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Abstract:

ence

In visual detection, thresholds for light increments are higher than thresholds for light decrements.

This asymmetry has been often ascribed to the differential processing of ON and OFF pathways

in the retina, as ON and OFF retinal ganglion cells have been found to respond to increments and

decrements, respectively.

In this study, the performance of human participants in detecting spatially restricted (diameter

1.17 degrees of visual angle) and unrestricted increments and decrements was measured using a

two-interval forced choice task. Background light intensities ranged from darkness through

scotopic to low photopic levels.

The detection threshold asymmetry found in earlier experiments was replicated with local stimuli.

In contrast, however, the asymmetry between increment and decrement detection thresholds

disappeared with fullfield stimuli. An ideal observer model was constructed to evaluate the role of

two factors, Poisson variations and dark noise, in determining detection thresholds. Based on the

model, these factors are insufficient to account for the increment-decrement asymmetry.
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Valonvalahdysten eli inkrementtien detektiokynnykset ovat korkeampia kuin valon vahenemien el
dekrementtien detektiokynnykset. Tatd asymmetriaa on usein selitetty sillg, etta informaatio
inkrementeisté ja informaatio dekrementeista kulkeutuvat aivoihin eri neuraalisia reitteja, ns. ON-

ja OFF-kanavia pitkin. Nailla kanavilla on tarkeité rakenteellisia ja toiminnallisia eroavaisuuksia.

Tassa tutkielmassa toteutettiin koe, jossa koehenkildiden inkrementtien ja dekrementtien
detektiokynnykset mitattiin kayttaen seka tilallisesti rajattuja arsykkeita (halkaisija 1,17
nakoastetta), etta rajaamattomia, koko nakokentan kattavia arsykkeitd. Detektiokynnykset
mitattiin psykofysikaalisella kahden intervallin pakkovalinta-menetelmalla. Taustavalona kaytetyt

intensiteetit vaihtelivat pimeydesta mataliin fotooppisiin valotehoihin.

Psykofysiikan kirjallisuudessa useasti [6ydetty asymmetria inkrementtien ja dekrementtien
detektiokynnysten valilla replikoitiin lokaaleilla arsykkeilla. Asymmetria kuitenkin havisi taysin
koko ndkokentén kattavilla arsykkeilla. Poisson-vaihtelun ja sauvasolujen spontaanin aktivaation
roolia detektiokynnyksiin vaikuttavina tekijoina tutkittiin ideaalihavainnoitsijamallin avulla. Naméa
tekijat osoittautuivat mallin perusteella riittdmattomiksi selittdméaén inkrementtien ja dekrementtien

valisen asymmetrian.
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Symbols andAbbreviations

[Ca&"]i  intracellularcalcium ion concentration
2IFC two-interval forced choice task
cGMP  cyclic guanosine monophosphate
FWHM full width at half raximum

LED light-emitting diode

MLE maximum likelihood estimation
ND neutral density

PDE phosphodiesterase

PW peakwavelength

R* photoisomerization

RGC retinal ganglion cell

TLR transformed likelihood ratio



Introduction

Our environment is a stormy sea of electromagnetic radiation. The nature of the
waves in this sea, and théiteractions with other properties of the physical world, has
enabled aimalsacross nearly all phyla to evolve a system that can extract information
from a segmentof the electromagnetic spectrum, known as the visible light spectrum
This extractable information is converted into neural signals by a largely conserved
system, for which retina, a sensory organ in the eye, is acknowledged to be the starting

point in mammals.

Visual sensitivity in low light levels

According to the nocturnal iteneck hypothesis, early evolution of mammalian
vision during the Mesozoiera selected for traits fit for an extended period of
nocturnality(Hall, Kamilar, & Kirk, 2012) One such trait is high visual sensitivity in low
light levels. There are nevertheldagye differences among mammals in the emphasis
placed on absolute sensitivity. The visual system of diurnal primates has evolved to
prioritize otherfeatures over absolute sensitivity. Emphasis has been placed on visual
acuity, but contrast sensitivity remains relatively high, even exceptionally so in daytime
light levels(Harmening, 2017; Veilleux & Kirk, 2014)

The limits of human absolute visual sensitivity ardlweantified. In aclassic
psychophysics experiment, Hechthl8er and Pirennél942) set out to determine how
many photons were required to reliably detect a light stimulus. Afdeminutes of
adaptation to darkness, participants were exposed to flashes from a light that was
positioned 20° temporally on the horizontal axis. Pgudicts respondegles or no to
indicate whether they saw the stimylasd the intensity required for 60% detection rate
was determinedAlmost a complete absence of false positives was required from the
participants.Only 54 to 148 photons were required gmduce this level of detection
(Hecht, Shlaer, & Pirenne, 1942)ot all photons reaching the cwa actually pass
through the vitreous body and reaitte retinal pigment epithelium, let alone produce

excitations in photoreceptor&ccording to estimations calculated by Barlow (1977) and



updated by Donner (19923, loss of photons occurs in the tramssion of ocular media
(25-50%), entering the photoreceptors {2%), absorption by rhodopsin-{B%) and
exciting thereceptors (3@10%). 1t was originally estimatethat 5 to 14 of the 5t 148
corneal photonsn Hecht et al. (1942yenerated moleculathanges that can activate a
photoreceptor, i.ephotoisomerizations (R*)Subsequent independent analysis of the
results has suggested an upper limit of only seven R* (Wald, 1991).

False positive rate is intimately linked to performance in a frequefisgeing
experiment. With a more liberal requirement on the false positive aatebserver can
report seeinghe stimulus without complete certainty. another paramount experiment,
at least one participant was able to perform above chanceaelight intensities that
were believed t@roduceonly one R* with a false positive rate of 29¢akitt, 1972)
Additionally, the participant wasbé& to rate light intensities on a scale of 1 tm@ a
linear scaleso that the ratings were believed to correspond to an equal actual amounts of
R* plus noise evenitsTwo other participants also performed at almost the same level.
However, Sakitt (1972appears to have vastly underestimated the fraction of phatons
the cornedhatend upgenerating an R*, by at least a factor of f@onner, 1992)Thus,
the lower limit estimate dofirca five R* required for absolute detection threshold remains
generally acknowledged.

The stimulus size used iHecht, Schlaer and Pirenr{@942) was 10 angular
minutes in diameter. The photons spread across a retinal area that contains less than 500
rods (Dsterberg, 1935)If seven photons are absorbed randomly by these 500 rods, the
probability that a single rod takes up more than one photon is onl{H&xht et al.,

1942) After multiple trials, it can be statistically deduced that perception does not require
two photons to be absorbed by the same rod. However, evidently some neural filter
mechanisms at later stages of the visualesggtrevent a single photon alone from being
consciously registered. Rather than a weakness, this can be considered an adaptive
feature of the system. A system that registered every single photon would likely
experience much more noise in very low light ditions. Spontaneous isomerization of
rhodopsin molecules in rods is a very rare event, but the multitude of these molecules in a

single rod give an isomerization rate of 0.2 per rod per mifRdglor, Matthews, &



Yau, 1980) Each spontanesusomerization produces a false positae these eventse
indistinguishable from lighactivated events.

Early psychophysics experiments show that the variability of human responses to
nearthreshold visual stimuli islargely accounted for by the quantumature of
electromagnetic field§van Der Velden, 1946)Light is a Poisson process, where the
amount of photons being emitted from a light source within unit time fluctuates around
its meang; with variancea® = a With increasing light levels, fluctuations increase-sub
proportionally. At some point, the Poisson fluctuations can be considered negligible, yet
they neverceasdo exist. Thus, any system that is intentiedetect a stimulus is limited

fundamentally by extrinsic noise.

Visual sensitivity as a function ofthree stimulus parameters
s | a the detéction threshadldhdmettly

proportional to baseline intensityYnder tke right conditions, detection thresholds of

Background intensityWe b e r

transient l i ght increments are considered t
(Aguilar & Stiles, 1971; Blackwell, 1946)This is considered to reflect gain control
mechanisms that enable constancy across a wide range of background light by avoiding
saturation(Shapley & EnrotiCugell, 1984)

With low background intensities, sensitiiis more crucial than saturation
avoidanceln the scotopic range, detection thresholds follow therees-Rose law. This
law states that thresholds increase as a function of the square root of the background

intensity, i.e. at a much lower rate thanemd We ber ' s | aw. Two al ter
explain this relationship. The law was independently discovered Mride and Rose,

both of whom proposed that the inevitalbliationin the amount of photons absorbed

from a light sets a fundamental limit @tservation, and that at the lowest light levels

thresholds are limited by this fact@de Vries, 1943; Rose, 1948)his statistical model

predicts the square root law. The fact that data fits this model ssgbestdetection

thresholds are determined by these statigBaslow, 1957) An alternative hypothesis

was posited by Donner et al. (1990), based on recordingsBrudm Marirus rod cells,

bipolar cells and ganglion cells. The authors propose a model where thresholds are

determined by two gain control mechanisms, a Weber gain mechanism in the rods and a



noise gain mechanism in the retinal ganglion c@snner, Copenhagen, & Reuter,
1990) In the low scotopic range, the Weber gain mechanism is inactive, but the noise
gain mechanism sets a gain factor that is inversely proportional to thmeasisquare

of the noise in the rod signals, resulting approximately in thérids-Rose law.

Simulus areaTwo ot her empiramrcdl Pilpems’,s Rliaws ' de
relationship between the spatial size and the perception of visual contrasts. According to
Ricco’'s | aw, the difference detactioh byrhimama nc e, [
observerss inversely proportional to the arlguarea covered by the stimulus. This law
applies only for uniform objects that are smaller than 0.4 degrees in visua(Baddav,

1958) For larger objects, the integrative mechanisms of retinal networks begin to play a

rol e, and Ri cc 0 Fx stinduw didmetersabeteveerd @4wand 20°, the
detection threshold is govtethemeguiredtuspninaRceper ' s
contrast is inversely proportion to the square root of the angulafRipeEa, 1903) Both

Ricco’s and Piper’s | aw apply for both absol
Stimulus duration Also noteworthy is that Hecht, Schlaer and Rire (1942)

used short flashes of only one millisecondhdd beerestablishedat the time, that the

duration of the stimulus and its luminous intensity at the absolute threshold are directly

proportional, and that roughly the same amount of photons isredqgfor detection

regardless of the duration. This |l aw of tem

BunsenRoscoe law, and hroadlyholds for stimuli shorter than 100 r{Barlow, 1958)

As the stimulus duration is stretched to one second, almost twice as many photons are

required at the absolute threshobs with <100ms stimuli Background intensity and

stimuus areainfluencethe boundary conditions for temporal summatiBl och’ s | aw

extends to slightly longer stimulus durations with the lowest background intenSdies.

large stimuli (27.6 square degrees), complete summation is followed by an abrupt

transition to almost no summation at all. When the background intesditgh and the

stimulus | arge, Bl och’”s range ends at 30 ms,

takes placéBardow, 1958)



Retinal processingin visual detection

The phototransduction cascade is the process of conversion of lighearal
signals. It starts by @hotoreceptgra rod or a conebeing activated by a photeon
generatednolecular change, a plugomerization (R*)More precisely, a photon reaches
andisomerizes the Xtis retinallocated in a gprotein coupled recept&nown as opsin,
which in turn is locate@n thecell membraneThe new structure of the retinal causes a
conformational change in the protein, which activatesasade of secondary reactions
that results in activation of phosphodiesterase (PDHE} activated enzyméydrolyzes
cyclic guanosine monophosphate (cGMBjat doses the cell's sodium channels,
effectively hyperpolarizing the cell. In short succession, volgged calcium channels
also close in response to the hyperpolarization. As a result of decreagdd, [Ga
release rate of glutamatentaining vesicles, that are calcittapendent, also deeases.
Ultimately, bipolar cells, that are downstream in the bipolar pathwayule 1), are
depolarized because of the lower glutamate binding.

The visual system makes use of two types of classic photoreceptodscells
and cone cells. The phototralugtion cascade of rod cells was already discussed above.
Rod cells are scattered across the-fumeal areas of the retina, increasing in density
from the fovea until the eccentricity of 18 degrees, and then gradually decreasing almost
log-linearly (dsteberg, 1935) The size of rod photoreceptors, and the amount of
convergence to downstream neurons also increase as a function of eccentricity
(Goodchild, Ghosh, & Martin, 1996 Cone cells are located very densely in the fovea
and are pooled minimally, thnablinghigher visual acuityThey come in three forms,
giving the basis for color vision. The two types of photoreceptors distinguish the two
visual subsystems, scotopicdaphotopic vision, that are generally found in humans and
many other species. In dim light conditions, scotopic visiomesliatedby the scarce
photons activating rods, while cones remain silent. In brighter, photopic conditions,
vision is mediated by cencells.There is no exact illumination level, where the transition
from photopic to scotap vision happens, but rather an extenstome called mesopic
range characterizes the transition. For instance, most outdoor scenarios at night fall in the
range ofmesopic vision, where both rods and cones mediate vision (Puolakka et al.,
2012).



The rod lipolar pathwayFigure 1) playsakey role in light detectiomnder dark
adapted conditions As a result of photoactivation, thglutamate releaseof
hyperpolarizd rod cells is transiently decreastdm theintrinsic baselinerelease rate
The decreaskbinding tothe postsynaptiolGluR6receptors causea depolarizationn
rod bipolar cells, that in turn release glutamate to excite All amacrine cells. Convergence
is high from the first connectignof the pathwayeach rod bipolar cell forms synapses
with 20-50 rods, aneéach All amacrine cell forms synapses vidtk-25 rod bipolarcells
(Taylor & Smith, 2004) The signal transmission can be modulated by horizontal cells
(not depicted irFigure 1) providing negative feedback to cones and, less prominently, to
rods(Thoreson, Babai, & Bartoletti, 20Q8)

Rods
Cones
OFF ON
Cone Rod BIpOlar Cone
Bipolar All Amacrine Bipolar

OFF-S Ganglion Cell ON-S Ganglion Cell

Figure 1. The rod bipolar pathwayThis pathway conveys light signals in scotopic light levels.
The pathvay divides into two parallel stream3he ON pathway features a thresholding

nonlinearity at the synapse between ON cone bipolar cells and ON ganglion cells.

From All amacrine cells, the rod bipolar pathway divergestwo distinct
pathways— an ON and an OFF pathwaill amacrinecells transmitOFF signalsvia
glycinergic inhibtory synapses to OFF retinal ganglion cells (RGC) directly, or indirectly
by inhibiting OFF cone bipolar cell®ON signalsare transmittedy exciting ON cone

bipolar cells viadendreaxonalgap junctiongVVolgyi, Deans, Paul, & Bloomfield, 2004)

10



The rod bipolar pathway is thable to take over a part of the evolutionarily older cone
pathway Both types of cone bipolar cells subsequently transmit signdRGiGs The
ON pathway thresholds signals nonlinearly at the synapse between ON cone bipolar cell
and ON RGCMulti-photon gynals lead to a depolarization of the ON RGC, generating
an action potentialbut singlephoton events, as well neural noise are elimingtdd-
Laurila & Rieke, 2014)In the OFF pathway, a signal from the OFF cone bipolar cell, or
directly from the All amacrine cell, causes a hyperpolarization in the OFF RGC, and a
decrease in its baseline spiking rd&sCs rely on action potentials to transmit signals
through the opt nerve, but all the cells upstream to RGCs can use graded potentials to
influence synaptic vesicle release rates. All amacrine aisiaitilize action potentials to
at leastsome extenfWu, Ivanova, Cui, Lu, & Pan, 2011)

In addition to the rod bipolar pathway, secondary pathwhgs bypass rod
bipolar cells and All amacrine cellsave been identified. Rods also transmit signals
gap junctions to cone axoiiKolb, 1970; Raviola & Gilula, 1973)nd directly to OFF
cone bipolar cell dendrite¢Soucy, Wang, Nirenberg, Nathans, & Meister, 1998)
Nonethelessfor primatesthe primary rod bipolar pathway has been recognizedhas t
dominant pathwaythrough whichrod signalstransverseup to background intensities
where rods saturate and sensitivity sharply declines, around 300 R*(&drses,
Baudin, Azevedo, & Rieke, 2018)

Besides extrinsic noise, reliability of singdoton responses is also limited by
noise intrinsic to the rod phototransduction cas¢8aglor et al., 1980)The major types
of signatindependent intrinsic noise are continuous noise and discrete (Roebe &
Sampath, 2017)Both types stem from distinct components of the cascade. Continuous
noise is the uninterrugd lowramplitude noise present in rod output. It is producedtby
leasttwo factors: PDE spontaneously activating and hydrolyzing cGMP, and spontaneous
synthesis of cGMP by guanylyl cyclase. Discrete noise on the other hand stems from
heatactivated isomezations of rhodopsin molecules. It is relatively ratarge in
amplitude, and indistinguishable from phatctivated rhodopsin isomerizationa/hile
dim-light detection is primarily challenged by the nature of light, intrinsic nois¢ésa
significart factor for absolute sensitivity, and is reflected as a phenorotgical

experience. Eigengrawalso known as dark light, is the uniform grey color that most

11



people report seeing in complete darkn@a&llach, 1948) Discrete retinalnoise is

believed to at least in part underlie this phenomdBarylor et al., 1980)

The asymmetry between increment and decrement detection sensitivity

Classic psychophysics experimentdiscovered an asymmetrybetween the
detection thresholdior transient lightincrementsandfor transient lightdecrementsat
various background light level¢Blackwell, 1946; Short, 1966)The asymmetry
consistently persists with stitus durations up to 1 secorfBatel & Jones, 1968)he
asymmetry has been found across a wide range of backgnuenditiesand stimulus
conditions Lu and Sperling (2012) conducted 11 experiments on increment and
decrement detection, using a wide variety of stimulus types, taatgahe ubiquity of
the asymmetry. Low photopic background luminances were used, ranging from 27 to 81
cd/n?. An asymmetry was found in every experimamnith an average magnitude of 28%
(ranging from 8% to 67%).

Not only are decrements detected at a lower threshold, but they are also processed
with faster reaction timgKomban, Alonso, & Zaidi, 2011)higher visual acuity
(Kremkow et al., 2014)and detected more readily on nockground¢Komban et al.,

2014) although some of these effects are strongly modulated by the background
luminance(Pons et al., 201@nd stimulus duratioMazade, Jin, Pons, & Alonso, 2019)
Rapidoff sawtooth stimuli are detected at a lower threshold than -mpidawtooth
stimuli (Bowen, Pokorny, & Smith, 1989Dne implication from this asymmetry is that
humans read dark text on white background faster than they read light text on dark
backgroundBuchner & Baumgartner, 20Q7)

The asymmetries between ON and OFF pathways have been proposed to give
adaptive value to the statistics of natural sc€Rewi, Ahn, Greschner, Chichilnisky, &
Field, 2018) Dark and bright areas are noniformly distributed in natural scenes, and
the asymmetries of the visual pathways are probably reflections ofGbisper &
Norcia, 2015) Compared to other encoding strategies, the fact that processing is divided
into ON and OFF pathways enables more efficient information encd@juygjieva,
Sompolinsky, & Meister, 2014)Furthermore, based on analysis of natural scehes,

optimal mosaic also entails an asymmetry between ON and OFF RGC receptive field

12



sizes, with smaller and more numerous OFF ufiiatliff, Borghuis, Kao, Sterling, &
Balasubramanian, 2010When building a mosaic of noisy lineaonlinear neurons
optimized for natural image information transmission, while minimizing badiacosts,
efficient coding principles predict multiple asymmetries in the organization of ON and
OFF cells, and their filterd<arklin & Simoncelli, 2011)

Differences in the retinal processing of increments and decrements

The most studied retinal cells in the context of asymmetric procesding
increments and decremerdse mousea RGCs, and their primate homologs, parasol
RGCs.ON and OFF RGCs share overlapping receptive fields in a primate. Nfiren
ON RGCswere pharmacologically silenced in a behaving primate, its ability to detect
increments was heavily compromi sed. However,
remained unimpaire@Schiller, 1992) The implication of this finohg is that changes in
luminance are processed separately by these two types of retinal ganglion cells, one
increasing its activity as a response to increments, and the other increasing its activity as
a response to decrements. Physiological evidence gappes idea(Pons et al., 2017;
Zaghloul, Boahen, & Demb, 2003)

As distinct parallel pathways process increments and decreniteisténteresting

to consider the differees in theanatomical andfunctional organization of these
pathways. A body of evidence supports the assertion tlzse may drive the
psychophysical asymmetry of detection threshdldsnacaqueetina, OFF cone bipolar
cells have been found to outhumk@N cone bipolar cellsalmost twefold (Ahmad,
Klug, Herr, Sterling, & Schein, 2003\s both RGC mosaics cover nearly the entidty
the retina, OFF RGCs must be distributed more densely than GIé. RGN RGCs thus
also need wider dendritic fieldsdeed, theliameters ohuman ON RGC dendritic fields
are 3050% larger than theFF counterpartéDacey & Petersen, 1992)

Psychophysical asymmetries have been argued to be primarily a reflection of this
asymmetry in RGQGlensities This argument has its bagis individual ON and OFF
RGCs in primates having similar sensitivity to increments and deatseifiBenardete &
Kaplan, 1999; Kremers, Lee, Pokorny, & Smith, 198scitedin Ahmad et al., 20031t

is also supported by light decrements being detected by humans with higher spatial

13



resolution, than light incremen{gemon, Gordon, & Welch, 1988This interpretation
remains to be confirmed, howevédther studies have found that whstimulated by

light, individual ON and OFF RGCs show crucial differencesesponse dynamics and
nonlinearity (Chichilnisky & Kalmar, 2002) Theseasymmetrie may in turn be a
consequence of the asymmetries in baseline transmitter release rates from presynaptic
bipolar cells(Zaghloul et al., 2003)This difference in presynaptic input, as wad#l the
difference in intrinsic conductances, might underlie other asymmetries between ON and
OFF RGCs, such as that in spatiategration and spontaneous firir{fylargolis &
Detwiler, 2007; Turne& Rieke, 2016)

ON RGCs have been reported to process their scotopic input nonlinearly, relaying
a thresholded cod@la-Laurila & Rieke, 2014)In Figure 1, this is denoted by the red
symbol at the synapse between ON cone bipolar cells and ganglion cells. On the other
hand, OFF cells code information linearly at the lowdéstidus intensities in isolated
mice and primate retinalakeshita, Smeds, & Admaurila, 2017) In low photopic
conditions, several dgitional functional asymmetries between macaque ON and OFF
parasol RGCs have been fouf@hichilnisky & Kalmar, 2002)In addition to nonlinear
properties, ON ells were found to have 20% larger receptive field diameters and faster
response kinetic?ON cells exhibited a graded response to decrements, but no similar
response is seen by OFF cells to increméatschilnisky & Kalmar, 2002; Zaghloul et
al., 2003)

In addition to asymmetries fouradthe level ofRCGs differences have also been
found in the functional orgaration of the ON and OFF pathway3ases of GABAergic
crossover inhibition have been discovered between the two pathways for most cell types
(Werblin, 2010) Crossover inhibition refers to the inhibitory signal beingiedrfrom
one pathway to another via the AIll amacrine celghis crossalk happens
unidirectionallyfrom ON to OFFcells and not the other way arourdaghloul et al.,

2003)

At the lowest light intensities, ON pathway appears to shift its temporal tuning to
lower frequencies(Pandarinath, Victor, & Nirenberg, 2010When drifting grating
stimuli were used to study temporal adéiptato photopic and scotopic light conditions,

the optimal frequency for detection was lower with scotopic than photopic background

14



intensities. The tuning for decrements by the OFF RGCs remained the same across light
range. An interpretation for thesesudts is that with decreasing light intensities, the
processingf increments in the ON pathway becomes slower.

It is unclear to which extent any of these differences influence downstream
processing and become relevant for percepmdently, asymmetrie between ON and
OFF RGC readouts play a role in shaping readouts from the lateral geniculate nucleus,
and ultimately the visual cortgdiang, Purushothaman, & Casagrande, 2015; Komban et
al.,, 2014; Yeh, Xing, & Shapley, 2009Presumably, these readouts shape the
psychophysical asymmetry. Wit hout mesni pul at |
difficult to determineexactly which neural factors become relevant for the detection

thresholds of increments and decrements.

Aim of the thesis

The aim of the currenthesisis to investigatethe nature of thdancrement
decrement asymmettyy testing whether it continues to exist when the stimulus size is
not restricted to a small spofo this end, a set of experimentsas conducted where
increments and decremenmtsrepresented to a humaarticipant both as fullfield flashes
and as lodaspot flashesacross different bafine (background) light level3he above
discussed literature leads us to wonder, whetheragymmetry persists when the
stimulus area vastly exceeds the areas used in existing literature.

Another set of experimentsuzied out in the same IdKoskela, Turunen, & Ala
Laurila, 2020)s particdarly relevant to the current study. In these experiments, ON and
OFFbrisk-sustained alphRGCs that are the closestouse equivalent® human parasol
ganglion cells, were studied in daaklapted, flatnounted retinaRGC detection
thresholds werdeteminedby patch clamp using 2@s increments and decrements,
similarly as intended in the present study, across dim background light weels.
asymmetry was found between increment and decrement detection thresholds, for either
ON or OFF RGCs, with veryiv light levels.

The null hypothesis of the experiment is that increments and decrements are
symmetrically detected at all light leveisith both fullfield and spatially restricted light

stimuli. Light levels ranged from scotopic to low photopic. An iddmserver model was

15



constructed to compare the psychophysical findings to optimal performance, restricted by

only Poisson distribution of light, and discrete retinal dark noise.
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Methods

Participants

Five university students (three female; age2Z0mean = 25.2) volunteered as
participants in this study. The participants
by a control session, during which detection thresholds for local stimuli in dariaeze
assessed, with a protocol essentially replicating the measurements of Hecht, Schlaer and
Pirenne (1942). One out of six participants was deemed ineligible for the experiment due
to insufficient sensitivity in this experimearticipant®, 4 and wereunawareof the
hypothesesf the study. All participants had normal vision without correction. The study
adhered to the principles of the Declaration of Helsamid was deemed ethically
acceptable by the Ethics Review Board in the Humanities acidl@md Behavioural
Sciences of the University of Helsinki. Tharticipants signed written consent, prior to

the experiment.

Apparatus

To enable presentation of both global and local stimuli, a ganzfeld globe was
used. Thredight-emitting diodegLED) were set up around the glotmmefor fixation
(AND180HRP interference filter byMelles Griot 03 FIV 125peak wavelength (PW) =
680 nm; full width at half mximum(FWHM) = 10 nm),one for local stimul{Spot LED;
AND520HB interference filter by Edomd Optics #65-149); PW = 500 nm; FWHM =
10 nm)and one for global stimu{same LED and filters as for the local stimuli)
Mounted optical diffusers (global stimuli: Newport Corporatid@DIFFVIS; local
stimuli: Thorlabs ED1C20-MD) were used to scatténe incident light uniformly. A set
of Thorlabs absorptive neutral density (ND) filters was used to achieve the desired
intensity range. A crosshair shaped aperture was situated before the fixation stimulus. A
PC runningMATLAB (The MathWorks) was used tontrol all stimulus presentation
and data acquisition. The LEDs were connected to the computeNaigoaal
Instruments USHB343 DAQsystem and an LED driver.
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Stimuli were viewed monocularlyhe participant had his/her left eye covered by
a patch, anthe viewing distancand angle were controlled with a chin rest, that was
carefully situated prior to each session to ensure correct position of the eye with respect
to the spot LED. The partant was seated on a swivel chair, with a keyboard on his/her
lap. Essential parts of the setup are illustrateeigare 2.

The inner surface of the ganzfeld globe was extremely diffuse and reflective, so
that it was equiluminant across the visual fi€@ditside the duration of flashes, the spot
and the background (the ganzfeld surface) were also equiluminant. This equiluminance

was validated with the use of a higbrformance camerafdor Zyla 4.2 sCMOS

Background LED

Fixation LED

Spot LED |[IDO & ©

60 cm

Chin rest

Figure 2 Ganzfeld setup. The participatitgated their gaze on the red&tion crossThe
Background LED was not in the participant’s
ganzfeld globe was highly reflective, so that the Background LED created an equiluminant

fullfield stimulus.
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Stimuli

The participants completed the global detection task in a total of 11 conditions; 2
classes of stimuli, increments and decrements, with 5 different baseline light intensities,
and an increment detection task with no baseline light. The basglménliensities were
set apart by roughly one log unit. Individual variability to baseline light intensities was
introduced by the decline in LED efficiency over time, and the switching of the LED.
These factors were controlled for by regular calibratiotie light sources.

The local detection task was completed only with the brightest baseline light
condition, and in the darkness. An exception to this was participant 3, who also
completed the local detection task in conditions that were 1 log unit,lane50%
higher than the highest baseline condition. The participant fixated on the fixation LED,
which placed the spot LED at -bgree eccentricity. The size of the spot stimulus was
restricted by an aperture, so that from a viewing distance of 6(herdigameter of the

stimulus covered 1.1degree®f visual angle

Light conversions

The pupil is an adaptive aperture that controls the light intensities, i.e. the amount
of photons that arrive at the retina. For participants 1, 2 and 3, pupil sizéeieardi
baseline light conditions were measured viitidor Zyla 4. Zamera to control for this
effect on the actual light intensities.dim infrared light was used to measure the pupil
size in darknes§.he measuring conditions were set up to mimic thelitmns of the
actual experiments. After obtaining three video clips of 20 seconds in each light level, the
pupil size was analyzed by a circle detection algorithm, which was robust for
confounders such as blinking and eyelids covering a part of thegtajpiies. The size of
each pixel was determined by taking pictures of the participant holding a ruler next to

his/her head. Stages of the pupil size analysis are illustrakégdure 3.
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Figure 3 Method of determining pupil sizeg\) Example of a raw frame. (B) The same frame
with thresholding applied. The pupil is encircled using a circle detection algorithm. The same
circle overlaid on (A). (C) Pupil sizes detected in each frame of a 20 second recording.

A regression analysisas performed on adian pupil sizederived from each
separate video clip. Significant regression was found (F(1, 13) =/8156p < 0.001),
with R? values betweer625and .855For conditions with a nomero baseline light, the
fit line was used for il size adjustments luminance calculation®upil sizes
measured in darkness were not used for the fitting, but their average was used in
calculations instead. An example of the fitting is present&igare 4.Pupil sizes for

each participant are gented inTable 1
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Figure 4. Logarithmic regression, predicting pupil size by background lumindiree video
clips were recorded in each condition, represented by the blue data pbeted circle denotes

the mean pupil size in darkness. Participant 2.

Table 1
Parti ci pan indifterent bapeiink liglst conditiens. Values based on the regression

analysis, except for the condition in darkness.

Pupil size(mn¥)
Luminance lpg. cdhr) Participant 1 Participant 2 Participant 3
Darkness 42.6 53.3 43.4
-5.59 40.8 49.7 447
-4.69 39.2 46.7 43.2
-3.48 37.0 42.7 41.2
-2.55 35.3 39.6 39.7
-1.69 33.7 36.7 38.3
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Stimulus intensities were reguladglibrated. Calibration was conducted by first
measuring the luminance yielded by maximum voltage and with no filters mounted, using
a photometer\jinolta LS100. Nortlinearity of the LED was quantified by measuring
the produced irradiance with a radiomdtéDT Instruments S4j§hcross a wide range
of voltages These data were fit with a polynomial function, the inverse of which was
used to linearize the stimdsetup.

Voltage input for the LED lights was converted to photoisomerizations in rod
cells with the following conversion steps and assumptions:

1. Measured amount gfower in wattsat the cornedased on radiometer and
photometer measurementgathout filters.

2. Multiplication of this power value by the duration of a stimulus, i.e. 0.02
seconds, to get energy in jougsrstimulus.

3. As per the equation for photon ener@y, "0QwhereQs the Plack
constant, an)s the frequency of the photon, a photoagagating with
the wavelength of 500 nm has the energy of 3.9728%eules. The
abovementioned joulegperstimulus is then divided by this amount, to get
photonsperstimulus.

4. Multiplication by filter attenuation factor. Exact ND and interference filter
attenuation factors were obtained by radiometer measurements.

5. Multiplication by the pupil diameter, and tiqjgantum catclfactor,
calculated by Donner (1992puantum catclgives the fraction of the light
guanta at the corneal surface thater througtthe pupil ancare absorbed
by retinal, subsequently actiag rod cells. This thesis ustee lower

boundary value of Donner’s estimati ons
with respect to the eye was 18 degrees dorsally, in order to maximize the

densiy of rods to be exposed to the light quanta (Jsterberg, 1935). At this
eccentricity, out of all the photons reaching the carh@go are estimated

to produce effective isomerizations in the retina.

As a result of calibration, switching of LEDsycamost importantly differences in

pupil sizes variance was introduced to theed background and stimulinsensities
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between the participants. Mebackgroundntensities in R*/rod/second are presented in

Table 2, for every condition used in the glohatl local detection task.

Table 2
Meanbackgroundntensities (Mandrangesin R*/rod/second used in all conditions of the 2IFC
detection task.

Global Local
Dark 1 2 3 4 5 Dark® 50 5+¢
M 0 .00518 .0393 .602 4.98 37.3 0 36.7 56.2

0043 0319 482 394 305
Range O "no67 0500 .728 579  40.7 0 305407 562

aData from only 4 participants
® Data from only 3 participants
¢ Data from only 1 participant

Procedure

Each session began with aB8nute dark adaptation period. In expeental
conditions wher@on-zero baseline lightaere usedthe dark adaptation period was
followed by ten minutes of adaptation to that baseline light level. After that, the actual
experimental session comprising a talternative forced choice task kzag This method
of psychophysics was developed to measure sensitivity to sensory input by making the
observer choose between two versions of the stimulus. When the two versions are
presented sequentially, the method is also known asntworal forced chiwe task
(2IFC).Figure 5presents a graphic illustration of the stimuli used in a single trial of the
local decrement and global increment detection task. One trial proceeded as follows. The
participant had his/her gaze directed at the fixation LED tivdtdd (turned completely
off for 40 ms) four times, with 500 ms intervals (Column BRigure 5. On either third
or fourth of these flashes, either a light increment or a decrement occurred in either of the
other two LEDs, depending on the experimentaidition (global or local; Column C in
Figure 5. In Figure 6,the light intensities of the three LEDs are plotted against time.
Theparticipant s was ® kdicate by key presswhether he/she saw the stimulus on
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eitherthethird orthefourth flash of the fixation pointAfter a response was given, the

next trial was initiated.

A B C
e Duration: until « Duration: 40 ms + Duration: 20 ms
button press * Repeated 4 times + Occurs on either
in 500 ms the 3" or the 4th
intervals. repetition of [B].

Local Decrement

Global Increment

7 J

. J

Figure 5 Schematic illustration of the experimental task. (A baseline condition of the task.
When a button is presseablink of the fixation cros€B) is presented for 40 ms for four times,
with 500 ms intervals. On eithet®®r 4" repetition of the blink (B), the stimul€) is presented
for 20 ms. The goalf the participant is to detect whether the (C) occurs on repeat 3 or 4.

|—Fixation light |—Fixation light

——Spot light —Background light
—Background light
2 2
‘@ ‘@
c c
2 2 )
< Baseline < Baseline
E E
2 2
| |
0! 1 0!
-500 0 500 1000 1500 2000 -500 0 500 1000 1500 2000
Time [ms] Time [ms]

Figure 6 Intensity of used lights as a function of time. The left plot illustrates an example trial of
the local decrement detection task, and the right plot illustrates araleguiglobal increment

detection task.

Six different stimulus intensity classes were used in every condition, in a
randomized ordefThe seventi i nt en s i t y -calledaskam stimues,svhese ng o
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increment/decrementaspresentedif the lowest intensity class did not correspond to a
~50% correct response rate, or if the highest intensity class did not correspond to a 100%
correct responsete, the intensity classes were readjusted. Typically one such

adjustment was required at the beginning of every segsisessiorconsisted of100

trials per intensity class, and was divided into 5 to 15 blocks. Correct response rates were

monitored bawveen every block.

Data analysis

For every experimental session, the rate of correct responses was determined for
each intensity class. A psychometric function can be constructed by fitting a normal
cumulative function to the data. Psychometric functiwase fittedwith the use of
MATLAB software, and an analysis toolb&®alamedegwww.palamedestoolbox.oyg

by means of maximum likelihood estimation (MLE)onfidence intervals to the plots

were estimated usg bootstrappingln this method, a large amount of samples is drawn
randomly and with replacement from the original data. A psychometric function is fitted
to each of these samples, giving a sampling distribution for each stimulus intensity value.
The stadard deviations of these sampling distributions give the confidence intervals for
each condition. In the present analysatecondition was simulated with 400 iterations.
The psychometric functions Figure 7were constructed by this method. One useful
feature of such functions is that the 75% detection threshold can be directly observed, and
is illustrated by the dashed linekigure 7.In all subsequent figures relating to

thresholds, the data points represent stimulus intensities required faerfioisance

level. A characteristic analysis code transforming participant responses to psychometric

functions can be found Aattps://github.com/Kapsalon/GanzfglExample for analysis of

global incremenand decrement detection. Modified pipelines were applied for other
experiments).

The participants who completed both local and global detection tasks were
included in the statistical analysig&ansformed likelihood ratio (TLR) test was used in
statistical analysisILR test is a model comparison test that evaluates whether
differences between psychometric functions can be attributed to actual differences in the

dependent variable, or are due to the sampling error alone. By applying a maximum
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likelihood criterion that is based on the observations, we can estimate parameters for two
nested models. Likelihood ratio tests compare these two models;¢héexbfuller and a
lesser model. The key parameter in this analysis is the 75% detection lthredhch

under H is the same for both increment and decrement stimuli. The lesser model is more
restrictive, and in this case assumes a single threshold value based on all observations.
The fuller model allows the thresholds to be different in each gondin the test, each

model is fitted to the data by means of MLE. The ratio between the likelihood under the
lesser model and undtrefuller model, determines the likelihowedtio (Kingdom &

Prins, 2016).

For the purposes of model comparison tespsythometrics, likelihood can be
defined as the probability with which a hypothetical observer, operating under parameters
set by the modelyould perform exactly like &@umanobserver The likelihoodis used
for the procedure of maximum likelihood estiinat and serves as a metric that defines
par amet er s-f f ori bh.gikelihtod exte ks a statistic that is calculated as

follows:

DY caé@  aiad ),

where L is likelihood;— is the maximum likehood eimates of the parameter, and
0 — is the likelihood if the null hypothesis is true. Likelihood ratio is often reported in

a monotonically transformed form, referred to as transformed likelihood ratio:

YOY czaé 0y (2).

Ther esul ts section concludes with an i deal

task performance was compared to that of an ideal observer.midiled mo d e | S
performance was restricted by only the Poisson distribution of photons, and by the dark
noise rate ohuman rods. The dark noise rate used here was 0.0038 events per second per
rod, an average value from the range of estimations in liter@igie, Sampath, &

Rieke, 2005)
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Results

When the stimulus was a small spot (diameter delfees of visual angle), the
detection thresholds were consistently higher for increment than for decrement stimuli.
This is in line with many earlier studiéBlackwell, 1946; Short, 1966The average
difference was 0.158 log unitSD=0.018), or 44.% (SD = 5.9). Proportion of correct
responses are plotted against the stimulus intensitlegume 7. In the figures, standard
deviations of the grameter estimates resulting from the simulatemesillustrated by the
shades around the psychometric functions.
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Figure 7. Correct response rates in a 2IFC task as a function of stimulus intensity for increments
and decrements of two stimulus typgkabaland local. Data pointsirthest to the left, before the
x-axis cutoff, represent sham stimulihe sham stimulus data veemot used for fitting(A)

Participant 2B a s e | i.62&*/red/s BBlocal stimuli, 38.84 R*/rod/s for global stimuli. (B)
Parti ci pan #043R*roB/afer éotai stimaili, 40.65 R*/rod/s for global stimuli.

Psychometric functions depictedFigure 7provide a representative example of
all data. A strong symmetry between increment and decrement thresholds was found for
global stimuli (large symbols) across all baseline light levels. A robust asymmetry, in
contrast, was found for local stitn(small symbols). With low baseline light levels, the
participants were not able to detect even total decrements, i.e. decrements to full
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darkness. Participants were found to be too insensitive to reliably perform the local
decrement detection task witlaseline lights dimmer than 38 R*/rod/second, and for this
reason, only one baseline light level was used for local detection tasks.

To test tentatively whether the asymmetry between local detection thresholds
would persist with lower baseline lightsriieipant 3 completed a 2IFC task with a
baseline light of 5.8 R*/rod/s, consisting of 336 trials of total decrements only, including
48 sham stimulus trials. A performance level of 75.7% correct was achieved. With
incremental stimuli of equivalent intehsithe performance level remained at chance
level (45.6%) consistent with the result with the higher baseline intenBayticipant 3
also completed the local detection task with a slightly higher baseline intensity of 56.23
R*/rod/s. The thresholds rewere 0.811 R*/rod3D =0.070) for increments and 0.751
(SD =0.033) R*/rod for decrements. These data points are shown in the upper right
corner of theP3 plot in Figure 8.Error bars presented in all plots represent a single
standard deviation.

With local stimuli, increment thresholds were more than 40% higher for every
participant than the decrement thresholds with the same baseline light. No such
asymmetry was observed with global stimuli. F@comparisofs sake, using the same
background intensity with which the local detection thresholds were meabire87.3,
SD= 3.9 R*/s), the global incremetitresholds were on average %.8SD= 8.6)higher
than the global decrement thresholds. Atswoss all background intensities logd
thresholds were roughly the samen average, decrement thresholds wegber by
only 1.8% (SD= 11.1). The differences between the thresholds are presented more
elaborately later, ifrigure 9 Mean thresholds for every condition are presentdcite
3.

A comparison between local and global thresholds shows that more total R* are
needed for global thresholds than for local thresholds. On average, global thresholds were
higher than local thresholds by 2.8 =0.12) log units foincrements and 3.06D =
0.14) log units for decrements terms of R* per rod cell, global thresholds are lower.
This difference was 1.135D =0.11) log units for increments, and 0.81(=0.14) log
units for decrement&igure 8shows these differees in R* per rod for participants 1, 2

and 3 separately.
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Thresholds of each participant plotted against background intensities are
somewhat sigmoidaF{gure 8) The slopes are at their steepest between the three middle
background intensities. The avera@pe between the second and third brightest
condition is 0.91 for increments (range: 61708) and 0.96 for decrements (range: 0.84
1.11). The average slope between the conditions with the lowest and the second lowest
background intensity is 0.57 fordrements (range: 0.47.65) and 0.54 for decrements
(range: 0.440.63).
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Figure 8 Detection thresholds as a function of background light level for all participants.
Experiments with local stimuli were not conducted for participants 4 aspbbt fromthelocal
detection task with no baseline light for participant 4. Additional data was measured for
participant 3 with baseline intensities exceeding the otherwise brightest conditions by 40%. The

error bars (1 SD) are too small to be seen in the figutteeamarkers occlude them.
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Table 3
Mean (M) thresholds and standard deviations (BCR*/rod for increment and decrement
detection thresholds in global and local 2IFC tasks.

Increments Decrements
Baseline intensity
(M; R*/rod/s) M SD M SD
Global thresholds
Dark 2.16x10° 1.11x10°
0.00518 4.66x10° 6.76x10° 4.8210° 7.86x10°
0.0393 4.18x10* 2.49%x10° 1.46x10* 3.09x10°
0.602 .00158 .00051 .00150 .00044
4.98 .0106 .0011 .0112 .0015
37.3 .0463 .0054 481 .0060
Local thresholds
Dark’ .00399 .00354
36.F .617 .140 431 111
56.2 811 N/A 751 N/A

@ Data features an outlier. Excluding the outlMdrs= .00224, SD= .00065.
® Data from only 4 participants.

¢ Data from only 3 participants.

dData from only 1 participant.

With global stimuli, increment and decrem#émtesholds aressentially identical
across albaselindight levels; deviances from symmetry are modest and go in both
directions, and are thus more likely predominantly due to random ¥Wfitbrlocal
stimuli, however, decrement thresholds are lower than increment threshioéde data
are depicted ifrigure 9 where the relative differences between increment and decrement
thresholds are plotted against the baseline light intensity for participants 1, ZTdred 3
values on the3axis are derived by dividing the increment thresholds by the decrement
thresholdsError bars representsstdard deviations of the ratios, and were calculated as
advised by Elandiohnson & Johnson (1980) and Stuart & Qrelog.

A statistical analysis was performed to evaluate the symmetries between
increment and decrement thresholds, illustratdéignre 9. The decrement thresholds

were lower than increment thresholds for all participants that completed the local task,
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with differences ranging between 40.4% and 50.9%. The difference is statistically
significant for all observersT(R test,p < .00]). For participant 2, thp value is based on
an incomplete set of simulations due to unsuccessful convergence. Nevertheless, even if
all six failed fits yielded higher transformed likelihood ratios than the experimental data,
p =.003 (lower tham) would still be obtained.

Convergly, no significant asymmetries were found between the detection
thresholds in the global conditiofe these same participan#ss the global thresholds
were compared in five conditions, a Bonferroni correction was applied and a significance
thresholda = .01 was usedhe differences between these thresholds ranged between
1.2% p = .91) and 15.2%p(= .06). Again, some of the sets of simulations were
incomplete. Regardless, all of the differences were sufficiently small, and thus the small
number of unonverged fits can be disregarded and the null hypothesis safely retained.
Even under the most conservative assumption, that none of the six unconverged fits had a
greater likelihood ratio than that obtained from the observationp,vhkeie does not fall
below .04.
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Figure 9 Detection threshold asymmetries. Incremtngésholds relative to decremehtesholds

as a function obaselineéntensity.
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Performance of participants 1, 2 and 3 was compared with the optimal
performance of an ideabserver model. The model performs the theoretical 2IFC
detection task. In this case, model performance was constrained only by two factors: the
Poisson distribution of light, and the dark noise rate of the detectors.

The Poisson distribution of light sethe ultimate limit on visual sensitivity.

Incident photons are independent events with a random temporal distribution. Hence
every photon counter, real or theoretical, is constrained by the Poisson distribution of
photon counts.

For a mean numberR* in a cell arrayP(r|a) denotes the probability that the

number of R* in a given light interval is exactly
- @
vizwy —Q 8 3)

When time intervab over which the photons are measured is considered, the process is

described by

Q h (4)

whereA is the mearrate ofR* per secondTo understand the simulations presented here,
considerEquation 3, 4and5 to correspond to intervals in the 2IFC paradigm that contain
the baseline intensity only, with no increment or decrement stimulus.

In any given trial, the mean number of photoigoizationsa can be considered to
be governed by two factors; the mean quanta measured at the corneaq ghd
guantum catchthe probability of a corneal photon to produndr4 after attenuation due
to the optical properties of the eye and the eetithotons at the cornea follow a Poisson
distribution with meam. The probability for a corneal photon to produndr4 is g. In
effect each value of photon distributias passed through a binomial filter, where the
probability of each independent evg@assing ig]. This results in a variable that is also
Poissordistributed, with meagn (Teich & Saleh, 1982Tiihonen, 201%.
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Besides photon statistics, the performance of an ideal observer is unavoidably
constrained by spontaneous, discrete activations of rhodopsin molecules. These events
are indistinguishable from real photabsorptionsand therfore limit sensitivity. Like
photon absorptions, these activations foll®woisson distributigrand in comfete
darkness their meanxs Due to this noise, an ideal observer is expected to mistake a
“blank” interval for a | i gWihabdsdieinterisity s ome p
of g corneal photons, the meaomber of R* iscaused by light absption, gn, andby the
darknoise x. The sum of these terms has a maan qn+x and also follows a Poisson
distribution, asr andx are both independent Poissdistributed random variabl€$eich
& Saleh, 1982)In the current model, a dark noise ratex 6f0.0038was usedThus,

0igh ———0 8 (5)

When a trial contains a stimulus, its intensity in corneal phospoan be added
to n. The sum of these variables is referred taiza$hevariables has a positive or a
negative value, depending on whether the stimulus is an increment or a decrement. The
probability that the response to a trial with stimwdusgs exactlyr isomerizations is

. 1t i
AL LA Q 8 (6)

In a 2IFC paradigm, the objective of the observer is to indicate which of the two
intervals contains the stimulus. The intervals with stimuli, and the intervals with no
stimuli can both be considered to be samples fromdistibutionsof neural responses
An ideal observer can systematically choose the larger of the two responses, or smaller in
the case of decrements. The proportion of correct responses is the probability that the
sample drawn from the signalbaseline + noisdistribution is larger thathe sample
drawn from thébaseline +oise distributionplus half of the probaliy of two samples
being equalUsing Equations5 and6 described above, th@oportion of correct

responses is given by
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0 VI ) DOW ™ ViYW Lixw 8 (7)

In the case of decremenk,is theprobability that the sample drawn from the sighal
baseline #oise distribution is smaller than the sample drawn fronb#éseline +oise
distribution.Effectively, inEquation 7 thepositiors of & and& become reversed in the
first term.

Equation 7givesP. for one stimulus intensity (aJ.he 75% detection threshold
can be obtained by finding the intensity thields aP. of 0.75. To compare human
observers with ideal observetese 75% detection thresholds were plotted as a function
of background intensity iRigure 1Q

The thresholds of human observers exceed those of ideal observers more than an
order of magnitude in every condition. In darkness, the threshold valttes idkal
observer were 1.640* R* for local stimuli and 7.64107 R*/rod for global stimuli,
falling below human observer thresholds by 1.49 and 1.41 log units, respectively. At the
baseline intensity where both local and global data were recordedR36o0d/s on
average), the thresholdéthe ideal observer were 7683, 7.61x10° and 7.4610°
R*/rod for local increments, local decrements, and for global stina@ntical for
increments and decrementsspectively. These values are 1.90, 1. ® A8 log units
lower than the respective human data values.

For the ideal observer, the difference between local and global thresholds remains
fixed at all times. This is not the case for human observers, where a steeper increase in
global thresholds reflects the limits of spatial summation, a factor that washmtad
in the ideal observer model. The ideal observer simulations produce asymmetries
between increment and decrement thresholds only at the very lowest background
intensities. The asymmetry then quickly becomes miniscule, decreasing to only 0.5% by
thebrightest background intensities used in the experiment. When the total amount of R*
is considered, processing of global thresholds is exceedingly more efficient for global
than for local stimuli (panel A dfigure 10Q. The opposite is true when examinihg
thresholds in R* per rod (panel B Bigure 10.
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Figure 1Q Ideal observer performance compared \gitperimentatiata, averaged acrodsee
participants (1, 2 & B (A) 75% detection threshold values in total retinal R* plotted against
baseline light intensity. (B) 75% detection threshold values in R* per rod. The data point for local
increment detection threshold with zero baseline light includes an outlier. \8fitbcteto the

units in plot (B), the threshold of this participant was 0.0@3 £ 0.0008) R*/rod. The mean
threshold of the other participants in this condition was 0.082250.0006) R*/rod.
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Discussion

The current study examined increment and decrement detection thresholds with
local and global stimuliA significant asymmetry was observed between local increment
and decrement thresholds. With global stimuli, increment and decrement thresholds show
highly consistent symmetry across all participants and all backgtaidevels.

Asymmetry with local but not with global thresholds

The higher sensitivity for decrements than increments in human visual processing
is a highlyubiquitous findinglLu & Spering, 2012) Expectedly, when the experimental
conditionsof the current studwere similar to those of Short (1966) and Patel & Jones
(1968), and th stimulus was a small sptthe asymmetry was found for all three
participants. Measurements with a Iog@mulus were not the main interest of the current
study, and were restricted to one background intensity only. Our stimulus apparatus
lacked the dynamic range required for higher background levels, and the difficulty of the
decrement detection task colicpted lower background levels. With one partip
however, both a@% higher background light level, and a roughly oneuoijlower
background light levelvere also used to measure sensitivity. In this limited dataset, the
asymmetry seemed to decreadgth an increased background light level, also comporting
with the findings of Short (1966) and Patel & Jones (1968), but not those of Herrick
(1956). A tempting conclusion from this would be to relate the asymmetry to pathways
initiated from rods. As itensities increase further into the photopic range, rods are
responsible for a relatively smaller proportion of signal processing, despite their
outstanding capability to avoid absolute saturation by ada@fikiglji -Hamburyan et al.,
2017) Nonethelesscomplete symmetry is not observed under photopic condigitives
(Kremkow et al., 2014)Whether this asymmetry can be ascribed to the rod bipolar
pathway not becoming fully saturated, or to another source in the cone pathways, remains
unresolved.

When the stimulus covered the full visual fietlde sensitivity for increment and

decremenstimuli remained equal for all partpants, for all baseline light level§he
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symmetry was nearly perfect. Global increment thresholds were only 0.7% higher than
decrementhresholds, conaisted with 44.% (SD = 5.9)for the local threshold
comparisonlin the peripheral vision, eomplete laclof asymmetry is very rare finding
that contradicts most of the literature on the subject.

The absolute detection threshold of human vision is very low

When considering the vast number of rod cells, the absolute thresholds appear
very low. The local stimulus covers approximately 11470 rod cells. It follows that at the
detection threshold, only an average of 0.00&2 =0.00069 R* per rod take place.

Thi s reaffirms Hecht, Schlaer and Pirenne’s (
two photons in any single rod are needed in one rod to produce a visual phenomenon.

With fullfield stimuli, the small number of required R* per rod is even more ricabée.

As eactretina contains roughly 120 hibn rods (Cage & Baars, 201&)nly 0.0000138

(SD =0.0000032 R* per rod is enough for the 75% threshold.

These detection thresholds come close, but not quite to the level of classic
psychophysics experiments. In the local detection task, only(2B.% 7.4)
photoisomerizations sufficed for a 75% detection levehéndark, when participant 3
(106.1R*, SD=9.]) is discarded as an outlier. This numiseconsiderably higher than
ca. 10, found by Hecht, Schlaer and Pirenne (1942). The controls used in the current
study deviated slightly from the classic experiment: eccentricity was 15%, landethe
stimulus duration was 10 times longer. More importantly, the stimulus used in teetcur

study was seven times larger in diameter, which mightexRged c 0° s ar ea of con
spatial summatio(Barlow, 1958) With fullfield thresholds the total number of R*

increases over 6fld, with the mean of 1660, and a standard deviation of 380 R*.

Ideal observermodel reveals thatPoissonvariation is not enough to explain the
asymmetry

Sensitivity can be infinite only in the complete absence of noise. Visual
sensitivityof detection and discriminatiareultimately renderé finite by at least the
Poissorfluctuations that acs a source of noise. detection task can be conceptualized

as a task to correctly classify samples drawn from two Poisson distribikierisaseline
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distribution, and the stimulus distribution. The mean of the increment distribution is
higher than that of the baseline distition, and the mean of the decrement distribution is
lower than that of the baseline distributiéior any Poisson distribution, variance is equal
to the mean of the distribution. Compared to the baseline distribution, a distribution with
an increment stimulus will always be wider than a distribution with a decrement stimulus.
Therefore, the overlap bve¢en the baseline distribution and the increment distribution is
larger than the overlap between the baseline distribution, and the distribution of a
decrement stimulus of equal magnitude. This leads to potentially better decrement
detectability. At verydw light levels,quantumnoise can probably cause some degree of
asymmetry between increment and decrement detection thresholds (CohnWifiv4).
higher light levels, the difference between the variances of the increment distribution and
the decrement disbution does increase, but in relative terms it becomes more negligible,
as the variances themselves increase proportionally with the meha.current study,
local stimulus detection thresholds were asymmetric at light levels where detectable
stimuli are in the range of thousands of R*.

The possible roles dtoissorvariationand dark noise in different backgrounds
weremore formallystudied with an ideal observer modedissorvariationand a dark
noise rate of 0.0038 events per second acted as the only constraints on the model. Both
factors pose completely inescapable limitations on absolute sensitivity of any real or ideal
observer. When plotted against baseline intensities, allnmeerethresholds become
asymptaic to the limit given by the dark noise ratggure 10. At this limit, photon
absorptions are too sparse to be discriminated from neural noise at a 75% performance
level. The local detection thresholds of this ideal obsexeshigher for increments only
at the very lowest baseline intensities. With baseline intensities corresponding to those
used in the current study, the asymmetry between increments and decrements is only
0.5%. Based on this performance it is obvious tthatrole ofPoissorvariationis
negligible, ad cannot explain the observed4&symmetry.

The ideal observer model only includes two basic preneural factors, one at the
level of photons and orad the level of photopigments. As intended, this model is
optimized for minimizing the thresholdin reality, the functional organization of the

retinamay not havédeen selected for its ability to detect increments and decrements at
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the threshold levellhe mammalian visual system aims to generate a constant stream of
visual sensation, with emphasis also on spatial resolution and temporal resolution.
Increasing performance g&itherof thesecomes with a physiological trad#f in

sensitivity (Koskela, 220). In general, large photoreceptors and receptive fields are
required forsensitivity. Their size has to remain moderate, howgdae the inverse
correlation between the size of photoreceptors and spatial and temporal resolution, as
well asthe inversecorrelationbetween the size of RGCs and spatial resolufibe.

sacrificed sensitivity that results from the constraints of photoreceptor and retinal
ganglion cell size could be included in a more realistic ideal observer model.

In addition to cellulatevel properties of rod photoreceptors &@Cs several
systemlevel retinal mechanisms are also required for a more realistic nidbzietina
featuregpooling and thresholding mechanisthatare considered teerve important
purposes iminimizing this noise and maximizing the sigi@hhlberg & Sampath,

2011) For example, linear filtering in rod photoreceptors and a nonlinear threshold in rod
bipolar cellsreduce both continuous and discrete intrinsic ndibés enables

convergence without pooling of intrinsic noise from photoreceptors that do not detect a
stimulus. Differences between ON and OFF pathways, sucheagast difference in the
number of ON and OFF RGCs, may also play a role in shaping the detection thresholds.
Incorporating such factors into the ideal observer model would enable more accurate
prediction of increment and decrement detection. Lastly, observers are also limited by
noise caused by spontaneous activity later in the visual pathway, also not included in the

ideal observer model.

Thresholdsfolow a hybri d aodVrsedBdsadaw® s and

According to Weber’'s |l aw, the ratio bet we
intensities remains constant. When a thresho
log scale, the slope equals one. In most experimental settings where thessisnsmall
and brief, detection thresholds at loweseéline intensities followe Vries-Roselaw
(Brown & Rudd, 1998)This law states that the detection threshold increases
proportionally to the square root of an increase in baseline intensity. As a result, the slope

onalog-log scale is equal to 0.5. For light increments and decrements, the light level
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domainsofdVriesRos e | aw and We brlg defined. Genevally,thestla i n p oo
ViiesRose range applies to scotopic rngmtensitie
takes place where photopic range stéRsvamo, Mustonen, & Nasanen, 1995)
Transition frome@éVriesRose | aw to Weber’'s | aw has been ¢
switching from rod mediated vision to cone mediated, although under certain conditions,
thetransition seems too abrupt to be fully ascribed to this explan@mramo et al.,
1995) Transition at this point holds for foveal stimuli. With paxegfal and peripheral
stimuli, de Vries-Rose law can extend into the photopic ra(®jerings, & Boer, &
Jansonius, 2018; Reeves, Wu, & Schirillo, 19@8bh larger stimuli however, sensitivity
begins to foll ow Web@arlovg 1957awhichasinlinewither i nt ens
the current results.

The current study on global stimuli reveals consistently threshold versus intensity
—curvesthat deviate from earlier findings with other stimuli. At the lowest intensities,
thresholds followed a lotpg slope of 0.57 foincrements and 0.54 for decremig thus
almost obeying theaelvVries-Rose law. At mesopimtensities, the curves are at their
steepest. Increment thresholds have a slope of 0.91 and decrement stimuli have a slope of
0.96, roughly changing according to Weber' s
return to the middle of what the twoala would predict (logog slopes of 0.73 and 0.72
for increments and decrements, respectivdli)s slightre-flattening of the curve is
surprising and not prected by previous literature. With no data at higher baseline
intensities, the extent of thikafter section, let alone its explanation, will remain

unknown.

Speculations for the asymmetric detectiorthresholdswith local stimuli

What then, if not the Poissdluctuation might account for the asymmetry
between increment and decrement thresholds? Firstly, ON RGCs respond not only to
increments, but also provide a graded response to decrei@aidkilnisky & Kalmar,
2002) OFF RGCs do not have this feature, and remain largely unresponsive to
increments. Another factor might be related to the morphology of the ON and OFF
RGCs, more specifically the differences in their dendfigic diameters. Dacey and
Petersen (1992) found ON RGCs to be5B06 larger in dendritic field diameter than
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their OFF RGC counterparts. This held true across the studied eccentricity rarg@ of 7
degrees from the fovea. The receptive field of OFF RG@sb smaller, as evidenced by
their tuning to Gabor patches with higher spatial frequéhgler, Chan, & Liu, 1992)

Owing to this fact, the OFF RGCs form a denser mosaic. This morphological asymmetry,
and the almost tw#old difference in cell quantity, has been proposed to be a structural
adaptation to natural snes involving more decrements than incremg@radliff et al.,

2010)

Since the OFF RGCs are more numerous and yet have the same synaptic density
as that of ON RGCs, the synaptic density per retinal area is higher for the OFF pathway
(Ratliff et al., 2@.0). Conceptually, an array of OFF RGCs can process more information
than an array of ON RGCs covering an equal area. It may be chiefly for this reason that
the sensitivity for decrements is consistently higher with local stimuli.

This does not, howeveexplain the symmetric thresholds in fullfield detection.

This finding appears particularly surprising, considering the ubiquity of the asymmetry
with spatially restricted stimu(Lu & Sperling, 2012)It also appears curious in light of
recentin vivorecordings from primate visual cortdr.corticocortical layers 2 and 3 of

the primary visual cortex, neurons responding primarily to decrements vastly outhumber
those coding for incremeng¥eh et al., 2009)However, when the size of grating stimuli
was decreased, the dominancaidished(Jansen et al., 2019he same effect was
produced by increasing the grating frequency of the stimliukis case, the asymmetry
was not foundvhen a smaller portion of the visual field is stimulated, i.e. when the
stimuli are perceived as more distaiithough theasymmetry found in the current study
was also dependent on the stimulus size, it was also in the opposite direction, and hence
in contradiction withthe results of Jansen et g019)

When the array of RGCs is sufficiently large, resolving of information may be
limited by other factorthan asymmetries in RGC propert@sorganization. Limitations
may also arise frorapatial integation over all RGCs. It has been suggestedRhatc ¢ 0 * s
area in different eccentricities is determined by the amount of underlying RE&fect
spatial integration holds for up to roughly 14 RGRwon & Liu, 2019) Piper’s squar
root summation rules, that apply for larger areas up to 20°, have been attributed to

aggregated noise that is intrinsic to lenagge connectiond/eese, 2010)As stimulus
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size increases to the full visual field, sensitivity has been proposed to vary inversely
proportionally with the cube root of the aré@useckaite, Lamb, Pianta, & Cameron,
2011) According to the authors, this kgg slope of1/3 likely reflects probability
summation across retinal ganglion cells, the idebalstimulus is detecteghena

threshold level is reached in sufficiently many independent receptive fields. Probability
summation has received criticism with both conceptual and empirical(bhasiéng,

2013) It seems likely that spatial summation in the periphery is better described by
multiple mechanismsfaortical pooling(Pan & Swanson, 2006)n either case,

integrating information over a large number of R&GG@npotentiallyset a sensitivity

limit that overrides the advantage OFF RGCs have in resolving more local information.
Unfortunately, however, pooling mechanisms have not been studied with decrements, as
widely as thg have with increments.

Practical limitations

Certain confounding variables may limit timerpretabilityof the data. A target
located 18° from the fovea is distant enough to cause some degree of spatial uncertainty.
Even if a participant can pay close covert attention to the anticitzatget location, his
or her prediction can be off by enough to cause a decrease in senghty & Lasley,
1974) Fading of a peripheral target, also known as Troxler fading, is a phenomenon that
could also lower the sensitivity for local stimuli. Troxler fading can be explained by
shortcomings in the magnitude microsaccades, the miniature eye movements assume
to suppress neural adaptation. At certain eccentricities, microsaccades are too small in
relation to large receptive fields, and the small spot stimulus will keep falling on the same
receptive fieldMartinezConde, Macknik, & Hubel, 2004Instructed ixation on one
spothas been found to further decrease the magnitude of microsa¢dadessson &
Collewun, 1975

Conclusion
As a conclusion, the welistablished asymmetry between increment and
decrement detection thresholdas successfully replicated with local stiméls

evidenced by the ideal observer analyBmissorfluctuations and dark noise are not the
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primary sources of th asymmetry. An unusual symmetry between the increment and

decrement thresholds was founten stimul werenot spatially restricted.
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