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rangesf neuronsin the visualpathwaybeinglimited to 10° or lesg(e.g[1, 2]). This biological
challengas, of course mademore manageablby partitioning the taskinto the overlapping
rangesserveduy the sluggishhighly sensitiverod systemandby the faster Jesssensitivecone
systen{3+6]. Neverthelesshe conesystemmuststill operateoverarangeof >1 (e.g.,
Table5.1in [7]). In orderto preventlaterpostreceptoraheuronsfrom exceedingheir limited
dynamicrangeandsaturatingJight adaptationat moderateandhigh light levelsmustoccur
primarily ator beforethe synapses the conepedicles.

Our ability to seewell oversuchawide rangeof light levelds achievedrimarily by the
speedingip of thevisualresponsasthe meanlight levelincrease§3+13]. Aswill beseenthis
canbeachievedy adjustmentsn the speedf arelativelysmallnumberof simplebiochemical
processed.heperceptuakffectof suchspeedadjustmentproducecharacteristichanges
our sensitivityto flickering light with changeén light level. Here,webring together65yearsof
flicker-sensitivitymeasurement® provideanewmodelof light adaptationwith justtwo level-
dependenparametersOneparameteiof the modelcontrolsspeedandthe othercontrolsgain.

Fig 1 showswo oftenreproducedclassicsetsof 2temporalcontrast-sensitivityunctions®
(TCSFs)Eachcurveshowsfor asingleobserverhow sensitivityto sinusoidaflicker depends
on temporalfrequencythedifferentcurvesarefor differentmeanlight levelsEachcurvewas
obtainedby presentingan observemwith sinusoidallyflickering stimuli of fixed meanintensity
atseveratlifferentflicker frequenciesit eachfrequencythe observemadjustedheflicker con-
trastto find the smallestontrastat which the flicker couldjust be seenbthe?threshold®con-
trast.(Contrast for sinusoidaflicker that extendsequallyaboveand belowits meanintensity,
is simplythe amplitudeof theflicker divided by the meanlevelaroundwhichthelight varies.
Consequentlycontrastsensitivity" the reciprocalof the thresholdcontrast,increasesipwards
in thefigures.)

Theupperpanelsf Fig 1 showthelogarithm of contrastsensitivityfor aseriesof mean
light levelsThethresholdsn theleft panelsweresetby De Lange'observel in 1958andin
theright panelsy Kelly'sobserveDHK in 1961[14,15];the keyin the lower panelgyivesthe
meanleveldn log;gtrolands(a measureof retinalillumination). Two of the principal light-
dependenthangesn temporalsensitivityareevidentin theupperpanelsAt higherfrequen-
ciesthereareincreasen the contrastsensitivityto high-frequencyflicker asthe meanlevel
increasesyhich areconsistentvith the visualresponsepeedingip andsoenablingobservers
to sedlicker athigherandhigherfrequenciesOn the otherhand,atlowerfrequenciegontrast
sensitivityis roughlyindependenbf light level ,excepiatthe verylowestlight levelsAs a
result,near-thresholdthe contrastof steadilyilluminated objectsnvhosemagesarestationary
on theretinashouldappearoughlyindependenbf the meanlight level. Thisindependencés
amanifestatiorof Weber'sLaw[16]. Aswediscus$elow,the obediencdo Weber'sLawfor
severabtherobserversindertheseconditionsis only approximate.

In the lower panelsthe contrastsensitivitieshownin the upperpanelshavebeenreplotted
asamplitudesensitivitiegthe flicker amplitudeis simplythe contrastmultiplied by the mean
level).Suchplotsmakeit easietto visualiseconditionsunderwhich amplitudesensitivityis
roughlyindependenbf the meanlight level,and,indeed,at higherfrequencieshe amplitude
sensitivitiesappearto convergealongacommonhigh-frequencyasymptoteConsequently,
the speedingip of the visualresponsevith intensityhasbeenthoughtto keepamplitude sensi-
tivity athigherflicker frequencieapproximatelyindependenbf meanlevel(until, atthevery
highestight levelsphotopigmentbleachingbecomesmportant and cause$requency-inde-
pendentsensitivitylosses)However whenthe samedataareplottedagainstinear frequency
asin Figs2+6,belowiit is evidentthatthe convergencef the high frequencysensitivityis at
bestapproximateThis approximatetamplitude-invariancehasbeeninappropriatelynamed
ahigh-frequencylinearity® [15]Dinappropriate becausehangesn thetime constantandgain
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Fig 1. The left-hand column shows data for observer V from De Lange [14] and the right-hand column, data for observer
DHK from Kelly [15] both measured using sinusoidally flickering stimuli. The dataareshowntwice:Theupperpanelsshowthe
logarithmof thereciprocalof thejust-detetablecontrast(the contrastsensitivty) asafunction of frequeng (Hz) plottedon a
logarithmic scaleThelower panelsshowthe samedatareplottedasthelogarithmof thereciprocalof the just-detecableamplitude
(theamplitudesensitivity)alsoasafunction of frequency(logarithmic scale)Different symbolsand colorsdenotedifferentmean
retinalilluminanceglog; o photopictrolands)asindicatedin the key. Theblackcurvesarearbitrary smoothfunctionsfitted to each
dataseto facilitatecompaison. Dataarefrom Figure5 in De Lange]14], who useda 2Ediameter centrallyfixated, white flickering
testfield in asteadys0Fdiametersurroundof samduminanceand chromaticity, andfrom datatabulatedn Tablelin Kelly[15],
whouseda centrally-fxated 50Ediameterwhite targetvignettal graduallyfrom 50to 68E.

https://cbi.org/10.1371djurnal.por.0220358.901L

with meanlevelmakethe underlyingsystemninherentlynonlinear.Onereasorthat the notion
of amplitude-invariancéiaspersistedn spiteof clearevidencdo the contrary[13] isthat
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Fig 2. Log;, amplitude sensitivities for observers V (left panel) and L (right panel) measured at the eight (V) or seven (L) mean retinal illuminances
(log;0 photopic trolands) noted in the key. Thesensitivitiesareplottedasafunction of frequeng (Hz), whichin this figureand Figs3+6is shownon alinear
frequeny scaleDatareplottedfrom Figuress and6 in De Langg[14]. De Langeuseda 2Ediameter centrallyfixated white flickering testfield in asteadys0E
diamete surround of samduminanceandchromaticty. Thesolidred linesarebestleast-sgaredinearfits to the high-frequencyregionof eachcurve. The
solidblackand dashedyellowlinesshowfits of our light adaptatiormodel. Thedashedyellowlinesindicatethose(mesope) levelsfor whichtheflicker
detectionis likely to bemediatedby rodsand coneswhile the blacklinesindicatethose(photopc) levelsor which the detectionis likely to bemediatedsolely
by cones(Thelevelghoughtto bephotopicarealsohighlightedin yellowin thekey).

https:/Hoi.org/10.137/journal.pon®220358.g002

whenTCSFareplottedon alogarithmicratherthanlinearfrequencyaxis,the sensitivities
becomancreasinglycompressedt higherfrequenciegcomparerig 1 with the samedata
shownin Figs2 and 3), givingtheimpressionof convergence.

Other characteristipropertiesof the TCSRhat canbeseerin both the upperandthe lower
panelsof Fig 1 arethat atlow meanlevelghe TCSFshapesretypically2low-passin form; that
is, sensitivitydecreasesionotonicallyasfrequencyincreasedn contrastatmediumandhigh
intensitiesthe TCSFshapesire®band-passth form; thatis, sensitivityis greatesat someinter-
mediatefrequencyanddecreaseasfrequencyis increasear decreasettom that of the peaksen-
sitivity. Additionally, the frequencyof peaksensitivityincreasesvith increasingneanlevel Aswe
discusdelow,the changdrom band-passo low-passaslight leveldeceasemayreflectrod
involvementin someof the measurements.
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Fig 3. Same as Fig 2, but amplitude sensitivities for observer DHK from Table 1 in Kelly [15]. Kelly useda50E
diameterwhitetargetvignettedirom 50to 68E.

https://abi.org/10.1371durnal.por.0220358.908

In this paper weproposeasimplemodelthat accountdor theseand otherfeaturesof light
adaptatiorseernin TCSFdata.To derivethe model,wehaveuseda setof classi@andmore
recentTCSFdatathat areplottedasamplitudesensitivitiesn Figs2+6.Themore extensivelata
shownin Figures2,3,4 and5 arefrom De Langg14], Kelly [15], Roufs[17], and Stockman,
Langendfer, Smithson& Sharpg13], respectivelyThemorerestricteddatashownin Fig 6
arefrom RovamoRaninen& Donner[18], SwansonUJeno,Smith& Pokorny[19], andvon
Wiegand Grahamé& Hood [20]. In Figs2+6,the TCSFsareplottedagainstlinearratherthan
alogarithmicfrequencyaxisto illustratethe exponentialossof sensitivitythat occurswith
increasingrequencyin the high-frequencyegion.Eachpanelshowsheresultsfor asingle
observewviewingsinusoidaktimuli thatflicker aroundaserieof meanintensitylevels The sig-
nificanceof the solid red andblackanddashedyellowlineswill beexplainedbelow.We con-
sidertherelationbetweerthe modelwehavedevelopedndrelatedmodelsin the Discussion.

Methods

Thedatasetsarehistorical,andthe dataplottedin Figsl+6havebeenextractedrom theorigi-
nal publicationsof De Langeg[14], Kelly [15], Roufs [17], Raninen& Donner[18], Swanson
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Fig 4. Same as Fig 2, but amp}itudes sensitivities for observers HJM (left panel) and RK (right panel) from Figure 3 in Roufs [17].
Roufsusedcentraly fixated,1Ediameterpractically®white targetwith no surround.

https://doi.0g/10.137 1Hurnal.pon®220358.g004

etal.[19], andvon Wiegandetal.[20]. Theoriginal datafrom Stockmaretal.[13] werepro-
videdby oneof theauthors.The extractecandoriginal datacanbefound in S1DatasetWe
havenot beenselectivén our choiceof data.The experimentatonditions,which varywidely
from laboratoryto laboratory,aresummarizedn Tablel andbriefly describedn thefigure
legends.

Modelfitting wascarriedout usingnonlinearregressionmplementedn SigmaPlo{Systat
SoftwareSanJoseCA) basedn the Marquardt-Levenberglgorithm[21, 22] that minimizes
thesumof the squaredlifferencedetweerpredictionsof the modelandthedata.

Data analysis and modelling

Exponential high-frequency sensitivity losses. Figs2+6showthe setsof TCSFdatafrom
twelveindividual observershat wehaveusedto developour light adaptatiormodel.Unusu-
ally, wehaveplottedthe logarithmicsensitivitiesasafunction of linearfrequencyto emphasise
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Fig 5. Same as Fig 2, but amplitude sensitivities for protanopic observers ML (left panel) and MM (right panel)
provided by AS, originally shown in Figures 3 and 4 in Stockman et al. [13]. Stockma et al. usedacentrally-fixated,
4Ediameter 610-nmtargetsuperimpose®n 9Ediameter540-nmbackgroun. Theratio of thetargetandbackgroun
radiancesvasfixedto produceamaximumM-conecontrastof 13% .Theerror barsare+1 standarderror of themean.
This combinaion of backgroum andtargetradianceselpedto eliminaterod intrusion atlow retinalilluminances(as
confirmed in their bleachingcontrol experiments).

https://abi.org/10.1371durnal.por.0220358.906

animportant characteristiof TCSFdata:in the high frequencyregion,temporalsensitivity
fallsexponentially. Consequentlyhigh-frequencysensitivityin Figs2+6,wherelog sensitivity
is plottedagainstlinearfrequencyscalefollow the straightlinesshownby the red linesfitted
to the higher-frequencylatafrom eachTSCF Thefits wereof theform:

logo(A() = L+ ¢ )

whereA(f) istheamplitudesensitivity fis frequency l/m is the slopeof theline andc isits
intercept.A crucialconcernwasto determineobjectivelythe lowerlimit of thefrequency
rangeoverwhichit isreasonablé¢o fit aline givenby Eq(1). Forthe TCSFdatain Figs2+4
and6,thelimits weredeterminedby makingrepeatedeast-squarefits that extendedn steps
from high to low frequenciesintil the addeddatapoint lay clearlyoutsidethe 95%confidence

PLOS ONE | https://doi.org/10.1371/journal.pone.0220358  August 7,2019 7/34


https://doi.org/10.1371/journal.pone.0220358.g005
https://doi.org/10.1371/journal.pone.0220358

@PLOS | O N E Human light adaptation

20 v I ! I ! I ! I ' I ' I v I ! I
Mean 1 [ Mean ’

1.5 illuminance | | illuminance
(log,, td) T (log,, td) | 1
1.0 * 005 | | * 005 |
095 | | 3 O 095 |]
195 | 7 . v 195 |
2.95 7 @ 295 |-

WS TU

Mean i . -
1.5 illuminance | 7 J d
(log,, td) - | |
> v 070 |-
= ] 4
'S ¢ 0.00 i | 1
= @ 054 |
n ® .71 r b 7]
% v 170 | | 25} - .
e B 223 - Swanson et al. (1987) 1 [ Swanson et al. (1987) -
O ® 283 7 PR R TR I S B PR N S RN SR B S |
o -3.0
E A 340 |+
= 1 1.5 L e T T T T T T
o 4 L i
e -1.0 N Mean Mean
@© C 1 1.0 illuminance | 7| _\ illuminance ||
= -15 - R (log,utd) |1 R (log,otd) |
(@]
-

4 0.5 & 064 | 064 |

20 F - o 166 | ] o 166 |

i l 0.0 m 274 | m 274 |

25k _ ® 364 | 1 ® 364 |-

- Rovamo et al. (1999) 4 -0.5 ] ]
3.0 PR [ S NS R T VMC b

0 10 20 30 40 -1.0

-3.0 [ 1 F
-von Wiegand et al. (1995)1 [ von Wiegand et al.
1 1 1 | 1 | 1

(1995)1

0 10 20 30 40 O 10 20 30 40

Frequency (Hz)

Fig 6. Same as Fig 2 for data from three sources. First,observeR replottedfrom Figure2 of Rovameet al. [18] measuredisingawhite 1.66E
diameterflickering targetinsidea 3.32/liameterequiluminant white surround.SecondpbserversvVSand TU replottedfrom Figure2 in Swansort al.
[19] measuredisinga 2Ediameterflickering targetillumin atedby a mixture of red andgreenL EDs(light-emitting-diodes)that appearednetameric
with a600-nmlight. Third, observer&/ MC and TEW replottedfrom Figure2 in von Wiegandet al. [20] measuredisingaflickering LED targetwith a
dominantwavel@gth of 625-nmthat extendedo 1Ediameterandthenfell with acosineintensityprofile to zerointensityby 2Ecentredwithin alarger
18Ediameterannularsurroundof the samemeanluminanceand chromattity. Bothweresuperimposen an 18Ediamete 565-nmbackgrournl
intendedto suppressods.

https://doi.org/10.371/journal pne.0220358006
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Table 1. Experimental conditions. Valuesn degreesirethediameterf the circulartargetsor backgroumls.llluminancerangesarein units of log; g trolands

Study Target Background/ Surround Illuminance Notes
range
DeLang€[14] 2Bwhite. 60Ematchingsurround -0.43+400 Poorluminancecontrol atlowerluminance.
Kelly[15] 50Bwhite, vignettedfrom 50to 68E. | None. -1.22+397
Roufs[17] 1Bpracticdly® white. None. 0.30+4.0
Stockmaret al. | 4E610-nm. 9E 540-nmbackground 0.42+5.8 Protanopes.Radianceshosersothatthe
[13] maximumM-conecontrastis 13%.
Rovamoet al. 1.66Ewhite. 3.32Ematchingwhite surround. -0.70+340
(18]
Swansoret al. 2EredandgreenL EDsmetameic None. -0.05+295
[19] with 600-nmlight

von Wiegand 1Efalling to zerointensityat 2Ewith a | Matching 18Eannularsurrourd, all on 0.64+3.8

et al. [20] cosinefunction, 625-nm.
https://da.org/10.1371durnal.pon®220358.t001

an 186565-nmbackgrour.

bandsof thefit. Forthe TCSFdatain Fig 5, for which we havethe standarderrorsof the origi-
nal measurementshefits wereextendedn stepsdrom highto low frequenciesintil the poten-
tially addedpoint lay morethantwo standarderrorsawayfrom thefitted line.

Theresultsof thefits aretabulatedn TableA in S1Appendix,which givesvaluedor thefit-
ted parametei(m), the standarderrorsfor eachfit, andthe R? valuesAs canbeseerin Figs2+
6,the straight-linefits for all twelveobserveraregenerallyexcellenoversubstantiafrequency
rangesR? valuesvariedbetweerD.917and 0.999with amedianR? of 0.987 Thedatastrongly
supportalinearrelationbetweenog, o sensitivityandfrequencyandthusshowthat,in the
high-frequencyregion,flicker sensitivitydeclinesexponentiallywith increasingrequency.

Fig 7 showsm (in Hz perlog; g unit of sensitivity)DBthereciprocalof the best-fittinghigh-
frequencyslopesbasfunction of light level(log, o photopictrolands)for allthe TCSFsWe
plot the slopesunconventionallyin Hz perlog; o unit for two reasonsfirst, becaus¢hereis an
approximatehfinearrelationbetweerthe slopein this form andloglight levelasshownby the
solidblueline in Fig 7 (Pearsorcorrelationcoefficient= 0.801p<0.0001)andsecond,
becausef the simplerelationbetweerslopein this form andcornerfrequency(acrucial
parameteiin the modelthatis relatedto thetime constant) Fig 7 showsthat the high-fre-
quencyslopef the TCSFslecreaswvith increasindight level.

Theobservatiorthat TCSFdollow an exponentiafunction at middle to high frequencies
hasbeennotedbefore[23, 24],andhasbeenevidentwhenTCSFsareoccasionallylottedasa
function of linearfrequency(e.g. FigureslOand11in [13]). However both Kulikowski[23]
andWatson& Ahumada[24] assumedhat the slopeon theseco-ordinatesvasindependent
of light levelwhichis clearlynot the caseThedecrease the high-frequencyslopewith mean
levelseenn Fig 7 isalsocontraryto theideathatthe high-frequencyl CSFslopegeachacom-
mon asymptoticslopethatisindependenof light levelbthe customaryassumptiorassociated
with 2high-frequencylinearity® or aswereferto it "amplitude-invariarce" whichis not sup-
portedby the data.

Theexponentiafall-off with arateof lossthat decreasewith light levelputsanimportant
constrainton the form of anylight adaptationrmodel.

Low-frequency sensitivity changes

In additionto accountingfor the exponentiahigh-frequencysensitivitylossesanylight adap-
tation modelmustalsoaccountfor the low-frequencysensitivitylossor attenuationthat causes
the TCSF4o beband-pas#n shapeandit mustalsoaccountfor the changesn low-frequency
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sensitivitywith adaptationwhicharegenerallyassumedo follow Weber'sLaw.Accordingto
Weber'sLaw,theratio of thresholdintensityto the backgroundntensity (A1/1) is constant.
Thus,if Weber'sLawholds,the contrastsensitivity(I/AI) shouldbefixed,andthe amplitude
sensitivity(1/41) shoulddecreasasI increasesThus,for TCSFglottedaslog, oamplitude
sensitivitiesif Weber'sLawholdschangingthe meanbackgroundrom I, to I, shouldshift
thosesensitivitiesrerticallyby log, (Io/I5). AlthoughdeLange'observe andKelly's
observeiDHK shownin Fig 1 obeyWeber'dawatlow frequencie®vermuch of theintensity
(seeFig 1), the datafor otherobserversrelessconvincing.Example®f only approximateobe-
dienceto Weber'sLawincludedeLange'observel (seg-igure6in [14]), Stockmaret al.'s
observerdMM andML (seeFigure3in referencd13]), von Wiegandet al.’s observer&/MC
and TEW (seeFigure2in [20]), andRoufs'observersiJM and RK.

A simple model of light adaptation

In this sectionwe constructamodelto accountfor the TCSFsatboth low and high temporal
frequenciesA classi@approachto modellinghumanflicker sensitivityis to envisagehe visual
pathwayasafilter madeup of acascadef simplerconstituentfilters,with or without feedback
or feedforwardnhibition, andto assumehat the output of the cascadeeflectssensitivity(e.qg.,
[18,25,26+28]).Thesimplefiltersthat makeup the cascadaretypicallyassumedo beleaky
integratorswith outputsthat stepup anddecayexponentiallyin responseo abrief pulseat
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their input. Leakyintegrators which areoftenassociatewith neuralprocessem thevisual
systen29], arecharacterizedby their time-constantsThetime-constantusuallydenotedby
1) issimplythetime takenfor the outputto fall to 1/e (36.79%pf its peakvaluefollowing a
brief pulseatits input. Leakyintegratorswhich arealsoknown as®RCfilters®in electronics,
behaveaaslow-pasdilters with amonotonicallydecreasingesponséo sinusoidsf increasing
frequency Suchfilters canalsobecharacterizedby their cut-off or cornerfrequencyf.bthe
frequencyatwhich theresponsemplitudehasfallenby afactorof /2 (or 0.15log; o units)
belowits maximum.Thecornerfrequencyandtime-constantareinverselyrelated,

7 = 1/(2xf.). We preferto usecornerfrequencybecausé is simplerfor characterizinglata,
like thosein Figs1+6,thatarepresentedn thefrequencydomain.

Leakyintegratorsarealsoequivalento first-order chemicakeactiong(e.g., asubstancé\
decomposindo substanc® with atime-constantr). Networksof leakyintegratorstherefore
provideplausiblemodelsof the cascadesf biochemicabnd/or neuralprocessem photore-
ceptorsandneuralpathwaysTo avoidrepetition,wewill simplycalleachleakyintegratorele-
mentof the cascada "low-pasdilter stage'or "LP-stagefor short.Light adaptations
primarily achievedy increasinghe cornerfrequency(or equivalentlyshorteningthetime-
constant)of someor all of the LP-stage# the cascadéhat mimicsthe visualresponseAswe
developbelow,thelow-frequencyattenuationor high-pasdiltering seenn the datacanbe
implementedbiochemicallyor physiologicallyby feedbaclor by parallelfeedforward
pathways.

Fig 8illustratesthe modelandhow abrief pulseis transformedasit passethroughit. The
cascadés indicatedby the blackline labelledVIODEL andis acascadef six LP-stage§1+6)
andincludestwo feedforwardstagegA andB) thateachincorporateafurther LP-stageThe
orderof the componentshownhereis essentiallarbitrary becaus¢he order of linearele-
mentsin acascadéasno effecton thefinal output (i.e.,on the TCSFs)but wejustify this con-
figuration belowbasedn areviewof physiologicabktudiesIn thisillustration, the corner
frequencie®f thesixvariablespeed_P-filters(1+4,and A, B) arethe same(f, = 15Hz); the
two fixed-speed.P-filtersshareadifferentcornerfrequency(f.; = 30Hz). (Thesevaluesare
consistentvith the modelfits explainedater.) The EquivalentModel on theleftis more plausi-
ble physiologicallybut is mathematicallydenticalif theinputsto eachof thefour streamsare
thesame(seeDiscussion).

Theright-hand columnof orangepanelsllustratesthe temporalresponset variouspoints
in the processingtreamto the briefinput pulsethatis shownin thetop orangepanel.The
temporalresponsegeachnormalisedto unity), areplottedasafunction of timebthat is, they
aredisplayedn the2time-domain®. The columnof greenpanelsllustratesthe corresponding
amplituderesponseatthe correspondingpointsin the streamto the samebriefinput pulse.
Thelogarithmof the amplituderesponseglottedasafunction of frequencyarein theafre-
guency-domain®asaretheflicker-sensitivitymeasurementsf Figs2+6.Asillustratedin the
top greenpanel the amplitudespectrumof theinput pulseis flat with the sameamplitudeat
allfrequenciesThenumberedred arrowsindicatethe locationsof the responseshownin the
correspondinggreenandorangepanels.

Thesecondow of panelsshowthe responsef asingleLP-stagebDarexponentially-decay-
ing responsén thetime-domainandalow-passrequencyesponsén thefrequency-domain.
Thethird panelsshowtheresponsefterprocessingn threeLP-stagesTheresponsés delayed
andsmearedut overtime in thetime-domainbut still hasalow-pasdrequencyesponse
albeitwith amore steeplyfalling high-frequencyslope.

Although cascadesf LP-stagesancapturethe high-frequencycharacteristicef TCSFs,
theycannotgiveriseto thelossin sensitivityat low-frequencieshat causeshe TCSFsat mid-
dle-andhigh-lightlevelsto bebandpassTo producelow-frequencyattenuationwehave
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Fig 8. The direct cascade used to model flicker sensitivity is shown along the vertical black line labelled MODEL and has six low-pass stages (1-6) and
two inhibitory stages (A and B). Thesixvariablespeed.P-filters(1+4,andA, B) havethe samecornerfrequeng of 15Hz in this exampleandthetwo fixed-
speed_P-filters(5, 6) haveacornerfrequencyof 30Hz (sedext). Theeffecton animpulsiveinput signal(top orangepanel)at differentstagesf the model
(denotedby thenumberedred arrows)areshownasafunction of time in the orangepanelof right-handcolumnand,in the corresponihg greenpanelsas
thelogarithm of amplitudeof the responsasafunction of frequeng. Theamplitudespectrumof theinput is flat with equalamplitudeat all frequendes(top
greenpanel).An earlygainadjustment, g, controlsthe overallgainof the systemThe secondrangeandgreenpanelsshowthe effectof thefirst LP-stage
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andthethird orangeandgreenpanelsthe effectof acascadef threestagesNext, the fourth andfifth pair of panelsshowthe additionaleffectsof oneand
two feedforwardstagesiespectivly. Thetwo feedforwardstagesncludeacomman scalerk, afterwhich the feedforwardsignalis subtractedrom its input.
Theyproduceatriphasictempord responsé€orange panelsiandabandpas§requencyresponsggreenpanels) The sixth pair of panelshowthe effectf
anotherLP-stagavith acornerfrequencyof 15Hz andthefinal pair the effectf two final stagesvith cornerfrequengesof 30Hz. The EquivalentModelon
theleftis mathemdically equivalento the cascadéut haslateralconnectonsthat aremore consistentith other psychophysial andphysiologcaldata.

https://doi.0g/10.137 1Hurnal.pon®220358.g008

addedtwo inhibitory feed-forwardstagebetweerthethird andfourth LP-stagesTheinhibi-
tory stagesctby passingheir visually-derivednput signalthrough separatdé.P-stage§A and
B) beforescalingtheresultingsignal(by k) and subtractingthe resultfrom the original signal.
For k = 1 thesearestandarchigh-pasdilters, while for 0<k<1thesdeedforwardstagesire
commonlyknown as@lead-compensatoffiltersin engineeringpecaus¢heyintroduceaphase
advancdor lead)that canimprovethe stability of the systemAs shownin the corresponding
orangepanelstheinhibitory stagesdvancehe peak sharperthetemporalresponseand,at
somepoint, bring thetemporalresponsdelowzero(abiphasicresponse)Theyalsocause
later,smallpositiveresponsesothatthe temporalresponses actually?triphasic®[30, 31]. We
considerthe origin of the biphasicresponsén the DiscussionThe correspondinggreenboxes
showthat thefrequency-domaireffectof theinhibitory stagess to producelow-frequency
attenuation.Thefifth orangeandgreenpanelsshowthe effectsof addinganothervariable-
speed_P-stagendthe sixth pair of panelghe effectsof addingtwo fixed-speed.P-stages.

We havechoserthe sequencehownin Fig 8 basedn parton otherwork in whichwedis-
sectedhevisualpathwayinto an earlybandpaséilter with variablecornerfrequenciesnda
laterlowpasdilter with two LP-stagesvith fixed cornerfrequencie$32+34].

The EquivalentModel shownon theleftisidenticalto the standardVlodel whenits four
inputsarethe sameasthe singleinput in the standardmodel. Thenumberedred circlesand
arrowsshowcorrespondingpointsin thetwo versionsThe EquivalentModel canbethought
of asshowingthe four possiblétroutes®throughthe original Model (including routesthrough
eitheror both feedforwardstages)Note that the EquivalentModel canbemodified to allow
differencedetweerthe four inputs,thusextendingthe modelinto the spatialdomain.The
EquivalentModel with parallelpathwayss more consistentvith known retinal physiology
andwith lateralinteractionsmediatedfor exampleby horizontalcellsbetweemearbycones
[35]. Becaushibition is derivedfrom lateralconnectionsn the EquivalentModel, variations
in k will producespatialeffectson thetemporalresponséo flicker andbrief flashesHowever,
the subtractivanhibition neednot necessariljnvolvelateralinteractions andmayinstead
involveself-cancellation longitudinalinhibition of thedirectpathway.

Thefinal form of the modelwaschoserpartly on the basisof aseriesof preliminaryfits.
Theseshowedhat acrossll datasetsitleastsix LP-stagearerequiredin the directcascadéo
accountfor the high-frequencyslopesf the TCSFqalthoughagreatemumberof LP-stages
eachwith highercornerfrequenciesvould alsogivegoodfits). Similarly,aminimum of two
inhibitory stagesrerequiredto accountfor low-frequencyattenuation(althoughagreater
numberof inhibitory stagesvith lowervaluesof k would alsogivegoodfits). An important
simplifying assumptiorwasthat the variablecornerfrequencie®f thefirst four LP-stagef
the cascadandthe two LP-stagesmbeddedn theinhibitory stagesrethe sameandthat
theyall variedtogethemwith meanlight level. This seem&an unlikely assumptiorbut allowing
the cornerfrequencieso varyindependentlyaddedmanymore modelparametersvithout
significantlyimproving thefits.

A secondsimplifying assumptiorwasthat the best-fittingcornerfrequencie®f thetwo
fixed-speedtagesf,;, arethesameandthattheydo not varyacrosobserversWhenf,; was
allowedto varyacrosobserversn preliminaryfits, the best-fittingvaluesveregenerally
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similarandhadlargestandarderrors,sothatfixing f.; acrosobserversesultedn only amini-
mal reductionin the quality of thefits.

Thethird simplifyingassumptiorwasthat for eachobservethe gainsof the two feed-for-
wardstagegk) arethe sameandareindependenof light level.Thisassumptiorwasalso
basedn preliminaryfits, which showedhat k did not varysignificantlyacrossnediumand
high light levelsThereductionin k thatis found atlow light levelsmaybedueto light-depen-
dentchangesn k within asinglemechanismbut it might alsobedueto the contribution of
rodsat mesopidevelsBecauseodsaremoresluggishthanconege.g.[36]), their contribu-
tion islikely to increasesensitivityat low frequenciegndthuswill havethe effectof reducing
k in thefits. To avoidthe potentiallyconfoundingeffectof rods,wehaveexcludedT CSFs
from theanalysissndmodellingthat arelikely to dependon detectionby both rodsandcones.
Thelevelsassumedo becone-mediated@rehighlightedin yellowin thekeysof Figs2+6;the
rationalebehindthosechoicess describedn moredetailin S1Appendix.In generalmean
levelshelowaboutl log; o photopictrolandswereexcludedrom the main analysisinlesshe
experimentatonditionsexcludedod detection.

Theseassumptiondedto asimplemodelwith justfour parametersf whichtwo, f. andg,
varywith light level, andtwo others k andf,;, do not. Themodelis definedby Eq (2):

4 2 2

1 £+ (1 -kf,)’ 1

V12 ’ V12 ’ VF +fa?

whereA(f) istheamplitudesensitivity fis frequency(Hz), g isthe overallgain,f, is the corner
frequencyof the sixvariable-speetdP-stage§Hz), k isthe commongainof the two inhibitory
stagesandf,; isthe cornerfrequencyof the two fixed-speed.P-stage§Hz). [The cornerfre-
gquencyequalsl/(2nt), wherert isthetime constantin seconds.Thetermsof Eq (2) havebeen
groupedsothatthefirst termis the frequency-independergain,the seconderm corresponds
to thefour variableLP-stageshethird term corresponddgo thetwo lead-compensatorsnd
thefinal term corresponddo thetwo fixed LP-stagesdNe discusghe critical aspectsf the
modelassumptionsnorefully in the DiscussionOther equationscharacterizinghe model
areprovidedin S1Appendix.

Theresultsof thefits aretabulatedn TableBin S1Appendixandthefits areshownbythe
solidblackanddashedyellowlinesin Figs2+6.Theblacklinesshowthefits atlevelsassumed
to bephotopic(cone-mediated)For thessfits, asjust noted,k wasfixed for eachobserveiand
did not varywith light level.The dashedyellowlinesshowthefits atlevelsassumedo be
mesopigrod-and-cone-mediatedf-or thesfits, k wasallowedto varywith light levelfor
eachobserverAs canbeseenthe modeldoesaremarkablygoodjob of accountingfor the
dataatall levelsbbothmesopicand photopic.In theremainderof the paper howeverwecon-
sideronly thefits at photopiclevels TheadjustedrR’ valuefor our modelfor cone-mediated
(photopic)levelss 0.996.

Thebest-fittingparameterdor cone-mediatedisionareplottedfor all the observersn Fig
9.PanelA] showshe best-fittingvariable-speedornerfrequenciegin Hz) asafunction of
meanlevelfor eachobserveasnotedin the figurekey.Thebest-fittingcornerfrequency(30.9
Hz) for the two fixed-speedilters commonto all observerss shownby the dashededline.
PanelB] showshe best-fittingoverallgains log;, g, verticallyalignedwith the averaggain
capturedby the blueline aboutwhich thevaluesor eachobserverclusterclosely(The
unshiftedvaluesof log; g aregivenin TableBin S1Appendix.)PanelC] showsk, the best-fit
for thefeedforwardnhibition. Thevalueof k is fixed acrosdevelsor eachobserver.

Af) =g x (2)
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Fig 9. The three panels show the model’s best fitting parameter values for each of the twelve observers. Theerror
barsare+1 standarderror of thefitted parameer. Pane[A] showshebest-fittingcornerfrequendes(f.) in Hz
comman to the sixvariable-peedLP-filtersasafunction of meanlevel(log; o photopictrolands).[Corner frequeny
(Hz) isinverselyproportionalto thetime constantt: f. is equalto 1/(2rt) wheret isin seconds.Thesolidblueline
throughthe datais the descriptive standardor meanfunction definedby Eq (3). Thedashechorizontalredline marks
the constantcornerfrequencyof thefinal two fixed-speedtage$30.9Hz). Thered andgreencrossesirethe corner
frequendesof a 3-stagd_Pfilter fitted to primateL- and M-coneresponss,respectivelymeasuredy Baudinet al.
[37] andshownin Fig 10.PanelB] showshelogarithmicof the best-fitting overallgain,log; g, but with the datafor
eachobservewerticallyshiftedto alignwith the descriptve standardfunction shownby the solidblueline anddefined
by Eq(4). Pane[C] showshe best-fittingscalingfactor,k, commonto the two inhibitory feedforvard stagesindfixed
acrossneanluminancelevelsThehorizontalsolid blueline showshe meanvalueof k (0.80).Only the parametersor
levelghoughtto becone-mediatd areshown.

https://cbi.org/10.1371djurnal.por.0220358.¢09

Thecornerfrequencyandgainparametersagreenvell acrosobserversvith oneeasilyexpli-
cableexceptionTheunusuallyhigh parametewvaluesof cornerfrequencyand k for DHK
(light blueinvertedtriangles)rom Kelly [15] probablyreflectthe useof averylargeflickering
target(S0Eindiametervignettedto zerointensityby 68E)the other studiesusedsmallertargets
of betweerl and4Ein diameter With hindsight,the largetargetsizewasprobablyunfortunate
becauséemporalsensitivityis highlyinhomogeneouscrossheretina(e.g. [38]). Although
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the potentialeffectsof retinalinhomogeneityarenot obviousin that classidatafor DHK
shownFigsl and 3,the TCSFdor otherobserverdérom the samestudyaremuch moreirregu-
lar[39].

At low to moderateintensitylevelschangesn low-frequencysensitivityin our modelare
accountedor by changingthe corner-frequenciesf the LP-filtersin our modelwith little or
no changen gain.Unlike othermodels(e.g.[17,27,28]),achangen the strengthof the feed-
forward or feedbaclsignalis not required.

Standard model parameters

To standardis¢he modelparametergor atypicalobserverywenextderiveddescriptivefunc-
tionsto quantifythe dependencef cornerfrequency(f,) andoverallgain(g) on meanlight
level(in log, o photopictrolands).Valuesfrom the standardformulaeareshownby the blue
linesin PaneldA] and[B] of Fig 9. For f,, we,adoptasimplefunction that growsasa power
lawuntil it asymptotesitanupperlimit for f.. Theform of this functionis:

f. = min(al’, d) (3)

wheref, isthe cornerfrequencyin Hz, I is the meanbackgroundevel(retinalilluminancein
photopictrolands),.a is aconstantp anexponentd is the upperlimit for f., andthe operator
min() means'thelessenf" its argumentgal® or d). Thebest-fittingvaluesfor the function fit-
tedto thef, parameterdor all observergexceptfor DHKDbfor thereasonsliscusse@dbove)
area = 4.48+0.35) = 0.181+0.0ndd = 18.49+0.42Thefit, shownby the solid blueline in
PanelA] of Fig9, hasanadjustedr?® of 0.89.A powerfunction, but without anupperlimit,
wasalsoadoptedoy Rovameoet al. [18] basedargelyon areviewof photoreceptoandother
measurementby Donneret al. [40].

We adoptedthe following equationto describehe dependencef the logarithm of the scal-
ing factor,log, 0 g, on the meanbackgroundretinalilluminance,! (Panel[B]):

logwg = - loglu(I + 10) +s (4)

wherel, is constantacrossll observersnds takeson adifferentbut constantvaluefor each
observerI, indicatesthe meanluminancebelowwhichlog; o g is approximatelyconstantand
abovewhichaplot of log, o g vslog, oI eventuallyapproacheanasymptoticslopeof -1 (asin
Fig 9B);s just shiftsthe function for eachobservewrerticallywithout changingits shapeThe
bestfitting valueof I, is 10>*3*°-%%ndthe R? valuefor thefit is 0.973 The meanvalueof s
acrossall 12observerss 11.03PanelB] of Fig 9 showstheindividual valuesof log, g verti-
callyalignedwith thefunction givenby Eq (4) with s setto themeanvalueof 11.03.
Themeanvaluefor the feedforwardyain, k, is 0.80Pasindicatedby the horizontalblueline
in Panel[C] of Fig 9. Eqs(3) and (4), with f,. = 30.9andk = 0.80,canbeusedwith Eq(2) to cal-
culatethe expectecdimplitudesensitivityasa function of frequencyfor anymeanretinalillumi-
nancebetweerD.4and5.7log,; o Theycanalsobeusedwith Equation(B) in S1Appendixto
calculatehetriphasictemporalresponsef the systento animpulse;i.e.,with apositivelobe,a
negativdobe,andasecondnuchsmallerpositivelobe (sedowestorangepanelof Fig 8).
Theparameterplottedin Fig9 suggesthat shorteningthe integrationtime isimportant
for sensitivityregulationup to about3.1log, g trolandsafterwhich sensitivityregulation
dependsprimarily on frequency-independerdecreaseis the overallgain.Decreasem gain
aboveabout4.3log; gtrolandsarelikely dueto photopigmentbleachinge.g. [41]), which, by
reducingphoton captureattheinput, effectivelyreduceghe gainof the systemandsohelps
preventthe cone-mediatedystenfrom saturating(seeFigure9in referencd42]). However,
thedecrease gainbetweerB8.1and4.3log;otrolandsmustbedueto othersensitivity-
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regulatingmechanismshat attenuatethe visualresponsén anapproximatelyffrequency-inde-
pendentmanner.Thesemechanismsnight alsoincludeshorteningthe integrationtimesof
additional LP-stagesvith cornerfrequenciesiearor abovethe temporalacuitylimit (i.e., with
f. > 80Hz), sothatatlowervisiblyflickering frequenciestheir effecton the TCSHs muchlike
achangen overallgain.

Discussion

We haveproposedasimplemodelof humanlight adaptatiormadeup of acascadef low-pass
filters andtwo stage®f subtractivanhibition. Sensitivityregulationdependsn two intensity-
dependenparametersonethat controlsthe speedf the responsehroughasinglecornerfre-
quency. (or time constantr) andanotherthat, overalimited upperintensityrange controls
the sizeof theresponsehroughthe gainparameterg. The modelprovidesexcellenpredic-
tionsfor 65yearsof existingTCSFdatafrom De Lange[14], Kelly [15], Roufs[17], Stockman
et al.[13], Rovamcet al. [18], Swansoret al. [19] andvon Wiegandet al. [20] asshownin Figs
2+6.We considerthe crucialPhysiologicabasisof the modelbelow.

Essential and non-essential features of the model

Wereadilyacknowledgeur debtto previouswork on light adaptationandto previousmodels
of light adaptationmanyof whichincorporaten differentconfigurationsthe modelelements
usedhere(e.g.[14,15,18,26+2843+49]) Helpful, insightful reviewsof light adaptation
includethoseby MacLeod50], Geislel{51], Hood & Finkelstein[7], Laughlin[52], Graham
& Hood [53], Hood [54], vanHateren[55] andvanHateren& Snippe[56].

Our simplifiedmodelis madeup of adirectcascadef six LP-stageandtwo inhibitory
stagesgachof thelatter havinga gaincontrol, k, andan embedded_P-stageAs we have
shown,wecanprovideanexcellendescriptionof existingT CSFdataby adjustingthetime
constantof thefour earliest.P-stage thedirectpathandthetwo in theinhibitory stages
with light leveland,at higherlevelsthe overallgain,g, but fixing the strengthof inhibition, k,
andthetime constantof thefinal two LP-stagesAn important question then,iswhichfea-
turesof the modelareessentialo its succesandwhich canbechangedvithout upsettingthe
model'spredictionsAnsweringthis questionwill helpplacethe modelwithin awider physio-
logicalcontextand helpusto relateit to previousmodels.

First,the numbersof LP-stageandinhibitory stagesrepoorly constrainedoy thedata.
Thisuncertaintyis evidentin thevariabilityin the numberof LP-stagesisedin earliermodels
(e.g.]14,18,27,28,45+49])In generalwefound that reducingthe total numberof variable-
andfixed-speed P-stagebelowsix,or the numberof inhibitory stagedelowtwo, startedto
lowerthe goodness-of-fitbut increasinghem,with compensatoryncreases the cornerfre-
quencyor reductionsin k, hadrelativelylittle effect We thereforeregardsixandtwo aslower
boundson the numberof direct LP-stageandinhibitory stagesiespectivelyhut accepthat
therecouldbemore.

Secondthewayin whichthe cornerfrequencie®f the LP-stageshangawith light level,
andhow manyof themchangearealsoboth poorly constrainedBasedn otherevidence
from our laboratory which suggestthat oneor two 2central°LP-stagekavefixed cornerfre-
guencieghatdo not changewith light level[34,57], wehavechosento fix the cornerfrequen-
ciesof thefinal two of the six LP-stage# the directcascadd-dowever wefound thatthe
modelpredictionsareonly slightlyworseif wefixedthe cornerfrequencie®f betweerzero
andfour LP-stages thedirectcascadeA relevantconsideratioris thatthe numberof fixed
stagesffectshe dependencef log; ¢ on luminance(see~ig 9B).If the cornerfrequenciesf
zeroor onelLP-stagesarefixed,log; o increases with luminanceat the lowerbackgroundevels
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(i.e.,thegainis reducedatlow luminances)By contrast,f betweer2 and4 LP-stageare
fixed,log, ¢ remainsroughly constantatlow levelg(asin Fig 9B).Althoughcomparable
decreasem gainhavebeensuggestetiefore[13, 18],anincreasen log, g is counterto the
prevailingviewof light adaptatiorasawayof reducinggainaslight levelincreasesthe so-
calleddark-glassesodel,sed50]). We thereforechoseo havetwo fixed stageswhich obvi-
atesthe needto accountfor counterintuitivedecreaseis gainatlow light levels.

Third, theassumptiorthat the variablecornerfrequenciesll varytogetheris almostcer-
tainly asimplification.While therearesomeadvantagem havingcornerfrequencieshat
changeogether(e.g.,it producesnaximumsensitivityat all frequenciesseeS1Appendix),it
seemainlikely thattheywill all changaogetherandin the samemanner.Theassumptiorthat

Cone responses
L-cone M-cone

1000 R*/s

1000 R*/s

Normalized voltage

0.00 0.05 0.10 0.00 0.05 0.10
Time after flash (s)

Fig 10. The panels in the left and right columns column show, respectively, the mean primate L-cone (red continuous lines) and M-
cone (green continuous lines) responses measured by Baudin et al. [37] at mean levels of 1000, 5000, 10000 and 50000 photons
absorbed per second (R*/s). Thedashedlacklinesshowthe best-fitting3-stagd_Pfilter responsewith comma cornerfrequencies,
whichvarywith light level.For further detailsseetext.

https://da.org/10.137 1§urnal.pon®220358.g0Q
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the LP-filtersin theinhibitory circuitsarethe sameasthosein the direct cascadalsoseems
unlikely. However to beconsistentith the low-frequencyattenuationandthe peaksoundin
thebandpas3 CSFdata,the cornerfrequenciesn theinhibitory circuits mustbeaboveabout
8Hz, andthusarecomparabldo the cornerfrequencie®f the LP-filtersin thedirectcascade.

Last,weassumedhatthe strengthof subtractivanhibition doesnot changewith light level;
i.e.,thatk isconstantin our model.Notethat,aswediscusdurther in the nextsectionwhere
weconsiderthe physiologicabasisof the model,this subtractivenhibition is mostlikely to be
mainly mediatedby lateralconnectionsratherthanbeinginsidethe photoreceptorThefixed
valueof k is seeminghat oddswith the generaviewthat TCSFsarelow-passn thedarkand
band-passat higherlight levelsput the conditionsunderwhich the low-passT CSFsveremea-
suredweremesopicsothatthoseTCSFSarelikely to beinfluencedby rod intrusion. Thus,
mostlow-levelTCSFsbwithsomeexceptionsBcannbbeconsideredasrepresentativef the
samesystenthatgovernshigh light-levelTCSFsA similar conclusionwasreachedy Rovamo
et al.,whoincorporatedahigh-pasdilter in their psychophysicahodel.Their high-pasdilter
wasalsofixed with light level,adecisiontheysupportedby appealingo catganglioncelldata
thatshowedittle changen the surroundstrengthwith light level[58,59]. Thereis alsogood
psychophysicatvidencehat photopicspatialintegrationchangedittle with light adaptation
[60]. Thecrucialdifferencebetweerour modelandthat of Rovameet al. is the form of the
high-pasdilter, whichin their casevasadifferentiatorwith a1/ f attenuationcharacteristic.
This predictsthat,on adouble-logarithmiglot, asin, for exampleFig 1, log sensitivityshould
increasen directproportion to log frequency(i.e.,it shouldbeastraightline with unity
slope) whereashe data(otherthan for mesopidevels)consistentlyshowanaccelerating
increasen sensitivityup to about5 Hz.

In summary the essentiafeaturef the modelareadirect cascadef atleast6 LP-filters,
the cornerfrequencie®f someor all of which changewith light level;andatleastwo stage®f
subtractivanhibition the gainsof which do not changewith light level.ln addition,anoverall
light-dependenthangen gainisrequiredathigherlight levels.

Physiological basis of model

Our modelis essentiallyagnosticasto thelocationsand order of the modelelementswithin
thevisualpathwaywhich aswenotedabovecouldbein anyorder. Psychophysicaheasure-
mentsgenerallydo not allowusto locatethe modelelementswith certainty,with someexcep-
tions. For examplethe appearancef very-highspatiafrequencygratingsproducedby laser
interferometrysuggestthat adaptationoccurswithin singleconeq61]. We havenevertheless
placedthe elementsn Fig8in aparticularorder,basedn parton physiologicameasurements
thatwe considemext.Links betweerphysiologyand psychophysicdoweverareinevitably
tentative and,aswediscussext,the natureof someof the physiologicameasurementmakes
themunlikely to berepresentativef normal visualfunction. We startwith measurementef
photoreceptoadaptation.

Photoreceptors. Aswearguedn theIntroduction, for light adaptatiorto protectthe neu-
ral pathwayd$rom saturationat moderateto high light intensitiesmuch of the sensitivityregu-
lation shouldoccurwithin the photoreceptoiatits outer segmentinner segmentnd/or
pedicleThus,weshouldexpectlearevidencdor atleastsome of the variable-speetdP-stages
from our modelin primate photoreceptomeasurementsSurprisingly howeverthe available
dataarehighly contradictory.Theveryinfluential primatesuction-electrodelata(in which
coneoutersegmentaredrawninsidesuctionelectrodesndtheir currentresponseto light
recorded)suggesthat coneadaptationdoesnot reducesensitivityby 50%until the back-
groundintensityreachechshigh as3.3log;otd (seeFigure8in [62]). [We referto background
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thatreducessensitivityby 50%asi Das in Eq(4)]. Moreover,the photocurrentresponses
showminimal changes$n speedverthe entire background-intensityange which suggests
thatthereareno variableL P-stages the coneoutersegmentTheseaesultsseenmmplausible
andsuggestasothershavepointedout (e.g.[63]), thatthe separatiorof the outer segment
from theretinal pigmentepithelium(RPE)andfrom its normal extracellulaenvironment,
resultsin unnaturalflashresponseslhis argumentis bolsteredoy the factthatthe photocur-
rentresponsearefar too sluggisho supportthe conefrequencyresponsesstimatedrom
psychophysicéeefor exampleFigurel2in [64])Pin contrastto the fasterphotovoltage
measurementef coneinner segmentsnadeby the samegroup[65]. Yet,althoughthose
photovoltageaneasurementarefasterthe averagd, wasstill ashigh as2.8log, o td, andthe
backgroundstill did not substantiall}changehe kineticsof the coneresponsdseerigure
12Ain [65]). Togethertheseresultsimplausiblysuggesthat thereareno kinetic changesn
the conesandthatlittle adaptationof anytypeoccursbelow2.8log;qtd.

At thetime, the lackof coneadaptationseemeatonsistentvith extracellulamassecord-
ingsof coneresponset 150-mdlashesnadeby Boynton& Whitten [66], who explained
their datasolelyin termsof responseompressiorand photopigmentbleachingwithout active
adaptationln contrastsimilar measurementdut usingboth incrementaland decremental
flashesby Valeton& vanNorren showedevidencdor adaptationwith an I, of approximately
2logotd (seeFigure?in [67]). SeipelHolopigian,Greensteir& Hood [63] measuringocal
electroretinogram$FERGs)whichtheyarguedreflectphotoreceptoresponseat frequencies
above20Hz, showedcleartemporalfrequency-dependersensitivitychangesbovel.5l0g, o
td thatwereconsistenivith their humanpsychophysicaheasurements heseresultsarecon-
sistentwith aspeedingip of the visualresponsdseerigurelin [63]).

Dunn, Lankhee®& Rieke[68] subsequentlynadecurrentrecordingsof primatecones
usingperforatedor whole-cellvoltageclampsand showedhat adaptionbeginsto reducecone
sensitivityaboveabout1000P/s(photoisomerizatiorper secondwith sensitivityfalling to half
of its dark valueby 5500P/s. Thesevaluesareapproximatelyl.7and 2.5log; o trolands,respec-
tively,sothatthe I, valueis only 0.3log,; o unit lowerthanthe valueestimatedy Schneewei&
Schnap{65]. Crucially,Dunn et al. [68], in contrastto the earlierwork, reportedthattheir
coneresponseslearlyspedup with adaptationthusproviding thefirst direct evidenceof such
effectdn primatesevengiventhe provisosthat the conesvereseparatedrom the RPEand
thatvoltage-clampin@bviateghe effectsof voltage-gateébn channelsn the photoreceptor
responsgeal.

Suchinconsistenfphysiologicatesultswith I, valueghat rangefrom 1.5to 3.3log; o td and
with evidencdor andagainsitoneresponsespeedingip with adaptationrmakeit difficult to
locatethe elementf the psychophysicahodelinsideor outsidethe photoreceptorsi-ortu-
nately veryrecentphotovoltaganeasurementsf primateM- andL-conesobtainedat four
adaptationeveld37] canhelpto resolvehesediscrepancies:ig 10showshe meanL-cone
(red continuouslines,left column) and M-cone (greencontinuouslines,right column)
responsemeasuredt meanlight levelsof 1000,5000,10000and50000R*/s (whereR*/sisthe
estimatedateof photonabsorptionper second) Thesdevelscorrespondo 1.7,2.4,3.7and
4.4logyotd, respectivelyassumingl td = 20R*/s, seep. 17 of their paper) We haveseparately
fitted the L- and M-conephotoreceptoresponsewith theimpulseresponsesf a 3-stage_P-
filter allowingthe best-fittingcornerfrequencieso varywith light levelwith acommonbest-
fitting initial responselelay.Thefits areshownby the blackdashedinesin Fig 10.Thebest-
fitting L-conecornerfrequenciesrel10.92+0.1214.58+0.1616.78+0.2and 19.29+0.24z
for levels1000,5000,10000and 50000R*/s, respectivelyith aninitial delayof 13.50+0.181s
andanoverallR’ of 0.974 The best-fittingM-conecornerfrequenciesire11.60+0.1615.69
+0.23,18.95+0.3@Nnd 19.26+0.281z, respectivelywith aninitial delayof 14.36+0.16nsand
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anR? of 0.960 As canbeseethefits shownby the dashedinesveryplausiblyaccountfor the
rising andfalling phase®f the photoreceptoresponses.

Thebest-fittingcornerfrequenciehavebeenplottedasred andgreendiagonalcrossen
Fig 9A, wherethe valuesagreewell with our modelpredictions.Our main purposein showing
thesdfits is qualitative. The coneresponseshowthat adaptationbeginsin theconeat1.70
logiptroland (and perhapdowerhadlowerlevelsbeenmeasured)andthenis controlledby a
changean thecornerfrequencie®f acascadef LP-filters.Theincreasen speeds consistent
with resultsfrom otherspeciege.g.[70, 71]). Thereareimportant caveatsThe L- and M-
coneresponsemeasuredy Baudinet al. areof peripheralconegatherthan of fovealconesso
thatthe LP-stagearelikely to befasterthanthe stageénferredfrom fovealflicker measure-
ments(e.g.[72]). Moreover plausiblefits canbe obtainedwith morethan 3 LP-filterswith
concomitantreductionsin cornerfrequencysothatthe recordingsdo not constrainthe num-
berof LP-filters.And, the conesn thesemeasurementbavebeenseparatedrom the RPE so
theymaybesomewhaatypical.

Notethatthe measurementshownin Fig 10andotherrecentwork showthatcone
responsearemonophasior weaklybiphasid37, 73] ratherthan stronglybiphasicaswas
foundin the earlysuctionelectroderecordingg62]. If weaccepthe morerecentmeasure-
ments thenthe subtractivefeedforwardn our modelmustoccuraftertheinner segmentdut
mayoccuratthe conepediclesindeed,therecentwork of Kamar,Howlett & Kamermang74]
showsclearlythatthe coneresponsés modulatedby signalsrom surroundingconesfedback
throughhorizontalcells.

Takenoverall,wecanreasonablgoncludefrom the physiologicatlatathat coneadaptation
beginsaslow as1.70log,oandtakesthe form of aspeedingip of the coneresponseBelow
thatlevelthe evidencdor coneadaptationis weak.

Frequency-dependent and frequency-independent adaptation. Whereashangingthe
cornerfrequencie®f LP-filtersgenerallycause$requency-dependentchangesn the cone
responsegtheradaptationrmechanismg&ausdrequency-independenichangesn sensitivity.
Onesuchmechanismwhich protectsthe conefrom saturationat veryhigh light levelsjs
photopigmentbleaching By reducingphoton captureatthevisualinput, bleachingeffectively
turns downthe gainof the systemand sohelpspreventthe cone-mediatedystenfrom satu-
rating. Theusualformulafor p, thefraction of unbleachegigmentremainingon asteady
backgroundof I photopictrolands,is p = I,/(I+1o), wherel, is the backgroundntensity that
bleache§0%of the photopigmentavaluetypicallyassumedo be 10*3trolandsor 4.3log, o
trolands[41]. Theeffectof bleachings incorporatedin our modelaspart of the gaincontrol,
g which precedeshe LP-filtersand dominatesadaptatioraboveabout4.3log; o td (seeFigure
9in [42]).

Our modellingof the TCSFdatasuggestthatthereis an additional frequency-indepedent
gaincontrol atlowerlight levelswhichis unlikely to bedueto bleachingThis additionalgain
andbleachingcombineto producean effectivel, of 3.13.Notably,this frequency-independent
gaincontrol hasessentiallyhe samepropertiesasthe gaincontrol identifiedin coneouterseg-
mentsby Schnapet al. [62], which hadan I of 3.3log; otd andthe similar gaincontrol identi-
fiedin photovoltageecordingshy Schneewei& Schnap{65], which hadan I of 2.8l0g; o
Thegaincontrol associatewith bleachingwhich necessarilprecedestheradaptingstages,
andtheadditionalgaincontrol areboth incorporatedin the earlygaincontrol, g, in themodel
of Fig 8,andjointly describey Eq(4).

Two further pointsareworth noting. First,mechanismshat seento befrequency-indepen-
dentacrosgherangeof visiblefrequenciesouldincludethe frequency-dependenispeeding
up of LP-stagebut with cornerfrequenciesvell abovethetemporalacuitylimit (i.e., with f. >
80Hz). Suchaspeedingip mayunderliethe mechanismnin the outersegmentvith an I of
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3.13log,otd. Secondanyfrequency-independemhechanismsafterthe outer segmentill
contributeto Eq (4), but for simplicity areincludedin the modelasasinglegaincontrol, g.

Theimportanceof frequency-independergainchangesn light adaptatiorhasbeenasub-
jectof muchdebateEarlystudiesusedflashedstimuli, measuringeitherdetectionthresholds
in psychophysicer the peakof theimpulseresponsén electrophysiologye.qg.,[6667]). We
notethatthesemethodscanconfusegainchangesvith changeén integrationtime. For exam-
ple,considertheimpulseresponsey, of 3identical,cascadetl P-stagesachwith cornerfre-
quency., andwith anoverallgainof g,

M(t) = g (5)

The peakof this monophasiaespons@ccurswhenits derivativeis 0 for sometime >0,

D — (gt~ mg)e =0
dt
. (6)

Asf.increaseshe peakoccursat earliertimes,andthe peakresponsés:

/(o) =52 )

Thepeakresponsencreases proportion to g anddecreaseis proportion to fcz. Differentiat-
ing betweerchanges$n speedr gainis not possiblewith flashresponsewithout additional
information; e.g.thetime to theresponseeak.

Horizontal cells. Otherindirect evidenceof coneadaptationcomesrom Smith,Pokorny,
Lee& Dacey[75], who measuredhe flicker andflashresponsesf primateH1 horizontalcells
asafunction of the meanbackgroundntensityand usedthe datato modelconeadaptation.
Theyfound clearevidencehat sensitivityregulationin H1 recordingsheginsatlevelsaslow as
1log;ptrolandsandthatit is achievedy aspeedingip of thevisualresponsewhichthey
attributedto aspeedinguip of the coneresponseBoththesepropertiesareconsistentvith our
modelandpoint to adaptationoccurringin the conephotoreceptorThe primary changen
speedn their adaptatiormodelis achievedy increasinghe cornerfrequencyof asingleLP-
stagdrom on averageé.2Hz at 1 log;gtrolandto 53.1Hz at 3log, g trolands.Severabther
detailsof their model,suchasthe second-ordefilter requiredto accountfor resonancén
their H1 data,aremorelikely to reflectthe H1 networkresponsege.g.[76]) thancones.

Bipolar cells. An important pieceof evidenceaboutthe locationof the adaptatiorsites
comesfrom Dunn, Lankheet& Rieke[68], who comparedconeandbipolarcellresponsem
thesamepreparation.Theyfound thatthe bipolar cellsdid not contributesignificantlyto
adaptatiorand essentiallyollowedthe coneresponsewithout additionaladaptation.

Ganglion cells. Ganglioncellsprovideevidenceaboutthe adaptationof the wholeretina.
Purpura,Tranchina,Kaplin & Shapley48] measured CSFsn magnocellulaand parvocellu-
lar primateganglioncellsat up to five adaptatiorlevelsTheymodelledthe TCSFdatausinga
linearsystemsnodelwithbas in our modelbtwo lead-ladfilters but theyaddedanimplausi-
bly largeandvariablenumberof sometimesxtremelyfastLP-filters.In generaltheir dataare
consistenwith the psychophysicaheasurementdescribechere exceptastheynoted(p.89)
theganglioncell TCSFgemainedbandpasgvenatlow adaptationevelsThis agreesvith our
modelin which k, the feedforwardgain,whenrestrictedto conditionsthat arecone-mediated,
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Fig 11. The panels show the standard model predictions. Pane[A] showsthe predictedTCSFsasamplitudesensitivitesat arangeof light levelg0.5to 5.5log; o
trolandsin 0.5log, o steps) The TCSF®ndatthe assumedFFfor eachievel.PanelB] showshe predictedCFFsextrapolatedrom theindividual TCSHits (ascoloured
symbols)andthe predictionsof the standardnodelshownasthe continuousblueline, the white circlesarein 0.5log, o unit intervalsand correspondo theline endingsin
PanelA]. Thedashedvhiteline is the besffitting Ferry-Porte slopeto the standardnodel.Pane[C] showspredictedthresholdversus-intasity (TVI) curvedor brief
flashesTheredline is Stilestemplatefor TVI curvesThe coloredsymbolsor individual observersiavebeenverticallyshiftedto alignwith Stilestemplaeremoving
individual differencesn overallgain.Pane[D] showshe predictedflashthresholdsasafunction of flashduration (both on log scalefor arangeof light levels§rom 0.5to
5.5log;ptrolandsin 0.5log; o stepsWe haveaddeddashedstraightlinesto indicatecompletetemporalsummationat shortdurations(with slopesf -1) andthelong
durationasymptotgwith slopesf 0). Thedurationatwhichthesdinesintersectis the2critical duration® indicatedby theyellowcircles.

https://da.org/10.1371durnal.pon®220358.g01

is constant Aswellasshowingaspeedingip of the visualresponsetheir dataalsoshowthat
adaptionbeginsat backgroundsslow asl log; g trolands.

Lee Pokorny,Smith,Martin & Valberg[77] measurechromaticandluminanceTCSFsn
primatemagnocellulaandparvocellulaganglioncellsandin humanobserversThe magno-
cellularandhumanluminanceTCSFaverecomparablén form, but unsurprisinglythe
humandatashowedowertemporalacuitiesadifferencethat Leeat al. attributedto theinter-
positionof alater4-stagd P-filter with a20-Hzcornerfrequencyln our model,thelatefilters
aretwo LP-stagewith fixed 30-Hz cornerfrequenciesOtherimportant featuresof their
resultsarethat adaptatiorbecomespparentetweer0.3and 1.3log; o trolands,consistent
with Purpuraet al.,andthatthe TCSFsandthe phasedelaysmeasuredogethershowthata
linearsystemspproacho modellingsuchdatais appropriate.

Lastly,Dunn, Lankheet& Rieke[68] measuredot only coneandbipolarcellresponsem
the samepreparation put alsomidgetand parasolganglioncellresponsestheyfound that
adaptationswitchedfrom postreceptoralo receptorabsthelight levelincreasedBetween
darknessand 1000R*/s (photoisomerizationper secondtheyfound evidencdor frequency-
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Fig 12. The solid cream-colored lines show the logarithmic relative amplitude response of one LP-stage plotted as
a function of frequency on a linear scale in Panel [A] and on a logarithmic scale in Panel [B]. Themaximum
responsdasbeennormalizedto 1. Thecornerfrequencyf,, isindicatedby the verticalblacklines,andfrequengy is
markedoff in multiplesof f.. Thered dashedinesshowthe asymptotidrequeng responsgwhichin panel[B] isa
straightline with aslopeof -1 consistentvith therebeingjustonestageTheredregionhighlightsthe rangeabove3.74
f. wherethefilter responsés within 0.0150g;0 unit of theasymptaic responseTheblack-dashedines,indicating
exponeiial lossof sensitivitywith increasingrequencyandwhich describehe measurerentsshownin Figs2+6,are
thebestexponetial fit to the singleLP-filter (creamlines)betweerD.33fand 2.0f. Thegreenregionhighlightsthe
rangefrom 0.43to 1.92f. within whichthefilter is within £0.0150g;, unit of theexponentiafesponséwhichisa
straightline in PanelA]).

https://cbi.org/10.1371durnal.por.0220358.g02

dependentdaptationin the ganglioncells but not in eitherthebipolarcellsor conesand
abovel000R*/s theyfound adaptationmainlyin conegseeFigure3in [68]). To incorporate
this postreceptorahdaptingstagen our model,wehaveplacedoneof the variable-speetP-
stagesfterthe feedforwardstagesPsychophysicavidencdor postreceptorahdaptingstages
similarto thosein our modelcomesrom thework of StockmanCandler& Sharpg78], who
measuredod TCSFsandrod phasedelaydrom -3.3to 0.8log; o scotopictd andmodelledthe
changesn both by changingthe cornerfrequencie®f LP-stagesSinceovermostof this

range therateof photonabsorptionperrod istoo low for sensitivityregulationto be practica-
blewithin therod photoreceptoitself,the regulationmustoccurpostreceptorallyse€78]).
We speculate¢hat oneof thesestagesnight correspondo adaptationin the ganglioncells,
whichtherod andconepathwaysiavein common(seefor examplefFigurelin [79]).

In conclusionpasedn areviewof physiologicatlatawe haveorganisedhe adaptation
stage®f themodelasillustratedin Fig 8.

Asin mostothermodels noiseseemdo playlittle or norolein alteringthe shape®f the
TCSFswhich canbeaccountedor deterministicallyby the model. Thus,weimplicitly assume
thattemporalsensitivitydoesnot critically dependon earlysourcef noiseie.g., quantalfluc-
tuations.Thisis consistentwvith previousstudieshat examinedherole of noiseon flicker
detectionandwhich suggestedarlynoiseis not alimiting factorin humancone-mediated
vision[18,80].

Cone independent and non-independent adaptation

Thelocationsof the adaptationelementswithin the visualpathwayhaveclearimplicationsas
to whetherthe adaptationis likely to becone-specificpftenreferredto asfirst-siteadaptation,
or non-cone-specifimftenreferredto assecond-sitadaptation(discussedior examplejn
[81,82]).In themodel,wehaveassumedhattheinitial frequency-independergaincontrol,
g, andthefirst threevariable-speetP-filtersarelikely to bewithin the photoreceptorGiven
this, theseelementsepresensitesof first-site,cone-specifiadaptation Thetwo inhibitory
subtractivefeed-forwardstagesn the model,in contrastareassumedo beafterthe photore-
ceptorsandarethussitesof second-sit@daptation Sincethe feedforwards inhibitory, these
second-sitesanbecone-opponentindersomeconditions.Thefourth variable-speetP-filter
isalsoassumedo bepostreceptoraindsois asiteof second-sit@daptatiorsite.At this site,
signaldrom otherconegandevenrods) mayspeedip the commonfilter. We speculatéhat
the shape®f the Stiles'n, and s field spectrakensitivitieg§83] mayreflectbackgroundadap-
tation mediatedat sucha second-sitevherethe sensitivityof i, (M-cone-detectedr of ng (L-
cone-detectedjghtscanberaisedby the other conetype.Thus,thefield spectrakensitivityof
14 is higherthantheisolatedM-conespectrakensitivityat long-wavelengthbecausé-cones
raiseM-conedetectionsensitivityat that second-sitewhile the field spectrakensitivityof s is
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higherthantheisolatedL-conespectrakensitivityat short-wavelengthbecaus¢he M-cones
raiseL-conedetectionsensitivityat short-wavelengths.

Thecurrentrapid progressn retinal physiologymaysoonallowsomeof thesedetailsand
ambiguitiego beclarified.

Psychophysical implications of the model

PanelA] of Fig 11showshe TCSFpredictionsfor the standardobserveiplottedat back-
groundstepsof 0.5log; gtrolandsfrom 0.5to 5.5log, gtrolands. Thesecanbecomparedwith
theindividual TCSFslottedin Figs2+6,above The newmodelprovidesfundamentainsights
into theworkingsof the visualsystemand canbe usedto modelother measuresisingperiodic
andaperiodicstimuli. For examplegachTCSFshownin PanelA] endsatthe frequencyat
whichthe amplitudethresholdfor the standardobservereacheshe maximum 100%contrast
for sinusoidaflicker (at whichthe amplitudesensitivityis 1/, wherel is the backgroundumi-
nance).This correspondgo thetemporalacuitylimit or critical flicker (or fusion)frequency
(CFF)for thatlevel. The CFFsfrom Panel[A] areshownasthewhite circlesplottedasafunc-
tion of log,gluminancein PanelB]. Thesolidblueline showshe continuousfunction.

Oneimportant characteristi¢hatis seerwhenthe CFFis plottedagainsthe logarithm of
light level,is thatovermuch of the rangethe function followsa straightline, abehavior
referredto asobedienceo the Ferry-Portedaw[8, 9]. Thedashedwvhiteline in PanelB]
showghe straightline that bestfits the standardobservebetweerl and 3 log; g trolands.It
hasaslopeof 15Hz perdecadeThemodelobeyshe Ferry-Portedawoveratleasta2log; o
unit range eventhoughin derivingthe model,no attemptwasmadeto producethis result.
Shownassymboldn PanelB] arethe CFFscalculatedisingthe modelandbest-fittingparam-
etersfor eachobserverTheindividual CFFpredictionsarealsoconsistenwith the Ferry-Por-
ter law.

Panel4C] and[D] of Fig 11 showthe modelpredictionsfor aperiodicstimuli. Although
themodelwasdevelopedo explaindatain thefrequencydomain,its time domainrepresenta-
tion, whichis givenin Equation(B) in S1Appendix,canbeusedto predictthe visualresponse
to anystimuli. For examplewecancalculateghe responséo brief flasheverarangeof mean
light levelsln orderto extractameasuref visualsensitivityfrom theseresponsesyefollow
Roufs[46] in assuminghataflashwill bedetectedf the peakresponsexceedsomecritical
thresholdthat doesnot dependon the meanlight level.Flashsensitivitywill thenbepropor-
tional to the peakof theimpulseresponseor equivalenthflashthresholdwill beinverselypro-
portional to the peakresponseWhile Roufsassumedhat the samethresholdappliesto
flickering andflashedstimuli, we do not. For examplean above-thresholdickering light at
10Hz will exceedhis hypotheticathreshold10timeseverysecondor 20if incrementsand
decrementaredetectibleand havethe samethreshold) whereasn above-threshol@ashwill
exceedt only once,soanyprobability summation[28] mayreducetheflicker detection
thresholdrelativeto theflashthreshold Accordingly,the units of our implied thresholdsare
somewhagrbitrary astheydependon the unknown strengthand duration of probability sum-
mation for eachobserver.

Substitutingthe parametergrom theindividual fits to the observedr CSFsnto theimpulse
responsdunction of Equation(B) in S1Appendix,wereconstructedlashresponsefor differ-
entmeanluminancesandextractedhe heightof the peak. Theseéhavebeenplottedasthresh-
old versusntensity (TVI) functionson adoublelogarithmicscalén Panel[C] of Fig12
(colouredsymbols) Note that thresholdsfor eachobservemwerenormalised(vertically
aligned)to accountfor potentialdifferencesetweertheflicker andflashsensitivitiesWe also
usedthe standardmnodelfunctionsto estimatelashthresholdsasafunction of mean
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luminancebetweerf.5and5.5log;gtrolandsin 0.5log; o unit stepgwhite circlesin Panel
[C]). We havealsoplottedasthe solidred line StilesTVI template(from TableA in [83]) on
thesamescaleandthe agreements remarkablygood.Themodelalsocapturegwo well-
known psychophysicdaws/first, the thresholdincrease# proportion to the backgroundat
highlight levelgyWeber'saw),andsecondatlow levelghresholdincreasesoughlyasthe
square-roobf the backgroundthe de Vries-Rosdaw). The modelsuggestthat Weber'daw
is followedat high light leveldargelydueto bleachingandotherfrequency-indepedentgain
changeswhilethe deVries-Rosdaw occursbecausef increasingemporalsummationat pro-
gressivelyjowerlevelsNote,neitherquantalfluctuationsnor square-roogainchangeshoth
of which havebeeninvokedto explainthe de Vries-Rosdaw, haveanyplacein our model.
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Additionally, we canusethe derivedimpulseresponseto predictthe peakresponsé¢o
flasheof differentdurationson backgroundof differentintensities Measuredhresholds
decreas@ proportion to flashduration for shortdurations(temporalsummation,alsoknown
asBloch'slaw) but thresholdlateauat a constantvaluefor long durations[17,84]. Theflash
duration atwhichthresholdgransitionfrom Bloch'slawto a constantvalueis known asthe
critical duration andhasbeenshownto decreas#vith increaseduminance.The predictionsof
our modelfor flashdurationsof 1 msto 1 sandluminancesof 0.5to 5.5log; o trolandsare
shownin PanelD] of Fig 11.Thesecurveshaveall beennormalisedrelativeto the smallest
amplitudethreshold(for long flasheon dim backgrounds)Thepredictionscanbeseerno
agreewith Bloch'slawat shortdurationsandplateauatlongerdurations.Thresholdsncrease
with increasinduminance.Thecritical durationincrease$rom about110msin dim light to
about40msin bright light (yellowcircles).

High-frequency exponential loss of sensitivity

Thenextissueweaddresss how asystenmadeup of our LP-stagesanproducean exponen-
tial sensitivitylossat high-frequenciegventhoughthe expectecdasymptotidossat high-fre-
quenciedor acascadef n LP-stagesf " (i.e.,not exponentiabut apowerlawandhavinga
slopeof -n on doublelogarithmicco-ordinates).

PanelA] of Fig 12showshelogarithmof theamplituderesponsef oneLP-stagebasingle
leakyintegrator(creamsolidline)Pas afunction of frequency(linear scale) The singlestage
hasacornerfrequencyof f, markedby the verticalblackline. Pane[B] showgshe same
respons®n alogarithmicfrequencyaxis.In both case$requencyisindicatedin multiplesof
f.. Aboveabout3.74f (wheref >> f.) theresponsef asingleLP-stagen thelog-logcoordi-
natesof PanelB] approacheanasymptotidine (red dashedine) with aslopeof -1 deter-
mined by a powerlawwith exponentlbthe valueof » in the caseof asingleLP stageThat
line in the log-linearcoordinatesof Panel[A],producesafunction thatbecomeshallower
with increasingrequencyThered shadedegionsin Panel§A] and[B] showwherethe
power-lawapproximationis agoodfit to the LP responsetHow canasystenmadeup of LP-
stagesthen,havethe exponentiahigh-frequencycharacteristicef the datain Figs2+6,which
arelinearin log-linearcoordinatef Pane[A] andfollow the dashedlackline?The explana-
tion is simplythatthe responsef asingleLP-stagepproximates anexponentiablecay(and
thusastraightline in Pane[A]) overtherangeof frequenciesestrictedto lie betweerabout
0.36fand 1.92f, asshownby the green-shadedegions.This argumentappliesequallyto cas-
cadesf multiple LP-stagebut producesasteepeslope (A mathematicakxplanationinvolv-
ing a Taylor'sexpansioraroundf, is providedin S1Appendix.)Theintroduction of
subtractivanhibition shiftsthe rangeof approximatelyexponentialossto slightlyhigherfre-
gquenciesandslightlyreduceghe exponentiaklopeof the decline seeS1Appendix.

In conclusionour analysishowshatthe responsef system®f LP-stageapproximates
anexponentiafunction overmuchof the mid-frequencyrange At higherfrequenciesasindi-
catedbytheredregionsin Fig 12,responsewould more closelyapproximatea powerlaw, but
thesdrequenciesreabovetheflicker fusionlimit andarethereforeinvisiblebflicker cannot
beseenandflicker sensitivitycannotbedirectly measured.

Theexponentiadeclinein sensitivitywith frequencydemonstratedy our modelis consis-
tentwith the empiricaldata,butit is not afeaturethatis uniqueto our model.Any modelbuilt
from cascadesf several P-stageproducesapproximatelyexponentiafunctionsoverfre-
guencyrangeshatdependon the numberof stagesndtheir speedsAnother,andmathemat-
ically simpler,wayof ensuringan exponentiadeclinewould befit afrequencyresponsehat
truly is, or tendstowards,an exponentiafunction athigh frequencie$24, 38,85], but weare
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unawareof any physically-plausiblenotivationfor suchamodel.Indeed,Kelly haspointed
outthatastrictadherencéo anexponentiafrequencyesponsavould produceanon-causal
impulseresponsg86]. One other significant,physicallymotivated clasof modelsthathas
beenproposedo accountfor TCSFdatais basedn solutionsto diffusion equationd43, 86,
87].Predictionsof thesemodelswhenlog, o sensitivityis plotted againstinear frequencydo
not producestraightlinesbut alsohavealargenegativeaccelerationywhichisinconsistent
with mostTCSFdata.

Relation between corner frequency and the high-frequency slope

For eachTCSFwecarriedout two fits. First,wefound the slopesgivenin TableA, that best
fit the exponentiallyfalling high-frequencysensitivitiesat eachlight level.Secondyeapplied
thenewmodelandfound the best-fittingcornerfrequenciesndoverallgainsgivenin TableB
in S1Appendix.In this sectionweconsiderthe relationbetweerthe high-frequencyslopes
andthe cornerfrequenciesor thosemeanintensitylevelghat canbeassumedo becone-
mediated Fig 13showsthe best-fittinghigh-frequencyslopegin Hz perlog; o unit of sensitiv-
ity) againsthe best-fittingcornerfrequency(Hz). Theerror barsshow+1 standarderror of
thefitted parameterThediscrepantaluesor DHK werenot included.Theblueline shows
thelinearregressiorandthe 95%confidencanterval of thefit liesbetweerthedasheded
lines.Thebestfitting line hasaslopeof-1.03+0.07.

It isimmediatelyobviousin Fig 13thatthe exponentiahigh-frequencyslopesandcorner
frequenciesrealmostexacthflinearlyrelated.This simplerelationmeanghat a quick and effi-
cientestimateof the speef the visualsystemat anymeanretinalilluminancecanbedeter-
mined from the high-frequencyslopeof the TCSFoy measuringwo or threecontrast
thresholdqat mid to high frequenciesandusingFig 13to estimatehe correspondingcorner
frequencyandhencethetime constantr. Suchanabbreviatednethodis likely to beespecially
usefulin clinical or screeningcontextsvheretime is limited.

Summary

We proposea simplemodelof humanlight adaptatiorthat combinesafrequency-indepen-
dentgaincontrol, acascadef LP-filtersandtwo stage®f subtractivanhibition with justtwo
intensity-dependenparametersonethat controlstogetherthe cornerfrequenciegor time
constantspf six of the eightLP-filters,and asecondhat controlsthe frequency-independent
gainathigherlight levelsThe modelaccountdor TCSFdatacollectedoverthe past65years,
including low-frequencyattenuation the exponentiafall in high-frequencysensitivity and
the adaptation-dependergensitivitychangest both low and high frequencies.

Themodelis agnosticasto thelocationandsequencef its elementsn thevisualpathway.
However following areviewof the availablegphysiologicatlatawe havetentativelyplacedhe
modelelementsat specifidocationswithin the pathway.

Asweshow,the modelcanbeeasilyextendedo aperiodicaswell periodic (flickering) sti-
muli. Our nextgoalwill beto testanddevelophe modelby applyingit to newperiodicand
aperiodicdatacollectedn the sameobservers.

Detailsof the modelcanbeeasilymodified to accommodat@ewpsychophysicand physi-
ologicaldataastheybecomeavailable.

Supporting information

S1 Appendix. Justification for data excluded because of rod intrusion. Time-domainrepre-
sentationof the model.Analysisof exponentiafrequencyresponseWhy leakyintegrators
might havesimilar cornerfrequencieskEffectof subtractivenhibition on exponential
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frequencyresponseHigh-frequencylinearity andlow frequencyWeber'daw.Also, TableA:
Best-fittinghigh-frequencyexponentiaklopesand TableB: Best-fittingmodelparameters.
(PDF)

S1 Dataset. Historical datasets plotted in Figs 2-6 and used to develop the model.
(XLSX)
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