, and the subject is instructed to respond with the direction that they
see. The line is delivered using only L-targeted stimulation, and the background is delivered
using only M-targeted stimulation. Thus, if the Oz delivery is successful, subjects should
be able to use hue information to pass the task. As a control, we deliver the same stimuli
but under jittered stimulation, meaning that any hue difference between the foreground and
background would be lost, and subjects should not be able to perceive the line.

In the video recognition task, subjecs view a moving dot stimulus and must identify
whether it is moving clockwise or counterclockwise. In the same manner as the image task,
the dot is presented using L-only stimulation on an M-only background, and jittered trials
are included as a control. Thus, the difference in performance between the test and control
conditions in these tasks reveals whether our Oz prototype can successfully produce image
and video stimuli cone-by-cone.

In these tasks, we aim to eliminate any luminance cues that could allow subjects to detect
line orientation or motion direction without using hue information. In particular, because
our subjects have more L cones than M cones, a higher density of microdoses are directed at
the foreground object than the background in AFC stimuli, which would create a difference
in luminance between them. Thus, in a pre-experiment calibration step, subjects adjust the
intensity of microdoses directed at the L cones while viewing a jittered moving disk stimulus
until the field appears equiluminant. This selected intensity level is then used to render any
L-targeted microdoses in the subsequent experiments.
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Human subjects

Five subjects were recruited for this experiment [subject number, age, sex, L:M:S ratiol:
[10001R, 40, M, 60:32:8], [10003L, 57, M, 58:36:6], [20205R, 44, M, 62:30:8], [20236R, 42, M,
61:30:9], [20253R, 30, F, 62:30:8]. All subjects self-reported as having normal color vision
and no ocular disease condition. Subjects 10001R, 10003L, and 20205R are coauthors on
the study and were blinded to the test conditions but were aware of the purposes of the
study. The other two subjects were members of the participating lab at the University of
Washington but were naive to the purposes of the study. The studies were approved by the
institutional review boards at the University of California, Berkeley and the University of
Washington. We obtained informed consent from all participants.

Prototype system hardware

We built on an AOSLO platform described in previous publications [29, 37]. In this study,
we used four spectral channels: a 940 nm channel for wavefront sensing, an 840 nm channel
for retinal imaging, a 543 nm channel for retinal stimulation, and a blue channel configurable
either as a 488 nm channel for retinal stimulation, or as a wavelength-tunable monochromatic
source for matching use. Laser sources of the 940 nm, 840 nm, and 543 nm channels are drawn
from the broadband spectral output of a supercontinuum laser (EXR-15, NKT, Birkerad,
Denmark). The laser source of the blue channel comes from a separate supercontinuum laser
(FIU-15, NKT, Birkergd, Denmark) passed through a tunable filter (VARIA, NKT).

All channels (except the 940 nm channel) are passed through individually fiber-coupled
acousto-optic modulators (AOMs) (Brimrose Corporation, Sparks, MD) that can modulate
laser intensity up to 50 MHz, and are co-aligned to make the pupil-conjugate planes opti-
cally coincident for each channel pair, with respective beam vergence precompensated to be
opposite to the longitudinal chromatic aberration (LCA) of a typical human eye [99]. These
adjustments ensure that all wavelengths are focused approximately at the same axial retinal
depth. At the eye station, the laser powers in all channels are eye-safe, and are measured
and recorded before every session.

In experiments, a custom-built Shack-Hartmann wavefront sensor operating with 940 nm
light enables adaptive optics correction of eye aberrations in real-time using a deformable mir-
ror (DM97, ALPAO, Montbonnot-Saint-Martin, France), to achieve near-diffraction-limited
focus at the photoreceptor layer of the retina, for all wavelength channels. We dilate and
cyloplege our subjects using eye drops (1% tropicamide and 2.5% phenylephrine) to enable
imaging through the largest possible pupil size (highest numerical aperture) and use adaptive
optics to measure and correct for the aberrations of the eye and strive for near-diffraction-
limited performance [30].

This laser spot is scanned in a raster pattern over a 0.9° square field-of-view using
orthogonally-oriented resonant and galvo mirrors, with a frame resolution of 512 x 256 and a
frame rate of 60 Hz. Light scattered from the retina is descanned and spectrally redirected to
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confocal pinholes mounted to individual photomultiplier tubes (PMT) for each wavelength
channel.

A custom-built field programmable gate array (FPGA) board (initially in [36]) digitizes
and aggregates all PMT signals into 512 x 16 pixel strips of each frame at 960 Hz as a
rolling shutter video stream into a GPU desktop computer that computes cone-by-cone
microdose targets. The FPGA receives rasterized 14-bit stimulation signals from the desktop
to drive AOMs that modulate the visible-wavelength laser intensities and deliver the intended
microdoses of laser light to realtime cone positions.

Additionally, a separate optically co-aligned pathway, similar to the one used in [100],
is employed, which incorporates a projector display for showing fixation points and color
matching targets, and a pupil camera for real-time pupil tracking.
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Chapter 4

Revealing the Benefit of Eye Motion
for Acuity under Emulated Cone Loss

Retinal degenerative diseases progressively erode the cone photoreceptor mosaic, reducing the
retina’s spatial sampling power, yet visual acuity is remarkably resilient to cone loss. Prior
work has shown that clinically normal visual acuity (20/25 or better) can persist despite up
to 50% of cone cells being lost [96, 101]. However, studies on individuals with retinal degen-
eration are limited by patient recruitment and cannot control for patients’ stage of disease
progression, creating the need for an experimental paradigm that can mimic these diseases
in healthy subjects. The Oz Vision system creates visual percepts through programmable,
per-cell stimulation of thousands of cone cells. We reprogram this system to emulate cone
loss in healthy eyes by withholding stimulation from a subset of randomly-selected cones,
rendering them inactive, in a method we term “cone dropout.” Using this approach, we
characterize the visual system’s robustness to cone loss, showing that visual acuity declines
nonlinearly with increasing cone dropout. Importantly, we uncover the compensatory benefit
that eye motion provides under cone-deprived conditions, finding that at the highest level
of dropout, a visual system with eye motion has an equivalent acuity to a static dropout
condition with nearly twice as many sampling elements. Through analysis of eye motion
and stimulation data, we find that this benefit arises from the additional information ac-
cumulated by “surviving” cones as they sample more of the letter through fixational eye
motion.

4.1 Introduction

Retinal degenerative diseases degrade vision by causing photoreceptor death and loss over
time [102]. Despite this reduction in spatial sampling elements, visual acuity is remarkably
robust to cone loss. In patients with retinitis pigmentosa, clinically normal acuity levels
(>20/25) are maintained with up to a 50% reduction in cone density relative to the average
(96, 101]. However, study of visual function under retinal degeneration is limited by the
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recruitment of patients with the diseases in question. It is further complicated by the fact
that patients may be at different stages of progression in those diseases, the functional
status of remaining cones is unknown, and that factors beyond photoreceptor degeneration
may contribute to vision loss [103, 104]. Thus, the mechanism underlying the preservation
of acuity under cone loss has not been fully characterized.

In light of the challenges posed by patient recruitment, prior work has attempted to
simulate cone loss in healthy subjects. This has historically been achieved through randomly
blanking pixels on a display and measuring the impact on subject performance in tasks such
as letter identification [105, 106], grating identification [95, 106], and reading [107]. These
implementations did not exactly reproduce the conditions of retinal degeneration, though,
as the sampling loss was not fixed to the retina as the eye moved and was instead fixed to
stimuli in the world. Other studies simulating visual impairment in healthy subjects have
accounted for this consideration by stabilizing artificial scotomas to the retina using eye
tracking [108, 109, 110, 111] and more recently using extended reality technologies in head-
mounted displays [112, 113, 114, 115]. However, these approaches were limited in spatial
precision due to tracking error [116] and latency between tracking and stimulus updates
ranging from 10-80 ms. As a result, the artificial scotomas used in those studies typically
spanned multiple degrees of visual angle such that these errors were small by comparison, and
thus could not reliably mimic diseases that cause degradation at the much smaller single-cone
level.

The Oz Vision system recreates visual percepts on a per-cone basis through optical stim-
ulation of individual cone photoreceptors at population scales. We implement this princi-
ple using an Adaptive Optic Scanning Light Ophthalmoscope (AOSLO), which images the
retina, tracks the eye’s motion with sub-cone precision, and stimulates individual cones with
4-ms latency [48]. This technology has previously been used to target cones based on their
spectral type as described in Chapter 3, but here we programmatically adapt it to exclude
a subset of all cones from the stimulation pattern irrespective of their type. That is, we use
the system to deliver stimuli cone-by-cone, but delete a subset of randomly-selected cones
from an underlying retina map in software such that these cones do not receive stimulation
and are rendered effectively “dead.” Then, as the subject moves their eye across the stimu-
lus, only the “surviving” cones are stimulated as they pass under the world-fixed stimulus,
and the pattern of “dead” cones remains fixed to their retina. In this way, we can use this
system to emulate cone loss that moves with the eye, recreating the conditions of retinal
degeneration more accurately and on a finer scale than previously possible. This stimulation
platform provides the opportunity to emulate cone loss in any subject and systematically
characterize its effect on visual function.

With this technology, we find that vision is adversely affected by cone loss, but that eye
motion acts as a compensatory mechanism that preserves visual acuity under a degraded
cone mosaic. It has been shown previously that in subjects with normal vision, eye motion
can enhance visual acuity [26, 23, 24]. A model developed to explain this phenomenon also
predicted that eye motion would provide a benefit for reconstructing a letter E stimulus
under conditions of cone loss [117]. However, no study has measured the effect of eye motion
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Figure 4.1: Dropout conditions. The two panels compare the cone and pixel dropout
conditions with 75% dropout. The frames on the left show the retinal mosaic with cones in
black and the green C stimulus overlaid. Due to fixational eye motion, the retinal mosaic
moves relative to the world-fixed C stimulus between each frame. The eye motion trajectory
is shown as a red trace overlaid on the frame, with lighter colors indicating time points
further in the past. In the cone dropout condition (top), a fully intact stimulus is sampled
by a retinal mosaic where a percentage of the cones have been removed randomly. In the
pixel dropout condition (bottom), a percentage of pixels are removed randomly from the
stimulus, which is sampled by an intact retinal mosaic. The right shows the accumulation
of information in each case. Under fixational eye motion, the loss moves with the eye in the
cone dropout condition, allowing for the intact parts of the mosaic to sample more of the
letter, building a more filled-in percept over time. In the pixel dropout condition, the loss
remains fixed to the stimulus and no information is accumulated through eye motion.
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on visual acuity with cone loss in real subjects. We fill this gap by conducting experiments
where we programmatically vary the degree of cone loss and measure its impact on visual
acuity in a Landolt C task, where subjects must judge the orientation of C stimuli of varying
sizes. We compare performance under the condition of emulated cone loss to one where loss
is fixed to the stimulus rather than the retina, thereby revealing the role of eye motion in
accumulating information when sampling with a degenerated retinal mosaic.

4.2 Results

Subjects performed a Landolt C visual acuity task under two conditions of sampling loss:
a “cone dropout” condition, where cones were removed from the retina map, and a “pixel
dropout” condition, where pixels were removed from the stimulus itself (see Figure 4.1).
In the cone dropout condition, the sampling loss is fixed to the retina and moves with
it as the eye moves. In the pixel dropout condition, the loss is fixed to the Landolt C
stimulus and does not change over time. The comparison of performance between these two
conditions offers insight into the role of eye motion because the percentage of sampling loss
present in the stimulus delivered to the retina would be approximately equivalent across
the two conditions at any given moment. However, in the cone dropout condition, as the
eye moves with fixational eye motion, the visual system would receive information about
different regions of the letter C as the intact parts of the retinal mosaic sampled them.
Thus, if the visual system makes use of information accumulated over time through eye
motion, this would confer a benefit in acuity in the cone dropout condition over the pixel
dropout condition.

Acuity threshold experiment

In the first experiment, we measured acuity thresholds using a Landolt C 4-alternative
forced choice (4AFC) task. Landolt C stimuli were presented for 1 second, and subjects
responded with the orientation of the letter that they perceived (up, down, left, or right).
Using randomly-interleaved QUEST staircase procedures to vary the letter size [118], we
determined acuity thresholds under 11 total conditions: 5 percentages of cone dropout, 5
equivalent percentages of pixel dropout, and one no-dropout condition. Each step in these
5 dropout percentages corresponded to reducing the total number of cones or pixels by half.

The results are shown in Figure 4.2. We plot the measured acuity thresholds for 4
subjects as a function of the fraction of cones remaining in the mosaic and the equivalent
percentages of dropout for the cone and pixel dropout conditions. We show the average
acuity across all subjects at each percentage tested, and fit linear models to these averages
and to each individual subject’s data. Taken as a whole, our data indicates that the cone
dropout condition does confer an acuity advantage over the pixel dropout condition spanning
approximately one or more rows on a standard acuity chart.
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First, we find that visual acuity in logMAR worsens logarithmically as the dropout per-
centage increases for the 4 subjects tested (R? = 0.945 for cone dropout and R? = 0.953
for pixel dropout). This trend is conveyed through linear fits on the log-log plot. The non-
linear relationship between dropout and acuity that we find under emulated cone loss is
consistent with prior studies done with real patients, thereby confirming that visual acuity
is well-preserved up to 50% cone loss [96, 101]. We use analysis of covariance (ANCOVA)
to test for the effects of dropout percentage, dropout type, and the interaction between the
two. When looking at the data across all subjects, we find a significant relationship be-
tween acuity and dropout percentage (p = 3.8 x 1073%). There is also a significant difference
between acuity on average between the pixel and cone dropout conditions (p = 0.00014).
Most importantly, the slope of the relationship between acuity and dropout percentage is
significantly different between the pixel and cone dropout conditions (p = 0.027). That is,
eye motion appears to benefit visual acuity when cones are lost from the retinal mosaic.

To contextualize the benefit in acuity provided by eye motion, we indicate the acuity
levels corresponding to rows on a standard eye chart on the right side of Figure 4.2. We
can see that at dropout levels of 75% and above, the improvement in acuity from the cone
dropout over the pixel dropout condition spans approximately one row or more on the acuity
chart. Another feature of the data is that, as dropout increases, the average acuity threshold
at a given percentage of cone dropout gets closer to the average acuity threshold at the
preceding percentage of pixel dropout. In particular, at the highest level of dropout, the
presence of eye motion under cone dropout can effectively recover the acuity level at a pixel
dropout condition that has nearly twice as many sampling elements.

Stimulus duration experiment

In a second experiment, we varied the duration of the Landolt C stimulus and measured
subject performance for the orientation task under the cone and pixel dropout conditions.
We tested 7 durations, spaced logarithmically between 66.7 ms and 4.27 s. The two con-
ditions and 7 durations were randomly interleaved. We kept the dropout percentage fixed
at 93.75%, chosen so that the task would be challenging enough to reveal differences in
performance across durations and conditions. The letter size was chosen based on each sub-
ject’s previously-measured acuity threshold at 93.75% dropout and kept fixed for the entire
experiment (see Methods for details).

Figure 4.3 shows the results of the experiment varying stimulus duration. We plot A
Performance versus the stimulus duration, where A Performance is the difference in fraction
correct between the cone and pixel dropout conditions. This means that points above zero
correspond to instances where subjects performed better under the cone dropout condition,
whereas points below zero indicate where subjects performed better under the pixel dropout
condition. We see that at shorter durations, points are closer to zero, meaning that subjects
perform similarly under the pixel and cone dropout conditions. At longer durations, subjects
tend toward performing better under the cone dropout condition than in the pixel dropout
condition, with the point at the longest duration of 4.27 s being significant (p = 0.018).
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Figure 4.2: Acuity threshold experiment. Acuity is plotted versus the fraction of cones
remaining and the equivalent dropout percentage under the cone dropout condition (blue)
and the pixel dropout condition (red) for 4 subjects. Dashed lines show the fitted regression
lines to individual subject data, while the solid lines show the fitted regression line across all
4 subjects for the 2 conditions, where y is the logMAR acuity and z is the logarithm of the
fraction of cones remaining in the mosaic. The bold points show the average acuity across

subjects with error bars indicating the standard error of the mean.
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Figure 4.3: Stimulus duration experiment. The difference in fraction correct between
the cone and pixel dropout conditions on a 4AFC Landolt C task is plotted versus stimulus
duration. Individual subject A Performance is plotted with faint lines. The average A
Performance across those 4 subjects is plotted with dark lines and error bars indicating the
standard error of the mean.

These results provide further insight into the importance of eye motion for recovering
information under cone-deprived conditions. At short durations, it makes sense that the
two conditions would result in similar performance, as there has been little time for the
eye to move and sample new parts of the stimulus under the cone dropout condition. This
psychophysical result therefore additionally serves as an experimental validation that the two
conditions are perceptually equivalent at a single-frame level. For longer durations, under
the pixel dropout condition, no new information could be gained about the stimulus over
time. However, the benefit from eye motion in the cone dropout condition was revealed by
the performance improvement as stimulus duration increased, as the eye had more time to
move an appreciable amount relative to the size of the stimulus.

Analysis of recorded trial data

In the system we use for cone-by-cone stimulation, a rich stream of data is recorded with
every trial, including a video of the moving retina, a record of the eye motion as it was
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tracked in real time, and a log of all delivered microdoses of light with their corresponding
retinal locations. Using this recorded data, we can reconstruct the stimulation pattern that
the subject received on any given trial, and conduct analyses in order to help explain our
psychophysical results.

Sampling coverage analysis

In the psychophysical experiments measuring acuity thresholds as a function of dropout
percentage, subjects showed better acuity under the cone dropout condition as compared
to the pixel dropout condition as dropout increased. The intuitive explanation for such a
difference is that under the cone dropout condition, eye motion causes more parts of the
letter to be sampled by intact parts of the retinal mosaic, which allows for the visual system
to take in more information about the letter, leading to a more accurate judgment of letter
orientation. This difference in accumulated information between cone and pixel dropout is
depicted visually in Figure 4.1. Using the actual recorded stimulation data, we can examine
whether this intuitive understanding is supported by the recorded doses of light that were
received by the visual system under the two conditions.

In order to examine the advantage provided by eye motion in the cone dropout condition,
we perform an analysis computing the sampling coverage of the Landolt C stimulus on every
trial in the experiments measuring acuity thresholds. We define the sampling coverage as
the percentage of the letter’s area that was sampled by a cone at any point during a trial
(see Methods for more details on the sampling coverage calculation).

We process every trial delivered during the acuity threshold experiment for all 4 subjects
at each dropout percentage under the cone and pixel dropout conditions. We then compute
the average sampling coverage across all trials under a given dropout percentage for the
two conditions. The results of the analysis are shown in Figure 4.4a, showing the average
sampling coverage versus the fraction of cones remaining. The dashed lines show the fit to
each individual subject’s data while the solid lines show the fit across all subjects.

We see that the trends in this analysis agree well with the psychophysical results in Fig-
ure 4.2. First, as would be predicted, we see that the sampling coverage is higher under
the cone dropout condition (cyan) than under the pixel dropout condition (orange). Addi-
tionally, both sets of data are fit well by a logarithmic relationship (R* = 0.945 and 0.953
for the psychophysical data and R* = 0.97 and 0.972 for the sampling coverage analysis).
Qualitatively, the slopes of these best-fit lines appear similar between Figure 4.2 and Figure
4.4a. That is, the best-fit line for the pixel dropout condition is steeper than the best-fit line
for the cone dropout condition in both cases. These similarities suggest that the quantity
sampling coverage, which is calculated directly from stimulation data, can be used as an
explanatory metric for the acuities measured during the acuity threshold experiments.

To examine the sampling coverage as an explanatory metric more directly, we plot the
measured acuity for each subject under each dropout condition against the corresponding
calculated sampling coverage in Figure 4.4b. We find that the resulting data from both
the cone and pixel dropout conditions can be fit well by a single linear relationship (R?
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= 0.929). Importantly, plotting the data in this way causes the acuity gap between cone
and pixel dropout to disappear. That is, the difference in measured acuity between the
two conditions is captured completely by the difference in sampling coverage. This in turn
reflects the key benefit provided by eye motion under the cone dropout condition, where the
visual system is able to sample a larger fraction of the occluded Landolt C stimulus.

In this analysis, we sum all microdoses delivered over the course of each 1-second trial,
in essence assuming that the temporal integration period of the visual system is infinite. As
shown in the experiment varying stimulus duration (see Figure 4.3), subject performance
does seem to improve up to 1 second, after which performance plateaus. Thus, under our
experimental conditions, it does seem that the visual system can synthesize all of the addi-
tional information gathered over of the course of the 1-second trial. However, in practice,
we would not expect for the sampling coverage to continue improving indefinitely with in-
creasing stimulus durations. That is, analysis done for experiments with longer trials should
include a finite temporal integration window when computing the sampling coverage.

Analysis of eye motion data

The consistent performance gap between the cone and pixel dropout conditions seen in our
psychophysical results suggest that eye motion is used to benefit acuity under cone-deprived
conditions. Prior work has found changes in eye movement patterns in response to simulated
scotomas [119, 120] and in patients with retinal degeneration [121, 122]. Thus, we explored
the possibility that similar changes could be present in the eye motion traces that were
recorded during each experiment.

To determine whether subjects adopted specific gaze strategies in response to the dropout
conditions, we examined both the overall magnitude of their eye motion as well as its direc-
tional characteristics. To examine the magnitude quantitatively, we computed the iso-density
contour areas (ISOAs) containing 68% of the eye motion data from the duration experiment
for each subject and dropout condition (see Methods). Using a two-sample t-test, we found
no significant difference in the ISOAs between cone and pixel dropout for all 4 subjects,
indicating that subjects did not move their eye any more or less under the cone dropout
condition as compared to the pixel dropout condition.

We explore whether directional biases arise in subjects’ eye motion traces using analysis
inspired by [26], rotating each eye motion trace as necessary such that all traces are aligned
to the veridical orientation of the Landolt C. This aims to reveal whether subjects fixational
eye movements tend toward finding the gap in the letter, which they would expect to find at
1 of its 4 possible locations. However, again, we found no evidence of directional differences
between dropout conditions or with increasing stimulus duration.

In our analysis of the recorded eye motion traces, we found no clear trends in overall
magnitude or directional characteristics, suggesting that the visual system can build a filled-
in percept passively through unbiased fixational eye motion. However, it should be noted
that in these experiments, the dropout conditions were presented in a random order, meaning
that the form of dropout could change between cone and pixel dropout from trial to trial.
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Figure 4.4: Sampling coverage analysis. (a) The average sampling coverage of the Lan-
dolt C stimulus across all trials in the acuity threshold experiment is plotted versus the
fraction of cones remaining and the equivalent dropout percentage for the cone dropout con-
dition (cyan) and the pixel dropout condition (orange). The dashed lines show the fits to
each individual subject’s data, and the solid lines show the fits to the data averaged across
subjects, where y is the sampling coverage in decimal form and x is the logarithm of the
fraction of cones remaining in the mosaic. (b) The measured acuity for each subject at each
dropout percentage is plotted versus the calculated sampling coverage from the correspond-
ing trials. Each point represents one subject at one dropout percentage, either under the
cone dropout (cyan) or pixel dropout (orange) condition. The data is fit by a linear rela-
tionship (black), where y is the logMAR acuity and z is the sampling coverage in decimal
form.

Thus, it remains to be seen whether a subject would adopt strategic eye motion behavior in
response to a fixed pattern of cone dropout that persisted for a longer period of time.

4.3 Discussion

We have developed a technology for faithfully recreating the conditions of cone loss in healthy
subjects, and we use it to characterize the relationship between the degree of cone loss
and visual acuity. This experimental paradigm solves a set of challenges faced by prior
work studying patients with retinal degeneration. Those studies first needed to specifically
recruit patients with the diseases of interest. They could not control for the stage of disease
progression in each of these patients, and thus were forced to compare patients with a wide
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range of severity in cone loss. Image-based metrics such as cone spacing may not have been
sufficient to know the true degree of cone loss in each patient, as baseline cone density can
vary between individuals [123], and even cones that appear dark in a retinal image may still
be functional [124, 125]. We, however, have complete control over the emulated percentage
of cone loss in each of our subjects and can therefore study its effects freely without facing
such challenges.

Others have tried to address those challenges by simulating cone loss through randomly
blanking pixels in stimuli on a monitor [106, 95, 106, 107]. One such study even attempted to
simulate motion by shifting the blanked pixels midway through the presentation, but lacked
the technical capability for stabilization [105]. Thus, these implementations did not capture
the fact that real cone loss is fixed to the retina and will move with the retina due to eye
motion. In fact, we have shown that there is indeed a difference in performance between a
condition where pixels are removed from the stimulus itself and a condition where cones are
removed from the mosaic. That is, using those prior studies as a benchmark would likely
lead to an underestimation of the degree of cone loss based on a subject’s measured acuity,
as those results did not account for the benefit in performance due to eye motion. Therefore,
it is critical to consider the impact of eye motion when studying visual function under cone
loss.

Our experiments revealed a nonlinear relationship between acuity and the degree of
emulated cone loss which resembled the trends found in work with real patients [96, 101].
In particular, our results suggest that one can lose 50% of their cones while maintaining
acuity levels of 20/20 or better. This has implications for technologies that aim to restore
vision through the use of light-sensitive retinal implants [126, 127]. Such technologies consist
of a photovoltaic array with an effective sampling density that is much lower than that of
a healthy retinal mosaic. The cone dropout condition mimics this loss in sampling power,
and thus the acuity levels that we measure can serve as useful benchmarks for the spatial
frequency of the array that is required to achieve a target acuity.

In addition to its capability to emulate the conditions of cone loss, our system also cap-
tures a stream of data with every trial that can be used to better interpret our psychophysical
results. Using this recorded data, we examine both the recorded stimulation patterns and
eye motion traces in order to draw conclusions about how acuity improves under the cone
dropout condition. We are able to compute what percentage of the Landolt C stimulus
was sampled on every trial, and find that this metric best explains the trends in acuity as
impacted by dropout condition and percentage. That is, the psychophysical results can be
well-predicted directly from the stimulation patterns recorded during each trial.

These experiments mark the first usage of the Oz system for emulating cone loss. In
the present study, we apply this technology to characterize visual acuity specifically. How-
ever, retinal degeneration has been shown to degrade vision on other metrics such as motion
detection [128, 129], small-spot detection [130, 131], and contrast sensitivity [132, 133]. In
our system, we can freely vary the experimental task and stimulus conditions to study these
aspects of visual function in future work. This technology additionally opens up possibilities
for emulating retinal diseases with different forms of dropout. Here, we implement dropout
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on a cone-by-cone basis, but in general, we have the programmability to fix any pattern of
loss to the retina. Future studies could implement intermediate levels of cone degradation
rather than binary cone loss, larger spatial scales of dropout, or dropout with varying de-
grees of spatial uniformity. Thus, this platform enables general study of the way spatial
sampling loss impacts visual performance, presenting the opportunity to better understand
the implications of a wide range of diseases affecting the retina.

4.4 Methods

Subjects

Four experienced male subjects (ages 23-58) were recruited for these experiments, two of
whom are authors on this study. All subjects provided informed consent before participating
in the experiments. This study was approved by the Institutional Review Board at the
University of California, Berkeley.

Adaptive optics scanning light ophthalmoscopy

All experiments were run using an AOSLO that simultaneously images and stimulates the
retina, while correcting for the imperfect optics of the eye. The adaptive optics component
consists of a Shack-Hartmann wavefront sensor which measures the aberrations of the eye,
operating in closed loop with a deformable mirror which changes its shape in order to coun-
teract those aberrations. The scanning component of the system consists of two scanners
conjugate to the pupil plane, with one resonant scanner operating at 16 kHz in the horizontal
dimension and another galvanometric scanner operating at 60 Hz in the vertical dimension.
Combined, they scan the outgoing beam of laser light across the retina over a 0.9°-field at
a frame rate of 60 Hz, and relay the reflected light back through the system in order to
produce a retinal image. The reflected light is detected using photomultiplier tubes.

The AOSLO contains several wavelength channels; in this experiment, we use three of
them. Wavefront sensing for the adaptive optics correction was done at 940 nm, retinal
imaging was done at 840 nm, and visual stimulation was done at 543 nm.

Cone-by-cone stimulation

In order to deliver cone-by-cone stimulation, we use custom software called Wizard. This
software tracks the eye’s motion by breaking the incoming infrared retinal image into strips
and locating each strip against a pre-loaded map of the subject’s fovea (more details in Eye
Motion Analysis section) [34, 48]. This map contains metadata that labels the locations of
all of the cones within the stimulated region. For the four subjects in this study, the total
number of cones in these maps ranged from 17,407 to 26,322. Using these cone locations,
Wizard then communicates with an acousto-optic modulator (AOM) to modulate the visible-
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wavelength channel as it scans across the retina such that it turns on only when it passes
over the intended target cones. The latency between the strip used for tracking and the strip
where stimulation is delivered in response to that tracking information is approximately 4
ms.

Stimulus preparation
Cone dropout condition

In order to implement the cone dropout condition, a randomly-selected subset of the cone
labels were removed from the retina map in a proportion equaling the desired dropout
percentage. Thus, when the system intended to deliver a C stimulus to the fovea, it would
exclude a percentage of the cones from its stimulation as specified by the pre-loaded map.

Pixel dropout condition

In the pixel dropout condition, we remove pixels from the Landolt C stimulus image. Rather
than removing pixels completely randomly, we took measures so that the spatial distribution
of the pixel removal would match the spatial characteristics of the cone dropout condition.
First, we create a Voronoi tessellation of the subject’s foveal cone map. Next, we randomly
select a percentage of the Voronoi cells and create a binary mask, where these chosen cells
are set to 0 and the rest are set to 1. We then apply this binary mask to the C stimulus.
These stimuli are then delivered through our custom stimulation software, sampled by a
retina map containing no dropout. As a result, the pixel dropout stimulus is approximately
equivalent to the cone dropout stimulus at any given instant, both in an overall radiometric
sense and in terms of its spatial characteristics. This was validated psychophysically by the
similarity in performance between the two conditions at short stimulus durations (see Figure
4.3). The operative difference between the two is that the information loss is fixed to the
stimulus in the pixel dropout case, and fixed to the retina in the cone dropout case, which
becomes perceptually important as stimulus duration increases.

Experimental protocol
Experiment setup

Prior to each experiment, we dilate and cycloplege subjects using drops of 1.0% tropicamide
and 2.5% phenylephrine hydrochloride. Subjects are stabilized in the system using a bite
bar and moved into alignment using translational stages. For each subject, we determine
the best defocus setting for visible stimulation by collecting a series of through-focus images
at 543 nm. During each experimental session, we capture a sequence of 0.9° videos in 840
nm to produce a 1.8° x 1.8° map of the fovea which is used for tracking [47]. We addition-
ally measure and correct for the transverse chromatic aberration between our imaging and
stimulating wavelengths using the method described in [48].
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Acuity threshold experiment

In the acuity threshold experiment, subjects performed a Landolt C 4AFC orientation iden-
tification task. We measured acuity under 5 percentages of cone dropout and 5 equivalent
percentages of pixel dropout, along with one no-dropout condition, for a total of 11 condi-
tions. The 5 dropout percentages were logarithmically spaced as follows: 50%, 75%, 87.5%,
93.75%, and 96.875%.

For each condition, we ran 4 interleaved QUEST staircase procedures [118] with 20 trials
per staircase. We ran equivalent percentages of cone and pixel dropout together, with their
staircases randomly interleaved in a block of trials. The no-dropout condition was randomly
interleaved with the 50% cone and pixel dropout conditions.

On a given trial, a beep preceded the stimulus, then the stimulus was presented for
1 second, followed by another beep indicating that the subject should respond with their
perceived orientation. Another sound played after the subject’s response, and the next trial
would begin immediately.

Stimulus duration experiment

The task in the stimulus duration experiment was the same Landolt C 4AFC task as in the
acuity threshold experiment. We tested 7 durations which were logarithmically spaced as
follows: 66.7 ms, 133.3 ms, 266.7 ms, 533.3 ms, 1.07 s, 2.13 s, and 4.27 s. These durations
correspond to integer multiples of 16.7 ms, the duration of one frame in our 60-Hz frame rate
system. Each duration was shown under both the cone and pixel dropout conditions, with
20 trials per duration-dropout combination. All conditions and durations were randomly
interleaved.

As in the acuity threshold experiment, a beep preceded the stimulus, then the stimulus
was shown for a duration chosen from one of the 7 options, followed by another beep which
prompted the subject to a respond. A sound played when the subject’s response was received
and the next trial would begin immediately.

In this experiment, we kept the letter size and dropout percentage fixed, and varied only
the stimulus duration. We chose the dropout percentage to be 93.75%, so that the dropout
was extreme enough to avoid ceiling effects in performance. In order to choose the letter size,
we took into consideration all of the data gathered across subjects in the acuity threshold
experiment. We normalized each subject’s data to align their psychometric functions by the
threshold letter sizes under the cone dropout condition. Then, we fit a single psychometric
function to all cone dropout data and to all pixel dropout data separately. We found that
the difference in performance between the two conditions was maximized at a 16% larger
letter than the threshold. That is, we chose the letter size in the duration experiment to be
16% larger than each individual subject’s previously-determined acuity threshold letter size
for the 93.75% dropout condition.
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Eye motion analysis

Each trial presented during the experiments has an associated set of data saved along with
it. This includes a log of all microdoses that were delivered, the retina map used for tracking,
as well as a record of the eye’s motion during the trial.

In the Oz Vision system, each incoming infrared image is broken into 16 strips, which
each consist of 16 by 512 pixels. Each strip is located against the premade retina map to
produce a record of the eye’s position. There are 16 strips per incoming frame, and our
system operates at a frame rate of 60 Hz, resulting in an eye motion trace with a sampling
frequency of 960 Hz.

To perform analysis of the eye motion data, we use MATLAB (MathWorks, Natick, MA,
USA). With custom software, we iterate through all eye motion data files and extract the x-
and y- locations with their associated timepoints. If there are any samples missing due to
tracking failures, the missing points are interpolated between the two most recent tracked
locations such that there is position data at every timepoint.

With the saved eye motion data, we aggregated all eye motion traces collected during the
stimulus duration experiment and separated them by subject and by dropout condition. For
each set of eye motion data, we aligned all traces at the centroid of each of their individual
distributions. We then computed the iso-density contour that contained 68% of the eye
motion data in these aggregated traces, and calculated the area enclosed by that contour.

Sampling coverage analysis

To compute the sampling coverage for a given trial, we first find the locations of each
microdose of light delivered during a given trial. This information is saved in a .csv file
with every recorded trial. We create a 2D binary matrix containing a map of each of the
pixels where a microdose was delivered. Then, we convolve this map of microdose locations
with a 2D Gaussian kernel with ¢ = 0.1 arcmin, in order to simulate the effect of the system
point spread function (PSF) which blurs each microdose of light that is delivered to the
retina. We binarize the result of this convolution to create a map of all pixels that were
sampled over the course of the trial. Finally, we mask this pixel map with a Landolt C with
size and orientation corresponding to the current trial, and compute the percentage of pixels
covered by the stimulation pattern out of the total possible area contained in the letter. This
provides a measure of the sampling coverage of the letter by the subject on each trial.

4.5 Appendix

Cone dropout adaptation experiments

In experiments studying visual acuity under cone dropout, we did not perform a formal
measurement of subjects’ qualitative experiences. However, in viewing stimuli with dropout,
subjects reported that the initial speckle resulting from the missing cones seemed to fill in
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over time, despite no change being made to the stimulus itself. This indicated that some
temporal adaptation may have been occurring, which warranted further investigation. To
that end, we conducted preliminary experiments which sought to measure this qualitative
observation more rigorously.
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Figure 4.5: Cone dropout adaptation experiment design. The schematic diagram
depicts the design of a single trial in the adaptation experiment. First, subjects view a
stimulus subject to a specific pattern of cone dropout for 5-7 seconds. Then, following a
brief blank period, subjects see a test stimulus with either no dropout, the same dropout
pattern, or a different spatial pattern of dropout with the same overall percentage. The
subject then rates the uniformity of the second stimulus shown.

The first experiment’s design is shown in Figure 4.5. Each trial in this experiment begins
with an adaptation period ranging from 5-7 seconds. During this period, a 50% cone dropout
pattern is fixed to the subject’s retina as they view an image stimulus. A blank period of
0.1 seconds follows the adaptation period in order to mask the transition to the subsequent
test period. In the test period, a stimulus belonging to one of three categories is shown. In
one case, the original stimulus image is shown with no dropout applied. In another case, the
image is shown with the same dropout map as was used in the adaptation period. In the
third case, the same percentage of dropout is applied, but the spatial pattern of the dropout
is different than in the adaptation period.
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Following each trial, the subject’s task is to rate the uniformity of the test stimulus on a
scale from 1 to 4, with 4 corresponding to a judgment of ‘perfectly uniform.” The non-dropout
case serves as a control which subjects would be expected to rate a 4 on the uniformity scale.
In isolation, the two dropout conditions should appear to have the same level of uniformity,
as they are both subject to the same overall percentage of dropout. However, if adaptation
were to take place during the adaptation period, one would expect to see that subjects
rate the same-dropout condition as more uniform than the different-dropout condition on
average. Thus, the comparison of ratings between these two dropout conditions offers insight
into whether adaptation is taking place.
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Figure 4.6: Cone dropout adaptation experiment results. The uniformity rating
results are shown as bar charts for the adaptation experiment with 2 subjects. Each bar
chart shows the average rating across all trials for the no dropout (blue), same dropout
(purple), and different dropout (red) conditions. The left plot shows data from subject
20204L, who completed 90 trials, and the right plot shows data from subject 10003L, who
completed 120 trials.

Results from this adaptation experiment are shown as bar charts in Figure 4.6. As
expected, both subjects tended to rate the control no-dropout condition at a 4 in uniformity.
Interestingly, there is a modest but reliable difference in ratings between the same-dropout
(purple) and different-dropout (red) conditions for both subjects. For subject 20204L, this
corresponded to an average rating of 2.7 across all trials for the same-dropout condition and
2.1 across all trials for the different-dropout condition. For subject 10003L these average
ratings were 1.6 and 1.3 respectively. Despite the inter-subject differences in absolute rating
magnitude, both subjects showed a tendency to rate the same-dropout condition higher
in uniformity than the different-dropout condition. This suggests that an adaptation-like
process indeed occurs during the initial 5-7 second stimulus presentation where the stimulus
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image begins to appear more uniform. Moreover, this adaptation is specific to the spatial
pattern of dropout, such that subjects preferentially rate uniformity higher when viewing
stimuli with the same dropout map that they had previously adapted to. These results leave
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Figure 4.7: Adaptation timecourse experiment results. The time taken to adapt to a
cone dropout pattern is plotted versus the dropout percentage. Each data point shows the
average and standard error across 5 trials. Dropout patterns at 85% and 90% were presented
to subjects, but are not plotted as the subjects did not indicate that they appeared uniform
within the allotted 20 seconds.

opportunities for future exploration of the phenomenon. First, there is a clear difference in
the absolute magnitude of the uniformity ratings between subjects for the dropout conditions.
This difference could reflect either true differences in the subjects’ perceptual experience, or
it could be the result of differences in the internal criteria that subjects used to make their
uniformity judgments. A further experiment could employ the use of a uniformity reference
for each rating, in order to better standardize subject ratings and eliminate this confound.
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Another opportunity for future study arises from the feature that the same-dropout
condition was not rated as uniform as the no-dropout condition by either subject. This
indicates that while the uniformity improved relative to another dropout condition, there
remains a gap between the adapted dropout stimulus and an undegraded stimulus. This
may reflect either a fundamental limit to the adaptation process, or that the parameters of
the experiment did not allow for adaptation to take place to its fullest extent.

In order to determine the temporal requirements for full adaptation, we conducted a pilot
experiment with one subject measuring the timecourse of adaptation as a function of dropout
percentage. In this experiment, a randomized dropout map was applied to the retina while
the subject viewed an image stimulus for up to 20 seconds. The stimuli were drawn from
a set of 13 images, each consisting of a simple, 2-dimensional black and white object on a
background set to 50% intensity. The subject was instructed to press a button when the
image stimulus appeared to become fully uniform. In the experiment, 8 dropout percentages
were tested ranging from 0% to 90%, and each percentage was shown for 5 trials in order to
yield an average timecourse measurement for each condition.

The results of the timecourse experiment are shown in Figure 4.7. There is a clear
increase in the time required to reach adaptation as the dropout percentage increases. Even
at 75% dropout, the subject tended to indicate that the stimulus had become uniform after
approximately 16 seconds. Although trials were shown above 80% dropout, the subject did
not see the stimulus as uniform within the allotted 20 seconds, and thus these trials did
not produce data points. While the subject’s internal criteria for what appeared uniform
in this experiment was subjective, this data establishes a measure of the relative increase
in adaptation time with dropout, which can serve as a benchmark for future experiment
designs. These preliminary experiments form the foundation for further exploration of this
adaptation phenomenon.
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Chapter 5

Conclusion

In this dissertation, we outline a number of the physiological constraints which shape human
color and spatial vision. We then describe a progression in retinal imaging and stimulation
technology, culminating in our prototype system that enables unprecedented control over
visual input at the retinal interface. Using this system, we characterize color perception
of wavelengths beyond the visible range by eliciting 2-photon absorption of infrared light
in cone cells. We show human subjects the color “olo” by targeting only M cones with
laser stimulation. We programmatically modify the effective sampling density of the retina
and measure the impact on visual acuity. In summary, we have utilized cone-level visual
stimulation to decouple the retinal input from its spectral, chromatic, and spatial constraints
and characterized perception outside of those bounds.

The three studies described here represent a fraction of what is possible with the Oz
system, and many directions remain open for exploration. Future work could follow up on
the final results described in Chapter 4 and probe the potential for long-term adaptation
to cone dropout. Entirely different directions are also possible; for instance, this same
system can be used to stimulate the retina as if an additional cone type has been added and
determine whether the visual system can utilize it for expanded color vision [97]. From a
technical standpoint, iterations on this prototype system face opportunities for improvement
both in hardware and software. Future systems could replace visible-wavelength channels
with a short-pulsed infrared light source in order to perform 2-photon Oz stimulation. Such
a system would leverage the nonlinear power dependence of the 2-photon effect as described
in Chapter 2 in order to mitigate the effects of light leak to non-target cones. In addition
to this potential hardware upgrade, future versions of Wizard could add even further to the
functionality of the Oz system and implement cone-by-cone rendering more generally. This
could include the capability for presenting stimuli which move with a gain relative to eye
motion [134], rendering of arbitrarily complex retinal modifications, and integration of Oz
stimuli with a conventional RGB display. Ultimately, the work presented here marks a step
toward complete control over the input to the visual system, with much progress still to
come.
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