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General Abstract 

Purpose: Application of adaptive optics to vision science creates the potential to probe 

the link between the retinal mosaic and visual perception. However, cellular level 

interrogation requires small, threshold stimuli and an implicit detection model. 

Unfortunately the parameters governing detection at cone threshold are not well known. 

For insight into detection and perception at the cellular level we investigated the absolute 

detection threshold, and the extent and strategy of spatial summation in the dark-adapted 

fovea. Appearance reports were also monitored to investigate the relationship between 

detection and perception.  

Methods: 1) Absolute thresholds for small (~1' full width at half maximum – FWHM, 

and 27' diameter), brief (34 ms), monochromatic (550 and 490 nm) spot stimuli were 

measured and compared for cone (fovea) and rod (11° eccentricity) vision using rating 

scale and 2-alternative, forced-choice paradigms. 2) To investigate the potential for 

combined measures, thresholds and color appearance were measured in isolation or 

simultaneously for brief, foveal, monochromatic (580 nm) point stimuli. 3) To determine 

if the detection strategy is optimally tailored to match stimulus size, thresholds and color 

appearance were measured with different size monochromatic (550 nm) foveal stimuli 

presented either in blocks or randomly intermixed. 4) To constrain the spatial summation 

extent and strategy, and determine the impact of foveal mosaic granularity on detection, 

thresholds and color appearance as a function of stimulus size were measured with 

adaptive optics corrected stimuli. 
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Results: 1) Cone thresholds with lenient detection criteria were on average 203 ± 38 

photons at the cornea, and ~0.47 log units lower than previously reported. Unlike rod 

thresholds, cone thresholds were less responsive to lenient detection criteria and were 

therefore not solely limited by Poisson noise, but rather also limited by uncertainty. 2) 

Detection was not significantly impacted by color reports, and color reports were not 

significantly different whether or not detection certainty was also reported. Thresholds 

were actually lower for most subjects when simultaneously reporting detection certainty 

and appearance, suggesting color appearance information is informative to stimulus 

presence at threshold. 3) Thresholds and color reports were not significantly different 

between the blocked and intermixed conditions, suggesting a similar detection strategy 

was used whether or not a priori stimulus size information was available. Comparison of 

psychophysical results to detection model results suggested two possible detection 

strategies: complete spatial summation within ~8-14' diameter fixed-sized units or 

independent combination across multiple-sized units. The latter was more consistent with 

appearance reports for small stimuli. 4) Results with adaptive optics stimuli revealed 

cone mosaic granularity did not negatively impact detection of stimuli at least one cone 

diameter FWHM. Comparison of area-threshold behavior to detection model results 

suggested detection is mediated by multiple-sized units up to 4-10ꞌ in diameter rather than 

a single size unit. 

Conclusions: Comparison of independent and simultaneous measurements of color 

appearance and detection certainty suggest color appearance is informative to stimulus 

presence at threshold, and color and detection can be simultaneously measured without 

either being negatively impacted. Thus models developed to describe appearance can 
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incorporate typical cone detection parameters. However, unlike rod thresholds, limited 

cone threshold response to lenient detection criteria suggests cone thresholds are not 

limited solely by Poisson noise and cannot be described or modeled as such. Appearance 

and detection results as a function of stimulus size indicate subjects do not use optimal, 

stimulus-matching spatial summation at detection threshold; nor are they limited to using 

independent cones, as is often assumed. Investigations with adaptive optics stimuli 

indicate that in the central fovea the retinal mosaic granularity does not negatively impact 

detection, and that detection is mediated by multiple-sized summation units up to at least 

~4-10' in diameter. A minimum summation extent of ~ 2-3 cones cannot be ruled out 

given the relative stimulus sizes used. 
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Chapter 1 - General Introduction  
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1.1 Visual information and the photoreceptor mosaic 

Due to the limits of the human eye as an imaging and image encoding system there 

exists the potential for visual spatial information loss and, consequently, for limits to 

accurate reconstruction of the visual percept. For example, in the fovea the arrangement 

and density of the cone photoreceptors is known to limit resolution by determining how 

uniformly and frequently the cones sample the retinal image (Curcio and Sloan, 1992; 

Hirsch and Miller, 1987; Hirsch and Curcio, 1989; Snyder and Miller, 1977; Williams, 

1983). Figure 1.1 illustrates adequate sampling and undersampling at the photoreceptor 

layer (black circular patches), yielding in the first case an accurate representation of the 

underlying sinusoidal pattern (top) and in the second case a distorted or aliased 

representation (bottom). For the typical eye, imperfect optics mitigate the impact of 

aliasing by blurring out image content that is higher in spatial frequency than can be 

adequately sampled at the retina (Campbell and Green, 1965). However, it is not known 

if cone vision is otherwise optimal given these limitations, where optimality refers to the 

most efficient manner of detection, and the manner most likely to yield the lowest 

detection threshold in the face of the limitations imposed by the eye’s optics, retinal 

mosaic arrangement, and neural constraints. As we seek to correct and improve upon the 

eye’s natural optics (so called ‘super vision’ or ‘super acuity’; Applegate, 2000; 

Applegate, Thibos, and Hilmantel, 2001; Charman and Chateau, 2003; Thibos, 2000; 

Williams, Yoon, Porter, Guirao, Hofer, and Cox, 2000) it becomes all the more important 

to understand the impact of spatial information loss at the retina and perception in the 

face of such loss. 
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Figure 1.1. Sampling by the photoreceptor mosaic. Top) The circular patch represents sampling at of a 
sinusoidally varying light pattern at a frequency greater than at least two times the spatial frequency of the 
pattern, i.e. greater than the Nyquist sampling limit. Bottom) The sampling frequency of the same 
photoreceptors is less than the Nyquist sampling limit, resulting in an irregular, aliased image with lower 
spatial frequency detail. (From the illustrations of D. R. Williams and Y. Yamauchi). 

 

 

 

 

 

Impact of sampling by the photoreceptor mosaic
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1.2 The trichromatic mosaic 

Loss of spatial information is further compounded in trichromatic vision, because 

sampling at the retina is not by just one cone type, but by three spatially interleaved cone 

types (short, medium and long wavelength sensitive; as shown in Figure 1.2) with unique 

but overlapping spectral sensitivities (Young, 1802; Roorda and Williams, 1999; Hofer, 

Carroll, Neitz, Neitz and Williams, 2005). Trichromatic color vision requires comparing 

the responses of all three cone types, yet only one type is present at any retinal location. 

At large scales relative to the individual photoreceptors color is adequately sampled by 

all three cone types, however at fine scales interleaved sampling by a single layer of 

photoreceptor submosaics contributes to a necessary ambiguity between the spatial and 

chromatic information encoded in the retinal mosaic (Williams, 1990; Williams, 

Sekiguchi, Haake, Brainard and Packer, 1991). Brewster’s colors, colored patterns seen 

with high frequency black and white spatial patterns (Brewster, 1832), are argued to be a 

subtle and fleeting example of chromatic aliasing due to the trichromatic mosaic 

(Williams, 1991; and see Figure 1.3).  A second example of spatio-chromatic ambiguity 

is the reported variability in color appearance for small stimuli as varying clusters of 

cones are excited on each presentation (Holmgren, 1884; Bouman and Walraven, 1957; 

Krauskopf, 1964; Ingling, Scheibner and Boynton, 1970; Hofer, Singer and Williams, 

2005; as shown in Figure 1.2). Surprisingly, this ambiguity has been found to be 

relatively inconsequential in everyday visual experience (Williams, 1990), despite the 

fact that it is not eliminated by blurring by the eye’s optics, and is potentially exacerbated 

by the non-uniform arrangement of the three cone types (e.g. see Roorda and Williams, 

1999; Roorda, Metha, Lennie and Williams, 2001; Hofer, Carroll, Neitz, Neitz and 



5 
 

Williams, 2005 for reports on the variability of the cone mosaic among even normal 

trichromatic observers). 

 

 

Figure 1.2. Sampling in the normal trichromatic retina is by three interleaved cone types, short (S), medium 
(M) and long (L) wavelength sensitive (shown in top image as blue, green, and red colored photoreceptors, 
respectively) with unique but overlapping spectral sensitivities (bottom). The color appearance of tiny stimuli, 
such as the yellow star, will fluctuate depending on the retinal location and the ensemble of adjacent cone 
types contributing to appearance. Mosaic image from Hofer, Singer and Williams (2005). 

 

LRodS M

Characteristics and consequences of sampling by the 
trichromatic photoreceptor mosaic



6 
 

 

Figure 1.3. Top) Brewster’s colors, colored patterns seen with high frequency black and white spatial 
patterns (Brewster, 1832), are argued to be a subtle and fleeting example of chromatic aliasing due to the 
trichromatic mosaic (Williams, 1991). As an example, when viewed from a distance of about 40 cm the 
reader may notice in the high-frequency, black-and-white image subtle variations in or patches of faint 
colors. Bottom) Despite its subtle nature in human vision the same phenomenon can be created by some 
cameras that have a single layer of interleaved red, green, and blue sensors (left from Williams,  
Sekiguchi, & Brainard, 1993; right from Brainard, Williams, & Hofer, 2008). 

Consequences of sampling by the trichromatic mosaic: 

Spatio-chromatic aliasing and Brewster’s colors
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1.3 Investigating the impact of the photoreceptor mosaic 

The visual system’s strategy for resolving this spatial and chromatic ambiguity and 

for reconstructing a percept from individual cone inputs can be investigated using tiny 

visual stimuli that are designed to elicit responses from individual cones.  As the optics of 

the eye typically impose a limit to creating such stimuli, it is necessary that the optics 

first be bypassed or corrected. For example, interference fringes, created using laser 

interferometry, are immune to most optical blurring in the eye (Saleh, 1982), and have 

been used since at least Le Grande (1935) to measure visual resolution and contrast 

sensitivity at the photoreceptor level (as discussed in Williams, 1985). However 

interference patterns at the retina are relatively large and fail to isolate the responses of 

individual cones. More recently adaptive optics has been used to compensate for the 

eye’s optical aberrations (Liang, 1997). Figure 1.3 shows the general premise behind 

adaptive optics correction (the Houston Adaptive Optics and Imaging System is 

described specifically in Chapter 4, section 4.6.2), where the wavefront aberrations of the 

eye are measured by a Shack-Hartmann wavefront sensor (Liang, 1994) and iteratively 

corrected with a deformable mirror. Adaptive optics allows for imaging of the retina at 

the cellular level and for the creation of stimuli approaching the scale of individual 

photoreceptors. In combination, adaptive optics imaging and psychophysics can be used 

to probe visual function at the cellular level (e.g., Arathorn, Yang, Vogel, Zhang, 

Tiruveedhula, & Roorda, 2007; Hofer, Singer, & Williams, 2005; Makous, Carroll, 

Wolfing, Lin, Christie, & Williams, 2006; Poonja, Patel, Henry, & Roorda, 2005; 

Putnam, Hofer, Doble, Chen, Carroll, & Williams, 2005; Rossi & Roorda, 2010; 



8 
 

Sinchich, Zhang, Tiruveedhula, Horton, & Roorda, 2009), with the potential to shed light 

on the underlying mechanisms.  

 

Figure 1.4. The basic principles of adaptive optics. A) The wavefront exiting the eye carries the aberrations 
of the eye, which are iteratively characterized and measured at the wavefront sensor and corrected at the 
deformable mirror. B) Without adaptive optics the image of a point of light passing through the eye’s optics 
(PSF) is limited by the aberrations of the eye for larger pupils (top row), however the PSF is more nearly 
diffraction limited with adaptive optics (bottom row). C) A cross section of the same point stimulus through 
either a 2 mm pupil without adaptive optics (1), or a 6 mm pupil with adaptive optics (2) reveals that in the 
latter case the point image can be made about half as wide, and at the full width at half maximum 
approaches the size of a single photoreceptor at the fovea (~0.5 arcmin). 

 

Wavefront
sensor

Data 
processor

Mirror 
driver

distorted wavefront

corrected 
wavefront

beam 
splitter

stimulus display 
at image plane

2 mm 4 mm 6 mm

2 mm 4 mm 6 mm

W
it

h
o

u
t 

ad
ap

ti
ve

 o
p

ti
cs

W
it

h
 

ad
ap

ti
ve

 o
p

ti
cs

0.0

0.2

0.4

0.6

0.8

1.0

0.0 1.0 2.0 3.0 4.0

arcmin

re
la

ti
ve

 li
gh

t 
d

is
tr

ib
u

ti
o

n
1) 2 mm without 

adaptive optics

2) 6 mm with 
adaptive optics

1

2

A.

B. C.

deformable 
mirror



9 
 

Although adaptive optics can create photoreceptor size stimuli, threshold intensity 

levels are required to produce stimuli effectively small enough to probe individual cones 

(to reduce the visibility of the tails of the light distribution, e.g. Figure 1.3C). For this 

reason, models developed to explain stimulus appearance at threshold (e.g., see Brainard, 

Williams and Hofer, 2008; see also Krauskopf, 1978 and Otake, Gowdy and Cicerone, 

2000 for related work with conventionally displayed small stimuli) require an implicit 

detection model, so that only seen stimuli and contributing receptor responses are 

considered. To shed some light on the characteristics of detection and appearance at 

threshold the goals of my dissertation are two-fold: 1) to determine an accurate model of 

detection in the dark adapted fovea by investigating some fundamental properties of the 

detection strategy, and 2) to add to the understanding of how color percepts are 

reconstructed from cone signals by measuring color appearance along with detection 

threshold as a function of stimulus size. 

 

1.4. Fundamental parameters for understanding and modeling both detection and 

appearance in the dark-adapted fovea 

To accurately predict threshold performance in the dark-adapted fovea, models of 

detection must incorporate many parameters including the minimum amount of light 

energy necessary for detection (i.e. absolute sensitivity), the time and duration over 

which signal-relevant information may be confused with intrinsic visual noise during 

detection (i.e. spatial and temporal summation, and spatial and temporal uncertainty when 

the exact location and timing of the stimulus are not known), the amount and quality of 

noise impeding detection, and the fraction of photons incident at the cornea contributing 
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to detection and perception (i.e. quantum efficiency). Uncertainty about many of these 

factors limits prediction of threshold performance, and estimation of factors such as the 

signal-to-noise ratio (the extent to which signal must exceed noise for detection) from 

these parameters. The amount of intrinsic noise at detection threshold can be estimated 

from psychophysical measures of the absolute sensitivity and spatial summation as a 

function of stimulus size; where the former measure provides an estimate of the 

minimum signal required for detection, the latter provides an estimate of the number of 

noisy photoreceptors participating in detection, and combined they offer an estimate of 

the signal-to-noise ratio. Unfortunately, neither absolute sensitivity nor the extent and 

strategy for spatial summation are well known for cone vision at absolute threshold, and 

because of their interrelatedness over or underestimations of any one parameter can lead 

to poor estimation of other parameters. 

Although the minimum light energy necessary for detection in cone vision (absolute 

threshold) is one of the fundamental factors necessary for building an accurate model of 

detection, many of the previous measurements of absolute cone threshold (e.g. Dillon and 

Zegers, 1958; Marriott, 1963; Vimal, Pokorny, Shevell and Smith, 1989; Wesner, 

Pokorny, Shevell and Smith, 1991) were likely overestimates due either to suboptimal 

conditions (e.g. undefined retinal image quality of the stimulus, inappropriate state of 

light adaptation, and overly complex task demands) or to encouragement and use of 

overly strict detection criteria. Of these investigators, Marriott (1963) likely used the 

most favorable conditions (as reviewed in Donner, 1992), but unfortunately instructed his 

subjects to use very strict response criteria as part of a simple ‘yes-no’ reporting method. 

Using a rating scale method Sakitt (1972) has shown that rod thresholds could be reduced 
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well below those obtained with the typical ‘’yes-no’ report method (e.g. as used in the 

work of Hecht, Shlaer and Pirenne, 1942). Sakitt’s results implied increasing access to 

stimulus relevant information with increasingly lenient response criteria consistent with 

an effective Poisson noise limit to detection (Donner, 1992; Sakitt, 1972), where Poisson 

noise refers to quantal fluctuations in the number of signal induced or noise events at 

threshold (e.g. light induced or spontaneous isomerizations). 

In Chapter 2 of this dissertation we investigate whether absolute cone thresholds, like 

absolute rod thresholds, are modifiable by changing the detection criterion. As in Sakitt’s 

experiments we used a rating scale reporting method. We found that by allowing subjects 

to use more lenient detection criteria thresholds could be reduced ≳ 0.4 log units, or by 

~2/3
rd

 compared to Marriott (1963). After analyzing our results in the Receiver Operating 

Characteristic framework, and comparing thresholds as a function of criterion to a simple 

statistical model of detection assuming Poisson distributions for both the signal and noise 

(as described in the appendix), we found that cone thresholds were not noise limited, but 

were instead consistent with a model where uncertainty (i.e. the inability to perfectly use 

spatial and temporal information about the stimulus to optimize detection) and/or 

nonlinear transduction limit detection. Finally, we estimated the intrinsic noise in cone 

vision from our measurement of absolute sensitivity by assuming either of two commonly 

used detection strategies, complete summation over the exact extent of the stimulus and 

independent cone contributions to detection (i.e. no summation), and by incorporating 

into our estimates the average nonlinear limit to absolute threshold (i.e. spatial 

uncertainty). To improve the accuracy of our model of detection and our estimates of the 

amount of intrinsic noise impeding detection it is still necessary to determine the strategy 
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and extent of spatial summation in the dark adapted fovea, so that only participating 

cones are considered in our estimates (see for example Figure 1.4).  

 

 

Figure 1.5. For tiny point stimuli in the dark adapted fovea, for example with a full width at half maximum of a 
single cone (~0.5 arcmin), it is not known how many cones actually participate in detection. It is possible that 
only the cone with the greatest response determines detection (independent cones with no summation), or 
that responses from neighboring cones within some range are summed (nearest neighbors only, dashed 
circle; or over a fixed diameter of ~3.5 arcmin or ~6-12 cones as suggested by previous investigators such 
as Davila and Geisler (1991), solid line circle. 

 

Two summation strategies that lead to very different interpretations of detection 

performance and expectations of appearance at detection threshold are often used when 

modeling detection: independent cone contributions to detection (Krauskopf, 1978; 

Cicerone & Nerger, 1989; Vimal, Pokorny, Smith & Shevell, 1989; Wesner, Pokorny, 

Shevell & Smith, 1991), and stimulus-matched summation (i.e. optimal summation over 

the extent of the stimulus; Hay & Chesters, 1977; Geisler, 1989; Davila & Geisler, 1991; 

Donner, 1992). In the first case there is no summation across cones and appearance on 

average (and the variability across a number of trials) is expected to be very similar 

regardless of stimulus size when detection is driven by independent cone contributions. 

The strategy and extent of spatial summation in the 
dark adapted fovea remain only loosely constrained
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The second case, stimulus-matched summation, is contingent upon the presence of and 

ability to use a priori information about stimulus size, and can be investigated by 

comparing detection thresholds as a function of size measured when size information is 

or is not available. For this reason we next set out to measure detection thresholds and 

color appearance for stimuli of multiple sizes presented either in blocks (stimulus size 

information is available) or intermixed (stimulus size information is unavailable); where 

color appearance measures are expected to further support conclusions about summation. 

For example, Krauskopf (1978) derived an independent cone model of detection that 

predicts that stimuli of different sizes will appear similar on up to 70% of all seen trials 

(at the 50% seeing level we use to establish threshold). Further, if detection is driven by 

independent cone contributions (a strategy that is not contingent upon stimulus size), then 

appearance is also expected to be the same whether multiple stimulus sizes are presented 

in blocks or interleaved. We can use these appearance predictions to bolster our 

summation conclusions, but we must first determine whether color appearance and 

detection can be measured simultaneously without negatively impacting either measure. 

Simultaneous judgments of detection and color appearance would address both aims 

of my dissertation, and allow for more direct assessment of the link between appearance 

and strength of the visual signal (i.e. Poisson fluctuations in stimulus intensity make it 

unlikely that appearance varies directly with nominal stimulus strength), potentially more 

tightly constraining models of the image reconstruction process. In prior studies of color 

appearance at detection threshold (e.g. King-Smith and Carden, 1976; Mullen and 

Kulikowski, 1990; Lee, Sun and Valberg, 2011) it has been assumed that neither the 

subject’s sensitivity nor detection strategy are compromised when a subject’s main goal 
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is not just to detect a stimulus, but to also note and report some aspect of its appearance. 

However subjects many not be able to use fully independent strategies for detection and 

discrimination or identification, i.e. as Klein (1985) notes, the optimal strategy for 

identification may not be optimal for detection. In Chapter 3 we directly test the 

hypothesis that subjects can report one or more attributes of threshold stimuli (e.g. color 

appearance, apparent size) without compromising detectability. 

In the simultaneous reporting paradigm a reduction in detection sensitivity when 

reporting more than one stimulus attribute may occur if subjects find registering, 

remembering, and reporting multiple attributes more difficult than independently 

reporting any single attribute. Similarly, appearance reports may be altered if subjects 

have difficulty attending to, and recalling, appearance when also tasked with assessing 

and reporting detection certainty. When comparing thresholds in a simple detection-only 

task to those of a color-reporting task we found that reporting color appearance did not 

elevate detection threshold, indicating that the task of attending to and reporting color 

appearance does not reduce sensitivity or otherwise impair detection. We also found that 

simultaneously reporting both color appearance and detection certainty did not elevate 

threshold, demonstrating that detection performance is not compromised when subjects 

are required to report both color appearance and detection certainty and that these 

stimulus attributes do not recruit competing attentional resources (Morrone, Denti and 

Spinelli, 2004; Duncan and Nimm-Smith, 1996). Interestingly, we found that detection 

thresholds in the simultaneous response condition were actually lower for three of our 

four subjects, indicating that color appearance is informative to the presence of the 

stimulus at absolute threshold but is not necessarily used in the simple detection task. 
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Based on these findings of noninterference we incorporate the simultaneous reporting 

method in the remainder of our investigations of detection threshold and color appearance 

as a function stimulus size. 

Before we can make full use of the simultaneous detection and color reporting 

method to measure detection thresholds and color appearance for different stimulus sizes 

we must first address another methodological issue. As mentioned in section 1.3 above, 

we will be incorporating adaptive optics into our experimental paradigm to overcome the 

limits of the eye’s optics, and use even smaller stimuli than are possible with 

conventional optics.  However, dynamic correction of optical aberrations with adaptive 

optics requires a wavefront sensing beacon. Unfortunately, even with a long wavelength, 

near infrared light (typically ~840 nm) the beacon remains visible as a reddish point in 

the field of view. Jameson and Hurvich (1967) have suggested that colored fixation 

targets can bias color reporting of relatively large, monochromatic stimuli. In Chapter 4 

we investigate the potential for color bias of small stimuli with the salient, long 

wavelength wavefront sensing beacon. We report the findings of Hofer, Blaschke, Patolia 

and Koenig (2012) that color naming is biased when a long wavelength wavefront 

sensing beacon (840 nm) is visible and salient in the visual field.  

After characterizing the impact of the wavefront beacon on color appearance reports 

we continue in Chapter 4 with investigations to determine a method of combining 

adaptive optics correction and color appearance studies without the negative impact of 

the color appearance bias. We found that using an even longer wavelength beacon (980 

nm), to which the eye is even less sensitive, did not eliminate color bias, even when the 

beacon was rendered invisible by co-localizing it with one dot of a two dot, broadband 
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white light fixation target (subjects fixated between the two dots). However, it was 

subsequently found that using a shutter to limit on each trial the duration of the beacon 

exposure to the moment of wavefront sensing (preceding stimulus presentation) did 

effectively eliminate the bias on color reporting. We incorporate this co-localizing and 

shuttering technique into our subsequent investigations of spatial summation and color 

appearance with adaptive optics stimuli.  

With the validity of the simultaneous reporting method of reporting detection 

certainty and color appearance confirmed, and with a method of combining adaptive 

optics correction and color appearance reports without hue bias, we turn in Chapters 5 

and 6 to investigating the strategy and extent for spatial summation in the dark adapted 

fovea. In Chapter 5 we ask whether subjects can optimize detection in the dark adapted 

fovea by tailoring their detection strategy to match expected stimulus size. Because this 

optimal strategy is contingent upon knowing and using a priori stimulus size information, 

we compared detection thresholds and color appearance results for multiple stimulus 

sizes presented either in blocks (stimulus size information available) or randomly 

intermixed (stimulus size information unavailable). Both detection thresholds and color 

appearance are expected to be different in the two conditions if subjects can use a priori 

information about stimulus size. More specifically, detection thresholds are expected to 

be lower when stimuli are presented in blocks if subjects use size information to sum 

over the exact extent of the stimulus (effectively excluding extraneous noise). On average 

across subjects thresholds at each stimulus size were not significantly different between 

conditions, suggesting that subjects used similar detection strategies whether or not 

stimulus size information was available. Comparison of results to various models of 
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detection indicated that results were also not consistent with independent cone 

contributions to detection. Results were broadly consistent with either a fixed area of 

summation ~8-14' in diameter or independent signal combination across multiple size 

detection units within a fixed region of spatial uncertainty (Koenig & Hofer, OSA-Fall 

Vision Meeting 2011). 

Previous estimates of the area of complete spatial summation in the dark adapted 

fovea (e.g. Davila and Geisler, 1991; Glezer, 1965; Lie, 1981) provided only an upper 

bound due to the limits imposed by the optics of the eye. To address this limitation we 

measure and report in Chapter 6 dark-adapted foveal cone detection thresholds as a 

function of stimulus size with optical aberrations corrected and stimuli approaching the 

size of individual photoreceptors. The estimated diameter of the stimuli at the retina 

ranged from 0.5' to 9.9' at the full width half maximum where, for example, estimates of 

foveal cone diameters ranged from ~0.3' to ~0.6' in Curcio et al.’s (1990) histological 

data. Monte Carlo simulations of detection incorporating realistic cone locations and 

aperture functions (as described in Appendix C) suggested that changes in psychometric 

function slope and threshold due to the variability in light absorption and the granularity 

of the foveal cone mosaic at this scale were not expected for stimuli with full width half 

maximum larger than about one cone diameter.  

In the adaptive optics spatial summation study reported in Chapter 6 our main goal 

was to distinguish between the two summation strategies suggested by our conventional 

optics spatial summation study (Chapter 5): complete summation within a fixed-size area 

8-14' in diameter or independent combination across multiple-sized units. For our 

subjects area-threshold results were not consistent with complete spatial summation over 
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an area any larger than ~2-3 cones. Detection data for stimuli up to ~4'-10' in diameter 

were consistent with a strategy where signals independently combine across summation 

units of multiple sizes within a larger fixed zone of spatial uncertainty. Data for stimuli 

larger than ~4'-10' favored a strategy of independent combination across units 4'-10' in 

diameter within a larger zone of spatial uncertainty. Taken together, data for stimuli 

smaller and larger than ~4'-10' suggest the presence of multiple sized detection units, the 

largest of which does not exceed ~4'-10'. The potential for multiple-sized detection units 

for simple luminance increments is discussed in relation to previously reported findings 

of multiple channel contributions to contrast detection and discrimination of periodic and 

aperiodic stimuli (e.g. Campbell & Robson, 1968; Blakemore & Campbell, 1969; 

Graham & Nachmias, 1971; Sachs, Nachmias & Robson, 1971). Finally, the appendices 

can be referred to for detailed descriptions of the analytic and Monte Carlo models used 

to evaluate potential detection strategies, including the multiple-sized unit strategy. 
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Chapter 2 - The Absolute Threshold of Cone Vision 

Reprinted with modifications from: Koenig DE, Hofer HJ (2011). The absolute threshold 

of cone vision. Journal of Vision, 11(1):21, 1-24. 
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2.1. Introduction 

2.1.1. The absolute threshold of cone vision revisited 

The absolute threshold of cone vision, or the minimum light energy required to just 

detect a visual stimulus with cone photoreceptors, is fundamentally important for 

understanding and modeling the earliest stages of photopic vision. However, prior 

measurements have likely yielded overestimates due to suboptimal testing conditions or 

the use of overly strict subjective response criteria. Adaptive optics now allows 

psychophysical and physiological experiments with the potential to probe detection and 

perception at the scale of individual retinal cones (see for example Arathorn, Yang, 

Vogel, Zhang, Tiruveedhula, & Roorda, 2007; Hofer, Singer, & Williams, 2005; Makous, 

Carroll, Wolfing, Lin, Christie, & Williams, 2006; Poonja, Patel, Henry, & Roorda, 2005; 

Putnam, Hofer, Doble, Chen, Carroll, & Williams, 2005; Rossi & Roorda, 2010; 

Sinchich, Zhang, Tiruveedhula, Horton, & Roorda, 2009). Enormous potential exists to 

elucidate the impact of the photoreceptor mosaic, as well as subsequent neural limits, on 

spatial and color vision, but full realization of this potential requires an accurate model of 

the cone detection process. This is because these experiments yield information about the 

retinal light distribution, but to specify the link between the retinal mosaic and 

perception, or to create any model of the visual process that can explain these data (see 

Brainard, Williams, & Hofer, 2008 for one example), one requires the ensemble of 

photoreceptor responses.  

 To obtain cone responses from a retinal light distribution requires detailed 

knowledge of the detection process governing cone vision. For example it is not possible 

to determine whether a specific cone will absorb enough light to significantly contribute 
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to detection or perception of a visual stimulus without knowledge of a host of factors, 

including (but not limited to) quantum efficiency, sensitivity, spatial pooling, and noise. 

None of these factors are well specified for foveal cone detection. In this paper we take 

the first step and measure the absolute threshold of foveal cone vision.   

While the limits of rod vision have been extensively studied, both psychophysically 

(Barlow, 1956; Hecht, Shlaer & Pirenne, 1942; Sakitt, 1972; van der Velden, 1946) and 

electrophysiologically (Baylor, Lamb & Yau, 1979; Baylor, Nunn & Schnapf, 1984; 

Field & Reike, 2002; Schneeweis, & Schnapf, 2000), much less is known about the 

ultimate limits of cone detection. Of the numerous previous investigators (including, but 

not limited to: Dillon & Zegers, 1958; Marriott, 1963; Vimal, Pokorny, Smith & Shevell, 

1989; Wesner, Pokorny, Shevell & Smith, 1991) who investigated cone thresholds, 

Marriott (1963) arguably used the most favorable experimental conditions (reviewed in 

Donner, 1992) but unfortunately instructed his subjects to use very strict response 

criteria.  This is problematic since it is well known that sensitivity can generally be 

increased, and detection thresholds reduced, by adopting more lenient response criteria 

(see Fig 2.1). For example, Sakitt (1972) has shown in her classic rating scale 

experiments, that rod thresholds are reduced well below those obtained with the typical 

‘yes-no’ report method (used, for example, in the famous experiments of Hecht et al., 

1942), simply by allowing subjects to use more lenient response criteria. Her results 

imply continually increasing access to stimulus information with more lenient response 

criteria consistent with an effective Poisson noise limit to detection (Sakitt, 1972; 

Donner, 1992), with this noise source often referred to as ‘dark light’ (Barlow, 1957- note 

however, that the data are equivocal as to relevant contributions of receptoral, retinal, and 
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central noise to this dark light- Barlow, 1977; also reviewed in Field, Sampath & Reike 

2005). This raises the possibility that cone thresholds, like rod thresholds, may be 

modifiable by changing the detection criterion.  If so we would also expect to observe 

cone thresholds much lower than those previously reported (Marriot, 1963) by having 

subjects intentionally adopt more lenient subjective response criteria.  Here we determine 

the absolute threshold of cone vision, and the trade-off between sensitivity and detection 

criterion in this regime, by essentially repeating Sakitt’s rating scale experiment with 

stimuli optimized for cone detection.   

2.1.2. The relationship between criteria, signal access, and detection threshold  

Before describing the experimental methods and results it is worthwhile to discuss 

the expected trade-off between sensitivity and detection criterion if the only impediment 

to cone detection is an effective dark light, as suggested for rods.  We will apply the 

insights of Signal Detection Theory (see Green & Swets, 1966; the familiar reader may 

wish to skip ahead), which assumes that detection of a visual stimulus takes place against 

an irreducible background of noise- an appropriate assumption in our case since 

photoreceptors are known to spontaneously isomerize in the absence of light (Baylor, 

Matthews & Yau, 1980- rods; Fu, Kefalov, Luo, Xue & Yau, 2008; Rieke & Baylor, 

2000- cones).  The subject’s task is to distinguish between trials where a signal (stimulus) 

is absent and trials where a signal (stimulus) is present. The average visual response in 

these two cases is N and S+N respectively, but there is a distribution of responses (shown 

in Figure 2.1A, row 1) so that the actual visual response varies from trial to trial. When 

the average signal greatly exceeds the noise the subject can correctly identify the 

presence or absence of the stimulus by adopting some suitable response criterion between 
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the two distributions, responding ‘seen’ if the visual response exceeds this criterion, and 

‘not seen’ if it does not. However as stimulus intensity decreases, as shown in Figure 

2.1A (top row), the noise and signal plus noise distributions will overlap and the presence 

or absence of the stimulus on each trial cannot be reliably distinguished.  If the subject 

adopts a high criterion there will be very few false positives, but many missed stimuli. 

Conversely, a low response criterion leads to fewer missed stimuli, but to more false 

positives, resulting in increases in both sensitivity (percent seen) and false positive rate 

(Figure 2.1A, second row, left).   However, sensitivity increases faster than the false 

positive rate, indicating a net gain in detection performance via increasing access to 

stimulus information. This can be easily seen by adjusting the percent seen to account for 

the non-zero false positive rate as follows (Figure 2.1A, second row, center panel):  
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Where p(S|s)* is the percent seen adjusted for the non-zero false positive rate, and 

p(S|s) and p(S|n) are the measured seen and false positive rates, respectively. After this 

adjustment, often called a guessing correction because it removes the effects of chance 

guessing (as shown further below), sensitivity is still seen to increase (Figure 2.1A, 

second row, middle), demonstrating a true increase in performance. If the sensitivity 

increase were due to chance guessing alone the adjusted curves shown in the middle 

panel of the second row of Figure 2.1A would collapse onto a single curve. The 

improvement in detection performance can further be seen if we calculate a detection 

threshold, which we will define throughout this paper as the stimulus intensity required 

for 50% seeing after adjusting for the false positive rate as describe in Equation 2.1.  This 
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is akin to taking the stimulus intensity required for half of the stimuli to be ‘correctly 

seen’. Figure 2.1A (second row, right) shows that the detection thresholds obtained in this 

manner depend on the response criterion such that ever higher false positive rates are 

associated with ever lower detection thresholds.  In this sense, provided nothing impedes 

the subject from continually lowering the response criterion, an absolute threshold in the 

strict sense will not exist, since even one quantum (or the neural equivalent), given a 

great many trials, will still be detected at a rate higher than chance.  We may still refer to 

an ‘absolute threshold’ in a looser sense though, that is, the lowest threshold subjects can 

be practically induced to achieve.  

The situation just described is an ideal case with detection limited only by noise.  We 

now consider a non-ideal case where full information may not be available, for example, 

the presence of an intrinsic barrier below which the subject is not able to access any 

information when deciding how to respond on each trial (Figure 2.1B, first row). Figure 

2.1B, second row shows that when the visual response (due to either noise alone or the 

signal plus noise) exceeds this intrinsic barrier, the subject’s response frequencies and 

false positive rates vary with changes in the subjective criterion just as in the ideal 

detection scenario described above.  But, below this barrier the frequency of seeing can 

only be increased by effectively guessing. In this case sensitivity and the false positive 

rate increase in step and there is no net gain in terms of the detection threshold (Figure 

2.1B, second row, center and right). The intrinsic barrier prevents the visual system from 

accessing all information about the stimulus that it could if detection were limited by the 

noise alone.  
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We can derive more specific predictions for the trade-off of sensitivity with 

increasing false positive rate by noting that both the noise and the signal plus noise 

distributions are appropriately described as Poisson (at least at the level of the cone 

quantum catch) when detecting a stimulus encoded in a noisy cone mosaic.  If detection 

is optimal, in the sense of being impeded by nothing other than the irreducible Poisson 

noise, the probability of detection as a function of criteria is given by:  

 





Cj

NSj
jeNSCnsP !/)( )(      (2.2) 

Where P gives the probability of reporting ‘seen’ with a response criterion C for a 

stimulus causing S average isomerizations given N average noise events, and where the 

actual values of s and n vary from flash to flash as a result of quantum fluctuations. The 

relationship between threshold and false positive rate for this ideal case (given by 

Equation 2.2) is shown in Figure 2.1 (A&B, row 2, right, solid black curve).  It is 

worthwhile to note that this relationship is invariant to the strength of both the signal and 

the noise, so if detection in cone vision is effectively dark light-limited, thresholds and 

false positive rates should vary similarly with changes in the detection criterion.  On the 

other hand, failure of subjects’ data to conform to this expectation would imply some 

impediment to detection that cannot be expressed in terms of an equivalent Poisson dark 

light. This would necessarily indicate an inability to make optimal use of the stimulus 

information encoded in the cone mosaic. 
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Figure 2.1. Signal detection theory (SDT; Green & Swets, 1966) predicts that in distinguishing a signal (grey 
distribution) from noise (blue distribution) observers can increase sensitivity and lower detection thresholds 
by using more lenient response criteria (represented by colored vertical lines and points, ranging from pink 
to red, and numbered 1 (strictest) – 6 (most lenient)). A) Low, medium, and high intensity stimuli (left, center 
and right; row 1, also indicated by the dashed vertical grey lines in row 2) are detected against irreducible 
noise. Detection thresholds are interpolated at 50% seen (at the intersection of the solid grey line and the 
frequency of seeing curves, row 2, center) after adjusting for the non-zero false positive rate as in Equation 
2.1. Detection thresholds are still seen to decrease after this adjustment (row 2, right) indicating a net gain in 
performance with more lenient criteria. Row 2 right shows the expected Poisson noise-limited reduction in 
detection threshold (solid curve). B) An intrinsic barrier limits access to signal information (grey boxes, row 
1). Subjects cannot reduce the detection criterion below this point. They can continue to increase the false 
positive rate by guessing, but the rate of seeing and of false positives increase in step and there is no further 
improvement in threshold (row 2). Row 2, right shows limited threshold reduction (plateau, dashed line) in 
the face of an intrinsic barrier to information access. All distributions shown are Poisson probability density 
functions. 
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2.2. Methods 

2.2.1. Subjects 

We measured the absolute threshold of cone vision and its dependence on subjective 

response criterion with a rating scale method in five subjects.  A table of subject 

participation for this and subsequent chapters can be found in Appendix F. Here, subjects 

6724 and 9254 were practiced psychophysical observers aware of the purposes of the 

study (the authors), subjects 8497 and 2751 were naïve subjects and subject 5258 was a 

practiced psychophysical observer but naïve to the purposes of the study.  Subjects 6724, 

9254, and 8497 as well as an additional naïve subject (subject 6262) participated in a 

similar rod threshold experiment. Subjects 6724, 9254, and 8497 also participated in two-

alternative forced-choice (2AFC) experiments for comparison. Subjects’ ages were 36, 

32, 31, 35, 20, and 22 years, respectively. All subjects had normal vision correctable to at 

least 20/20. Subject numbers noted above are randomly chosen 4 digit identifiers and can 

be used to track subjects through each of the subsequent chapters. The research followed 

the tenets of the Declaration of Helsinki and all subjects gave informed consent after an 

explanation of the study procedure and any possible risks.  All study procedures were 

approved by the Institutional Review Board of the University of Houston. 

2.2.2. Stimuli 

2.2.2.1. Cone detection 

Stimuli for cone detection were small, brief (34 msec; 6 msec for subject 6), 

monochromatic (550 nm, 40 nm bandwidth) spot stimuli displayed through a 2 mm 

artificial pupil. This wavelength is approximately at the peak of the eye’s photopic 
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spectral sensitivity function while the duration is within Bloch’s interval for complete 

temporal summation in cone vision (50-100 msec; Karn, 1936; Marriott, 1963; Sperling 

& Jolliffe, 1965; Roufs, 1972), hence maximizing cone detection. The extent of complete 

spatial summation in cone vision is not precisely known, but believed to be no larger than 

the smallest stimulus that can be projected to the retina with normal optics (Davila & 

Geisler, 1991). For this reason, we used point stimuli created by backlighting a 25 μm 

pinhole subtending ~0.2’ with a broadband halogen light source in conjunction with 

interference and neutral density filters. Retinal extent for these stimuli when well 

refracted is limited by diffraction and~1' full-width at half maximum (verified by 

convolving the stimulus aperture with point-spread functions derived from measured 

ocular aberrations, see Appendix D). This stimulus size is appropriate for maximizing 

cone detection since it is approximately as small as possible with natural optical 

conditions. 

To favor cone-mediated detection, stimuli were monocularly presented to the central 

fovea after at least 10 minutes of dark adaptation in an otherwise completely dark visual 

field, save for two small dim white fixation dots presented in Maxwellian view. Subjects 

fixated midway between these two dots, which were separated by 2.25°. This fixation 

target was chosen to minimize interference at the fovea without introducing large fixation 

errors. Reported precision of fixation for similar targets is 3-9' (Bedell, 1984; Rattle, 

1969; Steinman, 1965) which is not significantly different from that reported by 

Ditchburn (1973) for fixation of small central fixation targets. The fixation target was 

kept just bright enough for accurate fixation so as to minimize any impact on detection. 

An auditory cue preceded each stimulus (or interval for 2AFC) by 250 msec. A 
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preliminary experiment on subject 6724 indicated this was an appropriate cue-stimulus 

interval for facilitating detection.  

Subjects wore their habitual spectacle correction (subject 9254), or were corrected 

with either trial lenses (subjects 5258 and 2751) and/or by translating a movable stage in 

a Badal optometer. Thresholds for subjects 9254, 5258, and 2751 were corrected for light 

loss at lens surfaces by assuming 1% overall loss in antireflection coated spectacle lenses, 

or 4% light loss at each trial lens surface. No dilating or cycloplegic agents were used, 

since subjects’ natural pupils were always larger than the 2 mm artificial pupil. This 

small pupil size also provided a large depth of focus, minimizing the potential impact of 

accommodative drifts and fluctuations on the experimental results (see Appendix D). 

2.2.2.2. Rod detection 

Experimental conditions for rod detection were similar to those for cone detection, 

except that rod-optimized stimuli were used.  After at least 30 minutes of dark adaptation 

subjects viewed a 490 nm, 27’ diameter, 34 msec spot presented 11° temporal to a single 

dim red fixation spot. This stimulus size and duration are within the window of complete 

spatial (Hallett, 1963; Sakitt, 1971) and temporal summation (Baumgardt & Hillmann, 

1961) for rod detection while the wavelength is approximately that of peak sensitivity for 

rods.  The red fixation spot was chosen to allow accurate fixation by foveal cones while 

minimizing any potential interference in rod detection.  
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2.2.3. Psychophysical procedure 

2.2.3.1. General 

We employed two experimental paradigms to measure rod and cone detection 

thresholds, rating scale and 2AFC, described in more detail below. In both cases trials 

were self-paced. Although trials were self-paced, the rate of repetition was effectively 

constrained by software to be less than ~1.4 Hz. A preliminary experiment on one subject 

(subject 6724) indicated that thresholds obtained with this rate were not significantly 

different from those measured when imposing a longer four second minimum inter-

stimulus interval (indicating no significant adaptation effects). After practice trials and a 

preliminary experiment to determine the appropriate range of stimulus energies to sample 

the psychometric curve, the experiment was performed in blocks of 80-160 trials each 

consisting of stimuli at 4 randomly interleaved intensities, one of which was blank. 

Timing and presentation were controlled by a custom Matlab program (The Mathworks, 

Natick, MA) incorporating Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 

1997). Subjects typically performed four to five trial blocks per session with frequent 

breaks when needed.  

Stimulus energy at the eye’s pupil was measured without intervening neutral density 

and interference filters with the integrating function of a Newport 1930C power meter. 

Attenuating factors for each filter were determined in separate measurements.  After 

adjusting for interference and neutral density filters, stimulus energy at each intensity 

level was converted to quantal values (i.e. photons at the cornea) with the following 

relationship: photons = energy in Joules x stimulus peak wavelength x 5.0341 x 10
15

 J
-1

 

m
-1

.  For some sessions only relative intensity information was collected. 
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2.2.3.2. Rating scale response method 

The rating scale method has been used and described before in acoustics (Egan, 

Schulman, & Greenberg, 1959) and vision science (Nachmias, & Steinman, 1963; Sakitt, 

1972; Swets, Tanner, & Birdsall, 1961; Weintraub, & Hake, 1962). In this method the 

subject uses multiple response categories rather than just a single all or none (yes-no) 

response.  Subjects were instructed to rate each stimulus on a scale from ‘1’ to ‘6’ 

indicating the subjective certainty of seeing a test flash as follows:  1 ≈ definitely not 

seen, 2 ≈ not seen but uncertain, 3 ≈ seen but uncertain, 4 ≈ dim flash seen, 5 ≈ moderate 

flash seen, and 6 ≈ bright flash seen. No feedback was provided. After practice the final 

rating scales varied slightly, e.g. some subjects felt more comfortable using only five 

ratings instead of six, or attached slightly different meanings to the particular ratings. As 

long as subjects could use the ratings consistently, and used ratings that resulted in a 

variety of false positive rates, the particular number of ratings and the internal meaning a 

subject associated with each rating were not relevant to the experimental results.  

Subjects practiced until they were comfortable with the rating task and could 

perform it consistently; practice trials were excluded from data analysis. Rating use was 

evaluated for consistency by inspection of histograms of the response distributions.  

Subjects were typically able to consistently respond within the rating framework after 

two to three trial blocks.  Some subjects required additional practice trials to reach their 

best performance on the detection task; these trials were also excluded from data analysis.  

Raw cone rating data accepted for analysis for all subjects are provided in Table A.1 in 

Appendix A. 
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Frequency of seeing curves were created for each response criterion, C2 to C6 (C2, 

rating of 2 or more – the lowest criterion; C3, rating of 3 or more, etc.) after adjusting for 

the false positive rate using Equation 2.1. We then calculated the threshold stimulus 

intensity for each response criterion by fitting the adjusted frequency of seeing data to 

Weibull functions and interpolating at 50% seen.  As already mentioned, the thresholds 

determined in this manner are invariant to the rate of chance guessing, so that if a 

difference in threshold persists even after this adjustment it reflects a true increase in the 

extent to which the subject was able to make use of the information encoded in the retinal 

mosaic.  Since we also make the same adjustment to the various model outputs (described 

later), there is no impediment to proper interpretation of the results.  

Subjects 6724, 9254, 5258, 8497 and 2751 participated in the cone rating scale 

experiment. The total number of trials included in analysis for each subject was 

approximately 5700, 600, 800, 800, and 250, respectively. Subjects 6724, 9254, 8497, 

and 6262 participated in the rod rating scale experiment.  The total number of trials 

included in analysis for each subject was approximately 5300, 1600, 2900, and 1300, 

respectively. Variation in the number of trials reflects differences in subject stamina and 

availability, all data for all subjects after the point at which performance stabilized were 

considered in the analysis. 

 2.2.3.3. Two alternative forced choice (2AFC) 

2AFC is a criterion-free method of determining thresholds where, in our case, the 

stimulus is presented in one of two temporal intervals. Observers record the interval 

thought to most likely have contained the stimulus.  2AFC testing was performed with 

both rod and cone stimuli, with stimulus parameters as described above. As with the 
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rating scale method, stimuli were presented at four intensity levels, one of which was 

blank. Auditory feedback was provided. This feedback was randomized for the blank 

trials. 2AFC thresholds were taken as the stimulus intensity required for 75% correct. 

Subjects 6724 and 8497 participated in the cone 2AFC experiment (~800 and 500 trials), 

and subjects 6724, 9254, and 8497 participated in the rod 2AFC experiment (~500, 120, 

and 200 trials). 

2.3. Results 

2.3.1. Absolute cone threshold  

The absolute threshold of cone vision, or the lowest threshold possible with any 

response criterion, was 203  38 photons at the cornea averaged across four subjects (see 

Table 2.1; absolute values were not known for subject 8497, but the relative change in 

threshold is shown in Figure 2.4).  This is ~0.47 log units lower than the 606 photons at 

the cornea reported by Marriott (1963) for nine subjects. This discrepancy most likely 

reflects the use of extremely strict (zero false positives) response criteria by his subjects. 

Because the most lenient criterion is not the same for all subjects, Table 2.1 also shows 

the criterion-free 2AFC thresholds predicted from the rating scale data using the method 

described by Sakitt (1972; as per her equation 15). The 2AFC thresholds were predicted 

at 75% correct, roughly the stimulus intensity with discriminability (d) of 0.67 

(Gescheider, 1997).  
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 Cone Thresholds 
(photons at the cornea) 

Predicted 2AFC Thresholds 
(photons at the cornea) 

Subject 6724 212  21 220   15 

Subject 9254 169 168 

Subject 5258 252 250 

Subject 2751 178 213 

Average 203  38 213  34 

Marriott 606  126 n/a 

Table 2.1. Cone absolute threshold, i.e. the threshold number of photons at the cornea when using the most lenient 
response criterion (middle column). Thresholds were interpolated at 50% probability of detection after adjusting for 
the non-zero false positive rate with Equation 2.1.  The average threshold for Marriott’s (1963) nine subjects, who 
used strict response criteria, is also shown for comparison. Values for subject 6724 reflect measurements on three 
different days. Data for subject 8497 are not included because only relative stimulus intensity information was 
available. To facilitate comparison across different subjects, who may have employed different internal criteria, we 
also report predicted 2AFC thresholds derived from empirical rating scale data using the method described by Sakitt 
(1972). The probability of correctly detecting stimuli in the 2AFC task is equivalent to the area under the receiver 
operating characteristic curve (Green & Swets, 1966), here we predict 2AFC threshold at 75% correct, roughly 
equivalent to the stimulus intensity with d’ of 0.67 (Gescheider, 1997). 

2.3.2. Cone thresholds cannot be arbitrarily lowered by reducing response criterion  

In addition to specifying the minimum energy required to just detect a visual 

stimulus in cone vision, i.e. the cone absolute threshold, we measured the trade-off 

between sensitivity and false positive rate to assess whether one can obtain increasingly 

more stimulus information by reducing the response criteria, as has been described in 

rods (Sakitt, 1972; Teich, Prucnal, Vannucci, Breton & McGill, 1982). Figure 2.2 shows, 

for one subject (subject 9254), that performance in cone detection is only modestly 

improved with more lenient response criteria after a certain point. Figure 2.3 shows, for 

all subjects, how cone thresholds change when criterion is reduced as a function of the 

associated increase in false positive rate. For each subject the thresholds associated with 

the two most lenient criteria, which were determined after adjusting for the non-zero false 

positive rate with Equation 2.1 as described in the Methods, were not significantly 
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different (based on the 95% confidence limits returned from Weibull fits to the frequency 

of seeing data). This stands in contrast to behavior previously reported for rod detection 

(Sakitt, 1972, Teich, et al, 1982) and suggests an absolute threshold to cone vision in the 

strictest sense. 

 

 

 

 

Figure 2.2. A) Frequency of seeing curves for subject 9254 for criteria C2 (diamonds), C3 (squares), C4 
(triangles) and C5 (circles), ranging from lenient to strict. B) After adjusting for the non-zero false positive 
rate using Equation 2.1 the curves for the two most lenient criteria, C2 and C3, collapse onto each other, 
indicating no net benefit to detection.  Solid curves are nonlinear least-squares Weibull fits to the frequency 
of seeing data. 
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Figure 2.3. Change in cone threshold as a function of false positive rate for subjects 6724 (blue circles), 
9254 (red triangles), 5258 (green squares) and 8497 (purple diamonds).To better compare across subjects 
curves were shifted vertically with the aid of a detection model (described in detail in the Discussion section) 
so that the 1% false positive point, which loosely reflects a typical ‘yes-no’ threshold, coincides with a log 
threshold change of zero. Subjects’ cone thresholds are significantly less responsive to reductions in the 
response criteria than expected for a linear Poisson noise-limited process (solid black line). Filled black 
circles are three additional trial runs for subject 6724 where only relative and not absolute stimulus intensity 
information was available. Open symbols are the results for subjects 6724 and 9254 with an adapting 
background that are described later in the Discussion section. 

 

 

In Figure 2.3 we chose to display the threshold reduction as a function of false 

positive rate, instead of subjective response criterion, because the false positive rate 

reflects the internal criterion yet is also easily and directly observable. For comparison, 

we also show the expected reduction in threshold (determined with the same adjustment 

for non-zero false positive rate as described for the subject data) with more lenient 
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actual behavior is striking. Cone thresholds are much less responsive to changes in the 
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detection criterion than expected for a dark light-limited process. Thresholds generally 

depart from the Poisson noise-limited expectation once observers adopt a criterion 

resulting in a false positive rate of more than ~5%, and there is little substantial benefit 

with increases in the false positive rate beyond 10-20%.   

To assist in quantitatively comparing data across subjects and conditions we 

estimated threshold reduction between the 1% and 30% false positive rates. This choice 

of endpoints is admittedly arbitrary, but since these points loosely correspond to subjects' 

performance on 'yes-no' and 2AFC tasks, respectively, it seems a reasonable choice. The 

estimated threshold reduction for different subjects over this range varied from 0.05 to 

0.20 log units, substantially less than the ~0.4 log units predicted by the Poisson model of 

detection for a linear, noise-limited system (solid curve in Figure 2.3). These results 

indicate that absolute threshold in cone vision is not ultimately limited by Poisson noise, 

and is therefore not compatible with optimal extraction of stimulus information from a 

noisy ensemble of photoreceptor responses.   

Before further discussion of the potential factors underlying the observed behavior 

and their implications, we first address several potentially confounding methodological 

factors to evaluate whether they may have inadvertently contributed to the results. 

2.3.3. Stimulus size and variability coupled with inhomogeneity in retinal mosaic  

The inhomogeneity in spatial sensitivity across the cone mosaic increases the 

variability in the number of photons absorbed by the retinal mosaic beyond that expected 

by the quantum nature of light alone. Although negligible for large stimuli, this 

inhomogeneity becomes increasingly more important when stimuli approach the scale of 
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the underlying retinal receptors. For example, with very small stimuli (assuming they 

could be delivered to the retina) whether they fall directly on a cone or in between cones 

will have a large impact on whether or not they are seen. Monte Carlo simulations using a 

spatial model of retinal sensitivity and light capture similar to that described by Hofer et 

al., (2005) indicated that the stimuli used in the cone detection task (550 nm, ~1’ full 

width at half maximum) were sufficiently large that the spatial variation in retinal 

sensitivity due to the grain of the photoreceptor mosaic could be safely ignored, and 

hence this cannot account for the failure of subjects’ data to conform to the Poisson 

noise-limited predictions generated with Equation 2.2. Similar simulations incorporating 

variability in the retinal profile of the stimulus due to fluctuations in accommodation 

during the experiment indicated that fluctuations in optical quality during the experiment 

were also unlikely to significantly impact the experimental results (more details are 

provided in Appendix D). Note, however, that for smaller stimuli, such as can be 

produced with adaptive optics, these factors would no longer be negligible. 

2.3.4. Difficulty of the rating scale task is not a limiting factor 

Another possibility is that our subjects were, for one reason or another, incapable of 

effectively employing the rating scale method for evaluating thresholds in cone vision. 

We addressed this concern with two additional experiments. First, we performed the 

rating scale experiment on a subset of subjects with rod stimuli and compared results with 

prior work (Sakitt, 1972). We then compared detection threshold measurements made 

with the simpler 2AFC method to predictions based on the rating scale data for a subset 

of subjects. 
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2.3.4.1. Rod thresholds 

Subjects 6724, 9254, 8497, and 6262 participated in rod threshold testing using a 

rating scale method and a stimulus optimized for rod detection (see Methods). Sakitt 

(1972) has shown with the same stimuli and methods that rod thresholds can be reduced 

by ~0.4 log units below typical ‘yes-no’ thresholds simply by adopting more lenient 

detection criteria, supporting a dark light limit to rod detection (as suggested in Barlow, 

1956 and 1957). Table 2.2 lists rod thresholds with the most lenient detection criterion for 

our four subjects and for Sakitt’s three subjects. The two data sets are remarkably 

consistent. Since rod thresholds, unlike cone thresholds, are highly dependent on 

subjective response criteria, comparison across subjects is aided by calculating the 

expected 2AFC threshold from the rating data (per Sakitt 1972). Note that there was no 

significant difference between our subjects and her subjects on this measure, with a 

predicted 2AFC threshold of ~50 photons at the cornea in both cases. 

 

 
Rod Threshold at lowest criterion 

(photons at the cornea) 
Predicted 2AFC Thresholds 

(photons at the cornea) 

Subject 6724 44 (27 - 62) 47 (23 - 71) 
Subject 9254 70 74 
Subject 8497 54 (46 - 62) 55 (51 - 59) 
Subject 6262 32 32 

Average 50  16 52  17 

Sakitt 42  15 50  8 

Table 2.2. Rod ‘absolute’ threshold, i.e. the threshold number of photons at the cornea when using the most 
lenient response criterion (middle column). Sakitt’s (1972) average rod threshold for three subjects is shown 
for comparison. Values reported for subjects 6724 and 8497 are the mean and range for two data sets. To 
facilitate comparison across subjects the criterion-free 2AFC thresholds predicted from each subject’s rating 
scale data using the method described in Sakitt (1972) are also shown (right column).  Note the agreement 
in both data sets.  

 

Figure 2.4 shows the relative change in rod threshold with increasing false positive 

rate for our four subjects and includes the dark light expectation (the linear Poisson noise-

limited model described by Equation 2.2; solid curve) and data from Sakitt’s three 



40 
 

subjects (gray symbols, calculated from data reported in Sakitt, 1972).  The range for the 

cone threshold data from Figure 2.3 is also included (light gray lines) to allow easier 

comparison of rod and cone threshold behavior. While rod thresholds for our subjects, on 

average, did not entirely meet the dark light expectation (see Table 2.3) they were 

significantly more responsive to changes in response criterion than cone thresholds (0.08 

 0.04 vs 0.17 0.05 average threshold reduction for cones and rods respectively going 

from 1% to 30% false positive rate, p = 0.04).  

 

Figure 2.4. Rod thresholds for our four subjects (Subjects 6724 (blue circles), 9254 (red triangles), 8497 
(purple diamonds) and 6262 (orange squares)) and Sakitt’s three subjects BS, LF and KD (grey squares, 
diamonds and triangles; Sakitt 1972). As in Figure 2.3, to better compare across subjects, curves were 
shifted vertically with the aid of a detection model (described in detail in the Discussion) so that the 1% false 
positive point, which loosely reflects a typical ‘yes-no’ threshold, coincides with a log threshold change of 
zero.  Thresholds are significantly more responsive to reductions in response criteria for rods than for cones; 
range for cone data shown as light gray lines. 

2.3.4.2. Practice 

After following up cone threshold testing with rod threshold testing, where behavior 

was closer to that expected for a dark light-limited process, we wondered if the improved 
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threshold responses in rods compared with cones could be due simply to prolonged 

experience with ratings (a practice effect).  To investigate this, subject 6724 repeated 

cone testing (solid black circles in Figure 2.3, sessions 4-6 in Table A.1) and subject 

8497, formerly having only done rod testing, underwent threshold testing in cones (purple 

diamonds in Figure 2.3).  We found that subject 6724, despite additional practice, could 

not significantly improve the cone threshold response to more lenient criteria (threshold 

reduction for the first data set 0.078±0.032, threshold reduction for the second set taken 

after extended practice: 0.131±0.079, p-value = 0.3372). Subject 8497’s threshold 

reduction in cones (0.13, one session) was similar to the other subjects, despite having 

undergone the rod testing first, and hence having more overall practice with the rating 

scale task prior to first acquiring cone data.  Our general observation is that extended 

practice is beneficial in rod detection, but has only a limited effect, if any, on cone 

detection. We conclude that practice effects, specifically a lack of adequate practice, 

cannot explain the limited responsiveness of cone thresholds observed when subjects 

intentionally adopt more lenient response criteria. 

2.3.4.3. Comparison of rating scale and 2AFC methods 

To further ensure that the cognitive burden of responding within the rating scale 

framework was not somehow limiting the increase in sensitivity achievable by relaxing 

the response criterion, we compared predictions based on the rating scale data to 

thresholds measured with the simpler 2AFC method for a subset of subjects (subjects 

6724, 9254, and 8497, see Figure 2.5). The results for both rod and cone detection fall 

along the unit line, indicating that the results of the more cognitively complex, criterion-

dependent rating scale method are consistent with the results of the simpler, criterion-free 



42 
 

2AFC method. We conclude that subjects could effectively perform the rating scale task 

and that neither its complexity, nor factors such as the potential for criterion variability 

that are intrinsic to the rating task (see Appendix D), can offer an alternative 

methodological explanation for the limited cone threshold reduction we observe. 

 

 

Figure 2.5. Measured 2AFC thresholds compared with predictions from rating scale data for subjects 6724 
(blue circles), 9254 (red triangle) and 8497 (purple diamonds). Thresholds were interpolated at 75% seen. 
Both rod and cone data lie along the line of unit slope, indicating high agreement between measured and 
predicted thresholds.  This demonstrates that the complexity of the rating scale task did not adversely 
impact thresholds. Data shown for subjects 6724 and 8497 reflect relative and not absolute thresholds, since 
absolute stimulus intensity information was not available for these subjects. The prediction of 2AFC 
thresholds from rating data is described in detail in Sakitt (1972). 

 

2.3.5. Receiver operating characteristic analysis: cone thresholds are inconsistent 

with a linear Poisson process 

 

Receiver operating characteristic (ROC) analysis provides additional insight into the 

factors limiting detection at cone absolute threshold. The probability of correctly 
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detecting a stimulus, P(S|s), is plotted against the false positive probability, P(S|n) to 

form a receiver operating characteristic curve (ROC curve) from which various 

criterion-free indices of signal discriminability can be derived (McNicol, 2005; see also 

Figure 2.6). We chose to calculate one such index of discriminability, ∆m, for each 

subject and condition. ∆m, like the more common d´, is useful because it is a measure of 

the separation between the noise and the signal plus noise distributions that is 

independent of the subject’s response criterion (see Figure 2.1). Unlike d´, though, it is 

applicable to those instances in which the variances of the signal plus noise and noise 

distributions are not equal, i.e. the ratio σn/σsn ≠ 1, as is generally the case with our data 

(see Figure 2.6). ∆m is defined by the following equation: 

processPoissonafor
N

SNSN
m

n







     (2.3)  

Where SN, S and N are the means of the signal plus noise, signal, and noise 

distributions, respectively, and σn is the standard deviation of the noise distribution, 

which for Poisson noise is equal to N . When detection is limited by a linear Poisson 

process the noise and signal strengths are independent and ∆m is directly proportional to 

signal strength.  

For each subject we calculated the dependence of discriminability, ∆m, on signal 

strength from the cone rating data. Discriminability was not directly proportional to, but 

rather an accelerating function of, signal strength (∆m  S
ρ
, with ρ > 1), as seen in Figure 

2.6.  This behavior has been noted before for increment and contrast thresholds under 

different experimental conditions (for example: Cohn, Thibos & Kleinstein, 1974; 

Nachmias & Kocher, 1970; Pelli, 1985; Stromeyer & Klein, 1974); although it has not 
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been described for detection at cone absolute threshold. This lack of proportionality is 

another indicator that cone detection cannot be properly described by a linear Poisson 

process, as would be expected if cone detection were limited by an effective dark light. 

While  was significantly greater than 1 for rods as well as cones (one sample t-test, 

hypothesized mean = 1, p = 0.02 and 0.03, respectively), it was on average much closer 

to one for rods than for cones. This indicates that rod detection more nearly meets the 

assumption of proportionality for Poisson noise-limited systems, as can be seen in Table 

2.3. 

 

Figure 2.6. Receiver operating characteristic (ROC) analysis and the relationship between signal 
discriminability, ∆m, and stimulus intensity for cone detection at absolute threshold. A) Typical ROC curves 
for subject 9254.  B) ROC curves for the same subject now on a double probability plot and with a sample 
estimation of discriminability from linear fits to the low intensity curve - ∆m equals z(S|n) on the ROC curve 
where z(S|s) equals zero (dashed gray lines). On double probability plots slopes (σn/σsn) < 1 imply unequal 
variance in the noise and signal plus noise distributions; slopes for our subjects are uniformly < 1 (see also 
Table 2.3). C) Log ∆m vs log stimulus energy for subjects 6724 (blue circles), 9254 (red triangles), 5258 
(green squares) and 8497 (purple diamonds).  Photons at the cornea for subject 8497 are relative, all others 
are absolute. Datasets 4-6 for subject 6724, where only relative thresholds were obtained, are not included 
but are included in Table 3 below. Unit slope, as expected for Poisson noise-limited detection, is shown for 
comparison (gray dashed line).  All subjects demonstrate an acceleration of discriminability with signal 
strength in cone detection that is inconsistent with a linear Poisson noise-limited process. 
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SNN slopeROC  

(cone detection) 

Exponent (ρ) 

(where ∆m S
ρ
) 

Condition 
Low 

intensity 
Medium 
intensity 

High 
intensity 

Cones Rods 

Subject 6724 0.77 ± 0.19* 0.62 ± 0.17** 0.56 ± 0.12** 2.99  0.99* 1.60  0.37 
Subject 9254 0.60 0.28 0.50 3.36 1.64 
Subject 5258 0.52 0.31 0.41 5.91 n/a 
Subject 8497 0.69 0.55 0.65 2.51 1.99  (1.52 - 2.47) 
Subject 2751 0.73 0.28 n/a 2.03 n/a 
Subject 6262 n/a n/a n/a n/a 1.33 

Average 0.66 ± 0.10** 0.41 ± 0.16** 0.53 ± 0.10** 3.36  1.51* 1.64  0.27* 

Sakitt, 1972 n/a n/a n/a n/a 1.18  0.22 

Table 2.3. The slope of the cone detection, z-transformed ROC curve (σN/σSN) for each stimulus strength, 

and the exponent values (ρ) describing the rate of change of discriminability (∆m) with the stimulus strength 

(∆m  S
ρ
) for cone and rod detection. Cone and rod values reported for subject 6724 are the mean and 

standard deviation across 6 and 4 data sets, respectively. Rod values reported for subject 8497 are the 
mean and range for 2 data sets. Cone ROC slopes for subject 6724 only and averaged across all subjects 
were significantly less than 1 (p < 0.05*, p < 0.005**; unpaired, 2-tailed t-test).  ρ was greater for cone than 
rod detection, but in both cases significantly higher than 1 (p = 0.03, cones; p = 0.02, rods). High Intensity 
ROC slope for subject 2751 could not be calculated due to 100% seeing frequency. Also shown is the 
average ρ value calculated for Sakitt’s three subjects from the detection data reported in Sakitt (1972). 

 

2.4. Discussion 

2.4.1. What factors limit detection at cone absolute threshold? 

The limited improvement in cone thresholds with more lenient detection criteria and 

the acceleration of discriminability (∆m) with increasing stimulus strength, indicate that 

cone detection at absolute threshold is not consistent with linear processing of cone 

signals limited by Poisson noise, i.e. it is not appropriately described as being limited by 

an effective dark light. This implies a detection strategy that does not make optimal use 

of the information present in the cone quantum catch. Two limiting factors consistent 

with the observed behavior have been identified: nonlinear transduction and uncertainty. 

In the first case detection is governed by a ‘nonlinear transducer’ function (Foley & 

Legge, 1981; Nachmias & Kocher, 1970; Nachmias & Sansbury, 1974), a suboptimal 

processing strategy if the goal is to detect a weak stimulus in Poisson noise. A fixed 
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internal threshold [incidentally, the assumption made by Hecht et al., (1942)], and an 

accelerating nonlinearity are two examples. In the second, the subject is assumed to have 

imperfect knowledge about the stimulus and detection is impacted by this uncertainty 

(Cohn, Thibos & Kleinstein, 1974; Nachmias & Kocher, 1970; Pelli, 1985; Tanner, 

1961).  For example, a subject either does not know, or cannot remember, exactly where 

or when the stimulus will occur and so monitors a number of sensory channels, M, only 

K of which will actually contain stimulus-relevant information (hence the uncertainty).  

Although nonlinear transducers and uncertainty have been discussed as if they are 

mutually exclusive (see attempts to discount one or the other factor in Cohn & Lasley, 

1985; Foley and Legge, 1981; Lasley & Cohn, 1981a; Legge & Kersten, 1987), neither 

explanation has been satisfactorily disproven and a general detection model incorporating 

both factors can be written. For example, in the model that follows a subject detects a 

stimulus when the decision variable, DV is equal to or greater than the response criterion, 

C, with DV given by:  

    l

K

i

KM

j

ji nrnrsDV 







  











/1

1 0

     (2.4) 

Where rsi and rnj are the responses within the i
th

 and j
th

 stimulus-relevant and 

stimulus-irrelevant channels respectively, nl is late additive Poisson noise, and  is the 

Minkowski exponent for summation across channel responses (Quick, 1974 & 1978),  

of 1 and infinity refer to linear summation and independent detection (incidentally the 

optimal strategy when uncertainty exists) across the relevant and irrelevant channels, 

respectively. Allowing an intermediate, finite,  is a generalization of the classical model 

of uncertainty with linear transduction, in which detection across relevant and irrelevant 
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channels is independent (described for example in Pelli, 1985). K and M refer to the 

number of stimulus-relevant and total channels, and together they define the amount of 

uncertainty (M/K). K also indicates the extent of summation, for example when K =1, the 

signal is assumed to occupy only a single channel, as would occur when spatio-temporal 

summation over a stimulus-relevant extent is complete. Nonlinearity in the channel 

responses is accommodated if the functional form for rs and rn is chosen to depend 

nonlinearly on each channel’s input.  

For this model to display an acceleration of discriminability (limited threshold 

improvement with more lenient response criteria) consistent with our data, one or both of 

the following must occur: nonlinear transduction with a suitable amount of late additive 

noise (nl), or uncertainty combined with nonlinear summation ( > 1). Neither nonlinear 

transduction without late additive noise, nor uncertainty without nonlinear summation, 

nor nonlinear summation without uncertainty, is sufficient. Multiplicative noise, although 

not further considered here since its effects are difficult to disentangle from those of 

additive noise, is also unable to produce an acceleration of discriminability  in the 

absence of at least one of the these factors (see Appendix D). 

Further insight requires simplifying assumptions, since this general model (as with 

simpler models: see for example Donner, 1992; and an extensive review of rod threshold 

data by Field et al., 2005) is not well-constrained by the data, a situation not aided by the 

broad range in physiological estimates of receptor quantum efficiency and dark noise 

(which in the case of cone ‘dark noise’, is already outside the range consistent with 

psychophysical behavior; see Schnapf, Nunn, Meister & Baylor, 1990 and Schneeweis & 

Schnapf, 1999).  We will retain uncertainty, as it is likely present to some extent in the 



48 
 

cone detection task given the small stimulus size, and its negative impact on detection has 

been demonstrated (Cohn & Wardlaw, 1985; Davis, Kramer & Graham, 1983- spatial 

uncertainty; Lasley & Cohn, 1981b-temporal uncertainty; Greenhouse & Cohn, 1978-

chromatic uncertainty). The potential role of nonlinear transduction is less clear.  Cohn 

(2003) describes that linear responses have been found at the level of the retinal ganglion 

cells (Cohn, Green & Tanner, 1975; Levick, Thibos, Cohn, Cantanzarro & Barlow, 1983) 

and the complex cells of the visual cortex (Tolhurst, Movshon & Dean, 1983), and points 

out that overall response nonlinearity need not be an inevitable consequence of an early 

transduction nonlinearity.  For example, a response nonlinearity is required in a neuron 

with limited dynamic range, however if the location of this nonlinearity is adaptable, 

resulting in locally linear behavior around the mean signal level (in our case 

corresponding to the non-zero receptor noise),  no limit on threshold improvement is 

expected. 

For further insight into the potential role of nonlinear transduction, we performed the 

same cone detection task on a bright background in subjects 6724 and 9254. In this case 

the background may elevate the combined signal, background, and noise above the 

effective barrier established by the nonlinearity (thereby ‘linearizing’ the response as 

predicted by Birdsall’s theorem, see Klein & Levi, 2009 for a more extensive discussion), 

resulting in Poisson noise-limited behavior. As shown in Figure 2.3 (open symbols), 

adding the bright background (1.8 log photopic trolands; bright enough to elevate 

detection thresholds into the Weber’s regime) did not result in a significant change in the 

amount of cone threshold reduction achievable by utilizing more lenient response criteria 

for these two subjects (0.05 versus 0.07 log unit threshold reduction with and without 
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background for subject 9254; 0.17 versus a range of 0.05 - 0.20 for subject 6724). While 

this does not necessarily imply purely linear processing, it does imply that any nonlinear 

transduction must act after the site of light adaptation, with the bulk of the noise 

associated with cone detection occurring after this site as well [see the following 

references for detailed discussions of these issues: Cohn & Lasley (1985), Foley & Legge 

(1981), and Lasley & Cohn (1981a)]. This makes incorporating nonlinear transduction, in 

our opinion, less attractive since it is known that the predominant noise associated with 

cone detection is retinal (Borghuis, Sterling & Smith, 2008) and that psychophysical cone 

thresholds are already lower than expected based on physiological estimates of cone dark 

noise (Schnapf et al., 1990; Schneeweis & Schnapf, 1999).  

 From both a simplicity and efficiency standpoint the nonlinear transducer is also less 

attractive, since it is a decidedly suboptimal strategy for detecting weak stimuli in noise 

and requires more parameters to account for subject data than a model based on 

uncertainty alone. While future experiments may allow disentanglement of the roles of 

uncertainty and non-linear transduction, either by incorporating external noise (common 

in contrast sensitivity meaurements, as described for example in Goris, Wagemans & 

Wichmann, 2008 and Goris, Zaenen & Wagemans, 2008), or by analyzing second 

responses in a multi-alternative forced-choice scheme (as described by Solomon, 2007), 

for the present we will simplify our detection model by assuming linear transduction 

without late additive noise. If nonlinear transduction is also present, but not accounted 

for, then, since it can impact the data in a manner similar to uncertainty, the extent of 

uncertainty may be overestimated.  
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2.4.2. Cone absolute threshold data are consistent with detection in the face of 

uncertainty 

 

Having restricted our attention to linear detection models in the context of 

uncertainty without later additive noise, we’ll simplify further and assume independent 

channels ( → ∞). This limiting form is both the most efficient, in the sense of 

representing the optimal detection strategy given some irreducible amount of uncertainty, 

and requires the fewest free parameters (only two- uncertainty and receptor dark noise) to 

describe subjects’ data.  Constraining β to infinity and nl to zero allows both a lower 

bound to be placed on the amount of uncertainty, and an upper bound on the dark noise 

associated with cones, consistent with subjects’ data.  

In this simplified model, which has been applied to various increment threshold and 

contrast sensitivity scenarios (Cohn, Thibos & Kleinstein, 1974; Nachmias & Kocher, 

1970; Pelli, 1985; Tanner, 1961) but not, to our knowledge, to describe cone absolute 

sensitivity, the overall probability of detecting is given by one minus the probability of 

not detecting with any of the relevant or irrelevant channels and can be expressed 

analytically as follows: 

K

s

KM

n PPseenP )1()1(1)(         (2.5) 

Where Ps is the probability that the combination of signal and noise exceeds the 

subjective criterion in any one of the signal-relevant channels: 
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NSj

s jeNSCnsPP !/)( )(      (2.6) 

And Pn is the probability that noise in any one of the irrelevant channels exceeds 

subjective criterion:  
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Note the predictions of this model in terms of the change in detection threshold for a 

given increase in false positive rate depends only on uncertainty (M/K) and are 

indifferent to the value of K. Hence, an estimate of the uncertainty governing detection 

can be derived from the shape of the threshold reduction curve predicted by the 

uncertainty model without knowing the extent of spatial pooling of stimulus-relevant 

information at detection threshold. (This is also true for finite ). 

Because the predicted impact on threshold behavior varies slowly with changes in 

uncertainty, it is often easier to describe uncertainty (M/K) by orders of magnitude. 

Figure 2.7 shows that cone threshold data are well fit by a detection model with a degree 

of uncertainty of ~1,000, or 10
3
 (best fit M/K = 10 for rods, not shown). This value was 

determined by fitting the uncertainty model described by Equations 2.5, 2.6, and 2.7 to 

subjects’ aggregate detection data by minimizing the root-mean-square difference 

between data and model curves, with uncertainty (M/K) varying from 1 to 10
9
 in steps of 

0.25 log units.  Aggregate fits were preferred to an arithmetic mean of uncertainty values 

obtained from individual fits due to large individual fit uncertainty and to the fact that 

greater uncertainty leads to smaller changes in the steepness of the model curves, thus 

potentially biasing towards large values of uncertainty (M/K). (Uncertainty can also be 

estimated from the  values in Table 2.3, however Monte Carlo simulations indicated the 

estimates with this method are less accurate). Since these uncertainty estimates were 

obtained assuming independent detection across stimulus relevant and irrelevant channels 
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without late additive noise, they represent the minimum uncertainty consistent with 

subjects’ detection data given linear transduction. 

 

Figure 2.7. Cone threshold behavior is well described by a model of detection incorporating uncertainty, 
described by Equations 2.5-2.7. An uncertainty (M/K) of ~1000 best fits subjects’ aggregate cone detection 
data: subject 6724 (circles), 9254 (green squares), 5258 (red triangles) and 8497 (purple diamonds). Subject 
2751’s data were not included due to false positive rates too low to allow confident fits. As in Figures 2.3 and 
2.4, individual subjects’ data were shifted so that a false positive rate of 1% (loosely indicating a typical ‘yes-
no’ threshold) corresponds to a log threshold change of zero. 

 

 Log M/K 

 Cones Rods 

Subject 6724 4.13  2.78 1.13   1.16 
Subject 9254 6.50 2.25 
Subject 5258 7.00 n/a 
Subject 8497 2.25 2.13  (1.26 – 3.00) 
Subject 6262 n/a 2.00 

Table 2.4. Log uncertainty (M/K) for both cones and rods.  Uncertainty was estimated by fitting threshold 
data with a detection model incorporating uncertainty, described by Equations 2.5-2.7. Subject 2751’s 
uncertainty could not be reliably estimated due to a low false positive rate. Cone and rod values reported for 
subject 6724 are the mean and standard deviation across 6 and 4 data sets, respectively. Rod values 
reported for subject 8497 are the mean and range for 2 data sets. Uncertainty (M/K) is significantly higher for 
cone detection than for rod detection on average (p = 0.03). Since these estimates were obtained assuming 
independent detection across stimulus relevant and irrelevant channels without late additive noise, they 
represent the minimum uncertainty consistent with subject’s detection data given linear transduction. 
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Figure 2.8 shows that the introduction of a given amount of uncertainty elevates 

thresholds in addition to reducing the responsiveness of thresholds to criterion reductions.  

In this case, if detection was not impacted by uncertainty but was instead limited only by 

Poisson noise, we would have observed even lower thresholds. For example at 1% and 

30% false positive rate we could have expected thresholds ~0.26 and 0.57 log units 

lower, or ~112 and 55 photons at the cornea, respectively.  Interestingly, this would result 

in nearly equal rod and cone absolute thresholds.  

 

 

Figure 2.8. Uncertainty, M/K, elevates thresholds and decreases the responsiveness of threshold to 
changes in response criteria (false positive rate).  Shown are predictions of how uncertainty impacts 
thresholds, and the responsiveness of threshold to changes in criteria, for different values of M/K. These 
curves were calculated from Equations 2.5-2.7. Log(M/K) of 3 and 1 best accounted for subjects’ aggregate 
cone and rod data. 

 

We’ve shown that cone detection is consistent with a variety of scenarios, one of 

which is optimal detection given both noise and uncertainty (see also Kontsevich & 

Tyler, 1999 on a distraction model with predictions similar to uncertainty). In this 
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scenario an uncertainty of approximately 3 orders of magnitude is required to account for 

subjects’ data. Spatial uncertainty is expected in the cone detection task if fixation 

instability impairs the subject’s ability to predict retinal stimulus location.  In this case, 

assuming minimal spatial summation, the degree of uncertainty would be approximately 

equal to the ratio of the area of the fixational instability to the stimulus area. For fixation 

instability with a reasonable standard deviation~ 5’ of arc, this would correspond to an 

uncertainty in cone detection of roughly 25, a value much lower than the uncertainty 

consistent with cone detection for our subjects (Table 2.4). However, spatial uncertainty 

may be larger. Stevenson, Kumar & Roorda (2007) and Kumar (2008) reported 

imprecision in location judgments (i.e. subjects’ ability to identify ‘where they were 

looking’) about twice as large as fixation instability. If this effect causes spatial 

uncertainty in cone detection, it would be associated with an uncertainty of ~100 (again 

assuming fixation instability with standard deviation of 5'). This is at the lower end of the 

range for our subjects’ cone data, suggesting the intriguing possibility that this ‘inability 

to know where one is looking’ may represent an irreducible barrier to cone detection.  

Note that since the circular area of such error would be less than the area of summation in 

rod vision at our stimulus location, this localization uncertainty would not be expected to 

impact rod detection. Lastly, it may be that nonlinear transduction is present as a 

contributing factor and the amount of uncertainty required to explain our subjects’ data 

may be lower. But, due to the required pairing of significant late additive noise (nl) with 

nonlinear transduction, this would require a decrease in cone dark noise, potentially 

broadening the discrepancy between psychophysically and physiologically derived 

estimates. 
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2.4.3. Relevance for psychophysical modeling 

Ultimately we have shown that detection thresholds in cone vision cannot be 

described as dark light-limited, implying some additional limiting factor beyond that 

imposed by the cone mosaic.  We’ve shown that stimulus uncertainty, possibly in 

conjunction with nonlinear transduction, can provide this limit. This has important 

implications for understanding psychophysics at threshold. For example, it is common 

practice to estimate an upper bound on the noise associated with detection from the slope 

of the psychometric function (Barlow, 1956; Donner, 1992; Marriott, 1963), under the 

assumption that any type of noise results in shallower curves. Under the additional 

assumption that the main noise source impacting detection is the quantal nature of light, 

the slope is used to estimate the minimum required stimulus events for detection 

(Cicerone & Nerger, 1989; Hecht et al., 1942; Marriot, 1963; Pirenne & Marriott, 1955; 

Sakitt, 1972; Vimal et al., 1989; Williams, MacLeod, & Hayhoe, 1981). However, there 

are at least two, often overlooked, reasons why it is not appropriate to rely on the slope of 

the psychometric function for such estimates. First, if the quantum efficiency of photon 

absorption is not known precisely, then the detection noise, N, can trade-off with the 

threshold minimum number of signal induced events, S, when fitting empirical data 

(Barlow, 1956; discussed extensively in Donner 1992). Second, whereas what is 

traditionally thought of as noise flattens the psychometric function, uncertainty and 

nonlinear transduction actually steepen the psychometric function by disproportionately 

affecting detection of weak stimuli (Cohn, 1981; Cohn, Thibos, & Kleinstein, 1974; 

Nachmias & Sansbury, 1974; Nolte & Jaarsma, 1967; Peterson, Birdsall, & Fox, 1954). 

As pointed out by Cohn (1981), this steepening will cause an underestimation of the 
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detection noise (or underestimation of quantum efficiency if detection noise is presumed 

to be known) if estimated solely from the psychometric curve slope. Hence, in the face of 

uncertainty and/or nonlinear transduction the slope of the detection curve does not 

provide any reliable estimate of the noise associated with detection (or the minimum 

number of stimulus events required for detection).  

Since uncertainty depends on the psychophysical procedure, e.g. spatial and temporal 

characteristics, psychophysical models of visual performance may need to be tailored 

with estimates of uncertainty derived from the specific task. For example, the choice of 

fixation target, the degree of spatial and temporal predictability (for example Hofer et al., 

2005 and Makous et al., 2006 presented stimuli at multiple locations, which may have 

increased uncertainty), and how a visual stimulus is cued (auditory tone, pedestal) may 

all impact detection uncertainty. Since uncertainty elevates threshold regardless of 

subjective criterion, failure to account for it will result in inaccurate estimates of both 

noise and signal to noise ratios at detection threshold. With high uncertainty, stimuli will 

have to be made brighter to be seen, which for tiny stimuli (e.g. stimuli created with 

adaptive optics) will mean that more cones will meaningfully participate in detection than 

otherwise would have had uncertainty been minimized.  

2.4.4. Comparison of rod and cone detection 

2.4.4.1. Isomerizations per receptor at absolute threshold 

Cone absolute threshold, in terms of photons at the wavelength of peak sensitivity, is 

approximately 4X higher than for rods (203 vs 51 photons at the cornea on average, see 

Table 2.5).  Using reasonable ranges for the quantum efficiency of cones and rods at the 
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eccentricities of our stimuli of 0.11-0.35 and 0.13-0.30, respectively (reviewed by 

Donner, 1992), this corresponds to 22-71 total cone isomerizations and 7-15 total rod 

isomerizations at detection threshold (Table 2.5). Further, using average cone density 

estimates of 199,000 cones mm
-2 

at the fovea and 130,000 rods mm
-2 

at 10 degrees 

(Curcio, 1990) and  retinal stimulus dimensions of 2' and 27', assumed to encompass 14 

and 1718 cones and rods respectively, we estimate the average number of photons per 

photoreceptor at threshold to be 2-5 for cones and 0.004-0.009 for rods. (Note that if we 

had considered individual variation in receptor density these ranges would be somewhat 

more expanded). These rod threshold values are consistent with estimates derived from 

Sakitt’s (1972) prior work (the only comparable data set due to strict criterion usage by 

other investigators) after compensating for the unrealistic estimate of rod quantum 

efficiency of 0.05 that she used in her original calculations (see both Donner’s, 1992; and 

Makous’, 1990 re-analysis of Sakitt’s original data). However, the cone thresholds are 

significantly lower than previously reported (Marriot, 1963), most likely due overly strict 

criterion usage on the part of his subjects. Note that the numerical estimates provided 

above do not require any assumption regarding either spatial summation, the noise 

contributing to detection, or any other specific details of the detection model. 

2.4.4.2. Noise events per receptor 

As previously mentioned, in the context of linear transduction, we can provide an 

upper bound on the receptor dark noise consistent with subjects’ behavior by fitting the 

data with the simplified uncertainty model described by Equations 2.5-2.7, since any 

elaborations to this model (for example allowing later additive noise) result in higher 

thresholds for given values of quantum efficiency and receptor dark noise.  These 
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psychophysically derived dark noise estimates are highly sensitive to the degree of 

stimulus-relevant spatial pooling assumed at threshold (the parameter K in the model).  

We assumed rod pooling of 1 degree at the eccentricity of our stimulus (11 deg). Since 

cone pooling at detection threshold is unknown, we calculated the noise required to 

account for the measured absolute thresholds for the limiting cases of complete spatial 

summation over the extent of the stimulus (the optimal strategy) and complete cone 

independence. The rod dark noise estimates ranged from 0.004 to 0.025 events per rod 

per second. Cone dark noise estimates ranged from 17 to 180 events per cone per second, 

if spatial summation over the stimulus is assumed complete, to 5 to 52 events per cone 

per second if cones detect the stimulus independently.  

Our estimates of rod noise are consistent with prior psychophysically- and 

electrophysiologically-derived estimates (see Table 2.5). Our estimates of cone noise are 

also consistent with previous psychophysical estimates (Donner, 1992; Barlow, 1958); 

especially if we take into account the effects of uncertainty and differing assumptions 

about the number of cones illuminated by the stimulus). However, cone noise estimates 

are at least 1-2 orders of magnitude lower than electrophysiological estimates, with even 

greater discrepancy under the independent cone detection scenario (which may argue 

somewhat against this scenario’s plausibility). 

The discrepancy between psychophysically- and electrophysiologically-derived 

estimates of cone noise is already known (Donner, 1992; Schneeweis & Schnapf, 1999), 

so that we too observe a discrepancy is not surprising. It is possible that there is a degree 

of calculation inaccuracy associated with the physiological estimates, given the difficulty 

in estimating the psychophysically relevant cone dark noise from electrophysiological 
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data. Another possibility is that we have either underestimated the quantum efficiency of 

cone detection or overestimated the temporal window over which noise is pooled, 

resulting in an underestimation of the dark noise required to account for our 

psychophysical data. Even if cone noise is not summed over the 100 msec we assumed, 

but instead limited to the 34 msec duration of the stimulus, the quantum efficiency of 

cone detection would have to be as high as 0.86 for our psychophysical estimates to be 

consistent with the 3800 noise events per cone per second estimated by Schneeweis & 

Schnapf (1999). Since this is well outside the physically reasonable range for the 

quantum efficiency of cone detection, we conclude that this does not offer a plausible 

explanation for the discrepancy between the psychophysical and physiological estimates 

of cone noise. This discrepancy remains perplexing, and suggests that unless the cone 

noise in vivo is substantially different from physiologically derived estimates to date, the 

visual system’s strategy for cone detection must be highly efficient, attaining close to 

optimal performance given uncertainty, with little significant impact of nonlinearity in 

response or additional late stage noise. 
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Parameter Cones Rods 

Threshold at most lenient criterion 
(photons at the cornea) 

203 ± 38 50 ± 16 

Total photons absorbed (S) 22-71 7-15 

Photons absorbed per receptor 2-5 0.004-0.009 

Total noise events summed with the 
stimulus (N) 

23-253 (P) 
7-73 (I) 

4-21 

Noise events
 
per receptor per second 

(dark noise) 
17-180 (P) 

5-52 (I) 
0.004-0.025 

S/N at absolute threshold 















 photonsnoisestimulus

photonsstimulus  3.3 – 3.9 (P) 2.0-2.5 

S/N per receptor  























1

1

)( recphotonsnoisestimulus

recphotonsstimulus  0.9 – 1.1 (P) 
1.1 – 1.6 (I) 

0.06 – 0.08 

Previous psychophysical estimates of 
dark noise, (noise events per receptor 

per second) 

112* 
10-100** 

0.011* 
0.004-0.11

†
 

Previous physiological estimates of 
dark noise (noise events per receptor 

per second) 
3800

††
 

0.0063
‡
 

0.008 - 0.225
‡‡

 

Log Uncertainty (Log(M/K)) 3.0 1.0 

Table 2.5. Estimates of cone and rod detection parameters. P and I refer to estimates for either complete 
spatial summation (cone pooling) across the dimensions of the stimulus or independent cone detection. 
Uncertainty values were obtained from fits to aggregate subject data as described in the Discussion. 
Stimulus size, cone density, and quantum efficiency used in these calculations are provided in the text. For 
the noise calculations we assumed that noise is pooled over 100 msec for both rods and cones, and over a 
spatial extent of 1° (assumed to encompass 8482 rods) for rods. For the cone pooling scenario we assumed 
that noise is pooled over the extent of the stimulus (2’ estimated to encompass 14 cones). *Donner, 1992; 
**Barlow, 1958; 

†
Barlow, 1957 (cf Schneeweis & Schnapf, 2000); 

††
Schneeweis & Schnapf, 1999; 

‡
Baylor, 

Nunn & Schnapf, 1984; 
‡‡

Schneeweis & Schnapf, 2000. Parameters are arranged from least (top) to most 
(bottom) required assumptions.  For example, total photons absorbed and S/N per receptor both require an 
assumed quantum efficiency range, but the latter also requires assumptions about summation time and 
area, and uncertainty- all assumptions are described in the text. 

 

2.4.5. Spatial summation 

One difficulty in estimating the noise associated with detection (cone dark noise) at 

absolute threshold is that the area of complete spatial summation in the fovea is not 

known. This is because the eye’s optics limit the minimum stimulus size that can be 

displayed to the fovea, so previous estimates provide only an upper bound on the true 

extent of foveal cone pooling at threshold (Davila & Geisler, 1991; Glezer, 1965; Lie, 

1981). Thus, the number of cones participating in the detection process and the amount of 

noise they contribute cannot be accurately determined. Consequently, in Table 2.5 we 
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present calculations for two limiting scenarios, complete spatial summation over the 

extent of the stimulus and cone independence. Further constraint awaits improved 

estimates of the extent of cone pooling in the dark adapted fovea at detection threshold, 

such as may be obtainable in the future by investigating areal summation with adaptive 

optics, a technique that allows stimuli to be delivered to the retina roughly twice as small 

as with conventional means.  Dalimier and Dainty (2010) recently took the first step in 

this direction by investigating spatial summation in light adapted foveal cones with 

adaptive optics, with their data suggesting a minimum pooling extent larger than a single 

cone, although the potential influence of uncontrolled optical factors could not be 

excluded. Note that if cones are found to be able to detect independently with sufficiently 

small retinal stimuli, provided that detection uncertainty increases no more than expected 

based on the change in stimulus size, our data suggest that the sensitivity of cone vision, 

in terms of total photons absorbed by the retina, may even surpass that of rods.   

2.5. Conclusions 

Absolute cone sensitivity has been previously underestimated due to the requirement 

that subjects use strict response criteria to minimize errors in detection. With a rating 

scale method and carefully optimized experimental conditions we found the absolute 

foveal cone threshold to be 203  38 photons at the cornea, on average.  These results 

were consistent with the results of 2AFC measurements on the same subjects. Our results 

suggest that 2-5 photons per photoreceptor are required for detection by foveal cones and 

that cone thresholds are less responsive than rod thresholds to reductions in the response 

criteria. The limited threshold reduction and the observed lack of proportionality between 

discriminability and signal strength indicate that cone detection cannot be properly 
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described as a dark-light-limited process, and implies a limit to detection beyond that 

imposed by the cone mosaic. Stimulus uncertainty, either alone or in conjunction with 

nonlinear transduction, can describe the observed behavior. It may be necessary to 

account for uncertainty when developing task-specific psychophysical models as 

different experimental paradigms include different amounts of uncertainty. 

As addressed in Section 2.4.5, to adequately describe and/or model detection in the 

dark-adapted fovea it is necessary to understand other factors that are fundamental 

components of the detection strategy, such as the strategy and extent of spatial 

summation. We investigate whether subjects can use an optimal, stimulus-matched 

summation strategy in Chapter 5. We then investigate the extent of spatial summation 

using adaptive optics stimuli (to correct for the eye’s optical aberrations) in Chapter 6. 

But as our intended goal, and part of the second aim of this dissertation, is to also 

investigate color appearance as a function of stimulus size at detection threshold, we must 

first address some methodological issues. In the next chapter we describe the impact of 

the visibly red adaptive optics wavefront beacon on color appearance reports, and our 

investigation into methods of eliminating the beacon impact while maintaining adaptive 

optics correction. We then turn our attention in Chapter 4 to validating a dual judgment 

paradigm where subjects are expected to make judgments about both certainty of 

detection and color appearance, where this particular psychophysical method is used in 

both Chapters 5 and 6 to collect detection and color ratings data.  
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Chapter 3 - Detection and color appearance judgments for small 

threshold stimuli 

Reprinted from: Koenig DE, Hofer HJ (2012). Do color appearance judgments interfere 

with detection of small threshold stimuli? Journal of the Optical Society of America-A, 

29, 2, A258-A267. 
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3.1 Introduction 

Spatial and color vision are mediated by 3 classes of spatially interleaved cones with 

unique but overlapping spectral sensitivities (Young, 1802; Roorda & Williams, 1999; 

Hofer, Carroll, Neitz, Neitz & Williams, 2005). Since color vision requires comparing 

responses of all three classes, yet only one type of cone is present at any retinal location, 

there is a necessary ambiguity between the spatial and spectral information encoded in 

the retinal mosaic at fine spatial scales (Williams, 1990; Williams, Sekiguchi, Haake, 

Brainard & Packer, 1991). This ambiguity, or information loss, is surprisingly 

inconsequential in everyday visual experience (Williams, 1990), and the visual system’s 

strategy for effectively mitigating its impact remains unknown.  

The visual system’s strategy for resolving spatio-chromatic ambiguity when 

reconstructing a percept from individual cone inputs can be investigated at the receptor 

level with adaptive optics imaging and psychophysics (Hofer, Singer & Williams, 2005; 

Brainard, Williams & Hofer, 2008). However, threshold intensities are required to 

produce stimuli effectively small enough to probe individual cones (at least within the 

central retina). For this reason, models developed to explain stimulus appearance in this 

context (e.g., see Brainard et al., 2008; see also Krauskopf, 1978 and Otake, Gowdy & 

Cicerone, 2000 for related work with conventionally displayed small stimuli) require an 

implicit detection model, so that only seen stimuli and contributing receptor responses are 

considered.  The parameters governing cone detection are poorly constrained however, 

and these models typically incorporate assumptions based on experiments in which the 

subject’s task was simply to detect the stimulus (e.g. see Marriott, 1963). The underlying 

assumption is that when a subject’s main goal is not simply to detect a stimulus, but to 
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note and report some aspect of the appearance, the subject’s sensitivity and detection 

strategy are not compromised. This untested assumption has been implicitly incorporated 

in numerous prior studies, for example on color appearance at detection threshold and the 

contributions of luminance and chromatic mechanisms to detection (King-Smith & 

Carden, 1976; Mullen & Kulikowski, 1990; Lee, Sun & Valberg, 2011). However 

subjects may not be able to use fully independent strategies for detection and 

discrimination or identification (i.e. the strategy optimal for identification may be 

suboptimal for detection (Klein, 1985)), so it is not clear that this assumption will always 

hold.  

Here we directly test the hypothesis that subjects can report color appearance, and 

the related hypothesis that subjects can validly report multiple stimulus attributes, without 

compromising the detectability of a small threshold stimulus. The latter would allow 

more efficient experimentation and experimental assessment of trial-by-trial correlations 

among different perceptual attributes, which could be particularly beneficial for 

constraining models of the image reconstruction process. We asked the following specific 

questions:  

Does reporting color appearance impact detection threshold? An apparent reduction 

in detection sensitivity may occur in a color reporting task if subjects have difficulty 

registering color for very dim stimuli, and so are reluctant to report them as seen. 

Alternatively, subjects may experience a true reduction in sensitivity if the requirement to 

attend to and remember color appearance renders them less effective at detecting dim 

stimuli, as might be the case if limited attentional resources were directed toward color 

appearance and away from more relevant cues for detection. In both of these cases 
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modeling detection with typical threshold parameters would underestimate the effective 

signal to noise ratio and number of cones participating in the appearance judgment, which 

can have a dramatic impact on data interpretations and conclusions. 

Does simultaneously reporting detection certainty and color appearance impact 

either measure?  A reduction in detection sensitivity when reporting more than one 

stimulus attribute may occur if subjects find registering, remembering, and reporting both 

attributes more difficult than reporting either independently, for example if their 

judgment draws on the same attentional resources (Morrone, Denti & Spinelli, 2004; 

Duncan & Nimmo-Smith, 1996). Color appearance reports may also be altered if subjects 

have difficulty attending to, and recalling, color when also explicitly tasked with 

assessing and reporting detection certainty.  If subjects can rate detection certainty and 

appearance simultaneously, this would allow more direct experimental assessment of link 

between appearance and strength of the visual signal, which may more tightly constrain 

models of the image reconstruction process.   

To answer these questions we asked subjects to report either detection certainty, 

color appearance, or both, for small, threshold, foveal stimuli. We found no impairment 

in sensitivity and no inclination to employ overly strict response criteria when reporting 

color appearance, either alone or in conjunction with detection certainty. In fact for some 

subjects sensitivity increased with the simultaneous report task. Using this simultaneous 

report scheme we also investigated the impact of response criterion, reflecting subjective 

brightness, on color appearance. We discuss the implications of these results for the 

independence of the luminance and chromatic mechanisms, the role of attention, and 

modeling the influences of the retinal mosaic on color appearance. 
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3.2. METHODS 

3.2.1. Subjects  

Four subjects (1 male and 3 female) ranging in age from 22 to 39 participated in the 

study. Subjects 6724 and 9254 were the authors and subjects 8191 and 9663 were naïve 

to the purpose of the study.  All subjects, except subject 9663, were experienced 

psychophysical observers. All subjects had normal vision correctable to at least 20/20 and 

normal color vision as assessed by Hardy-Rand-Rittler (HRR) 4
th

 edition color plates. 

The research followed the tenets of the Declaration of Helsinki and all subjects gave 

informed consent after an explanation of the study procedure and any possible risks. All 

study procedures were approved by the Institutional Review Board of the University of 

Houston.   

3.2.2. Stimuli  

Small (~1 arcmin full width at half maximum), brief (6 ms), monochromatic spot 

stimuli were created with a 25 μm pinhole (subtending ~0.2 arcmin visual angle) backlit 

by a broadband white LED in conjunction with a 580 nm (10 nm bandwidth) interference 

filter, displayed through a 2 mm artificial pupil. Wavelength was chosen to maximize 

variability in color appearance (Krauskopf, 1978; Cicerone & Nerger, 1989).  Stimuli 

were presented monocularly to the central fovea after at least 10 min of dark adaptation, 

in an otherwise completely dark visual field, save for a fixation target composed of two 

small dim white dots (~0.25° diameter) presented in Maxwellian view. Subjects fixated 

midway between these two dots, which were separated vertically by 2.25°. This target 

was chosen to minimize interference at the fovea without introducing large fixation 
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errors. Reported precision of fixation for similar targets is 3-9’ (Bedell, 1984; Rattle, 

1969; Steinman, 1965), which is not significantly different from that reported by 

Ditchburn for fixation of small central fixation targets (Ditchburn, 1973). A Badal 

optometer was used to correct defocus, along with habitual spectacle correction as needed 

for astigmatism (Subjects 8191 and 9254). No dilating or cycloplegic agents were used, 

since subjects’ natural pupils were always larger than the 2 mm artificial pupil. This 

small pupil size also provided a large depth of focus, minimizing the potential impact of 

accommodative drifts and fluctuations on the experimental results (Koenig & Hofer, 

2011). 

Four stimulus intensities (including blanks) were used. Stimulus energy at the eye’s 

pupil was measured without the interference filter with a Newport 1930C or 1936C 

power meter. Attenuation due to the interference filter was measured separately. After 

adjusting for the loss through the filter, stimulus energy at each intensity level was 

converted to quantal values (i.e., photons at the cornea) with the following relationship: 

photons = energy in Joules × stimulus peak wavelength × 5.0341 × 10
15

 J
-1

 m
-1

. Quantal 

values for subjects 8191 and 9254 included a further 1% correction for the estimated light 

loss due to reflection at the surface of the spectacle lenses. Stimulus duration was 

controlled by an electronic shutter (Uniblitz, model VS14) and timing was controlled by 

custom Matlab (Mathworks, Natick, MA) software incorporating Psychophysics Toolbox 

extensions (Brainard, 1997; Pelli, 1997). Stimuli were self-paced and were accompanied 

by auditory cues to facilitate detection, a tone at the start of each trial and the sound of 

the electronic shutter at stimulus presentation.  
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3.2.3. Psychophysical methods  

Subjects rated stimuli using one of three response schemes: 1) detection certainty 

only (detection-only rating condition), 2) color appearance only (color-only rating 

condition), or 3) rating both color appearance and detection certainty (simultaneous 

rating condition). All three response conditions were effectively detection tasks (e.g., 

color was reported only when subjects felt they could see the stimulus).  The response 

schemes were performed in randomly interleaved blocks without feedback on the 

presence of the stimulus. 

Detection thresholds in the color-only and detection-only ratings conditions were 

compared to determine the impact of reporting color appearance on detection 

performance. To determine if simultaneously rating color appearance and detection 

certainty impacts either measure, detection thresholds were compared between the 

detection-only and simultaneous rating conditions, and color reports were compared 

between the color-only and simultaneous rating conditions.  Use of the rating scale 

method in the detection-only and simultaneous conditions also allowed potential 

differences in subjective response criterion, in addition to sensitivity differences, to be 

assessed. 

3.2.3.1. Rating schemes 

Detection certainty: Subjects rated detection certainty by assigning each stimulus a 

rating from 1 to 5, where ‘1’  flash definitely not seen, ‘2’  seen but unsure, ‘3’  dim 

spot seen, ‘4’  moderate spot seen and ‘5’  bright spot seen. We have previously shown 

that the complexity of the rating scale task does not elevate detection thresholds (Koenig 

& Hofer, 2011). 
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Color appearance: Subjects rated color appearance with a hue-scaling response 

scheme in which each stimulus was rated by distributing 10 key presses among the 

categories red, green, yellow, blue, and white in any manner the subject felt best reflected 

appearance on that trial (see Figure 3.1). Table 3.1 provides examples of desaturated 

(examples 1 and 2) and saturated color ratings (example 3), and an achromatic response 

(white or gray, example 4). Subjects were instructed to rate all seen flashes according to 

apparent hue and saturation and not apparent brightness. In the event that an 

‘indescribable’ stimulus was seen subjects were instructed to use the ‘white’ category.  

Stimuli rated purely ‘white’ therefore reflected all stimuli without a discernable hue, 

including both ‘colorless’ or ‘indescribable’ stimuli as well as those appearing ‘white’ or 

‘gray’. 

 

Example Red Green Yellow Blue White/Gray Sum 

1 3 0 3 0 4 10 

2 0 4 0 3 3 10 

3 10 0 0 0 0 10 

4 0 0 0 0 10 10 
Table 3.1. Color ratings on each trial summed to 10, and were distributed among red, green, yellow, blue 
and white. Examples 1 to 4, shown before arcsine transformation, are of orange and blue-green desaturated 
color responses, a saturated color response, and an achromatic response. 

 

Subjects entered both color and detection ratings with a small handheld numeric 

keypad (see Figure 3.1). In the simultaneous rating condition detection certainty was 

always rated before color. Each key press was accompanied by an auditory tone to keep 

track of successfully entered ratings, with the final key press sounding a distinct 

‘completion’ tone. Subjects were unable to proceed to the next stimulus until completing 

the requisite number of key presses. Only certain keys were allowed for detection and 

color ratings, and an error tone sounded with any unexpected key presses. Finally, 
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subjects were instructed to intentionally press a non-rating key if they knew that a rating 

error had been made. Rating errors were excluded from analysis. 

 

 

 

Figure 3.1. Image of numeric keypad on which subjects entered both detection and color ratings (Targus 
Group International, Inc.). Shown is a sample distribution of the colors red, yellow, green, and blue among 
the numeric keys 2, 4, 6, and 8. The numeric key for 1 represented ‘not seen’ in both detection and color 
ratings, and the numeric key for 5 was reserved for white in color ratings (red, yellow, green, and blue could 
be distributed as desired among the numeric keys for 2, 4, 6, and 8 by the subject). The numeric key for 5 
has a raised mark on it, for orienting finger position in the dark. Color labels are for illustration purposes only, 
as detection and color ratings were performed in a dark room. 

 

3.2.3.2 Practice and trial sessions 

Subjects practiced until comfortable with the rating paradigms and responses were 

consistent, as evaluated by inspection of ratings distributions. Practice sessions were not 

included in the final analysis. Despite the seeming complexity of the rating schemes, 

subjects were generally proficient and comfortable after only 2-3 trial blocks, with each 

block consisting of approximately 80 trials. Experimental sessions lasted between 2 to 3 
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hours, with breaks as needed. Subjects 6724, 8191, 9663, and 9254 participated in 1500, 

1000, 500, and 1000 trials per condition, completed over 2 (Subject 9663) or 3 days. The 

different numbers of trials per condition per subject are a result of differences in stamina 

and availability. Subjects 9663 and 9254 completed all sessions (including practice) 

within 10 days, Subject 8191 completed all sessions (including practice) over a two 

month period, and Subject 6724 completed the 3
rd

 session ~6 months after the first two.  

3.2.4. Data analysis  

3.2.4.1. Detection thresholds and frequency of seeing data 

For each trial session detection thresholds and associated confidence intervals were 

determined for each detection criterion by fitting psychometric curves to the frequency of 

seeing data and interpolating at 50% seen after accounting for nonzero false positive 

rates, using the following equation: 
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Where p(S|s) is the percentage of trials on which the stimulus was reported as seen 

(S) given the presence of the signal (s) and noise, p(S|n) is the percentage of trials 

reported as seen given the presence of noise (n) alone, and p(S|s)' is the percentage of 

seen trials adjusted for the nonzero false positive rate. For each subject, averaged 

thresholds and confidence intervals were estimated for each condition and criterion with 

weighted averages across sessions according to the number of trials (individual session 
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data were first inspected for criterion consistency). Data acquired in the color-only 

response condition reflect the use of only a single response criterion. Consequently, we 

used linear interpolation to estimate thresholds and associated confidence intervals for the 

detection-only and simultaneous conditions at the same false positive rate (criterion) as in 

the color-only rating condition.   

3.2.4.2. Discriminability 

We also calculated the discriminability, ∆m (McNicol, 2005), of the different 

intensity stimuli for each subject and condition using receiver operator characteristic 

(ROC) analysis. ∆m, like the more common d', is useful because it is a measure of the 

separation between the noise and the signal plus noise distributions that is independent of 

the subject’s response criterion. Unlike d' though, it is applicable to those instances in 

which the variances of the signal plus noise and the noise distributions are not equal – as 

is the case with our low photon count, threshold-level data (see Fig. 3.2). ∆m is defined 

by the following equation: 

 

       (3.2)  

 

Where SN, S, and N are the means of the signal plus noise, signal, and noise 

distributions, respectively, and σn is the standard deviation of the noise distribution. Δm 

can be estimated graphically by plotting ROC curves in standard deviation units (double 

probability plots) and taking the distance from the noise distribution mean (distance from 

zero on the abscissa) that corresponds with the mean of the signal distribution (zero on 

n
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the ordinate; see Fig. 3.2). For each subject we computed the percent change in 

discriminability between the detection-only (Δmd) and simultaneous (Δms) conditions for 

each stimulus intensity. These percent changes were then averaged across sessions and 

subjects. Discriminability comparisons could not be made with the color-only condition, 

since subjects used only a single response criterion in this condition (although 

discriminability can be estimated with a single response criterion, it requires Gaussian 

signal and noise distributions with equal variance (McNicol, 2005; Gescheider, 1997), 

assumptions that do not hold for our data, as described above and in Fig. 3.2.) 

 

 

Figure 3.2. Receiver Operating Characteristic (ROC) analysis and determination of discriminability, Δm. A) 
Typical ROC curves for Subject 6724, from rating-only data. B) ROC curves for the same subject on a 
double probability plot and with a sample estimation of discriminability from linear fits to the low intensity 
curve – Δm equals z(S|n) on the ROC curve where z(S|s) equals zero (dashed lines). p(S|s) and p(S|n) are 
the correct detection and false positive rates, and z(S|s) and z(S|n) are their inverse normal distribution 
transformations. Here slopes fitting ROC data on double probability plots are less than one, as is expected 
with Poisson rather than Gaussian distributions. Gray line is a slope of one for comparison. 

 

Subject 6724 Subject 6724

Receiver Operator Characteristic analysis and 
determination of signal discriminability
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3.2.4.3. Hue ratings analysis 

Mean hue ratings were calculated for each subject for the color-only and 

simultaneous rating conditions after an arcsine transformation of the data for uniform 

variance (Abramov, Gordon & Chan, 2009), according to the following equation: 
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Where HueR and HueR  are the original and transformed red, yellow, green, blue, and 

white hue responses.  After arcsine transformation, mean hues for all stimulus intensities 

and subjective response criteria were calculated and compared between the color-only 

and simultaneous rating conditions to determine whether valid appearance information is 

obtainable with the more complex simultaneous rating condition. 

Individual and averaged hue ratings were also visualized using the Uniform 

Appearance Diagram (UAD) described by Abramov et al., (Abramov et al., 2009) where 

the red-green and blue-yellow differences are plotted on the ordinate and abscissa, 

respectively. Figure 3.3 shows l set of color ratings plotted on a UAD for one subject 

(Subject 6724). Data are shown for all non-blank stimuli seen in the color-only response 

condition (frequency of seeing from 40-95%). Reported appearance is typical and similar 

to that obtained in prior investigations on the color appearance of small, threshold, foveal 

stimuli (Krauskopf & Srebro, 1965; Bouman & Walraven, 1957). Repeated stimulus 

presentations result in considerable variability in both hue and saturation, presumably due 

to differences in the particular cones, and subsequent neural pathways, excited on each 
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trial. Stimuli often appear blue-green and yellow-red (orange) but rarely, if ever, yellow-

green or blue-red (violet).  

 

Figure 3.3. The Uniform Appearance Diagram showing typical color responses for one subject (Subject 
6724). Color responses (i.e. reported red, yellow, green, blue or white) are plotted as Green-Red (ordinate) 
versus Yellow-Blue (abscissa) differences for all non-blank intensities (40-95% seen) reported with the color-
only response scheme. Data have been arcsine transformed for uniform variance (Abramov, et al, 2009). 
Boldness of the data points reflects the relative number of stimuli with the same color rating. Saturated hue 
responses fall along the outer perimeter and white responses fall at the origin. Background color is for 
illustrative purposes only. 

 

3.3. RESULTS 

3.3.1.  Reporting color appearance does not elevate detection threshold 

To assess whether the color appearance task influences the subjective response 

criterion (as may occur if subjects wish to avoid potential difficulty in categorizing dim 

and possibly ambiguous stimuli), we compared the false positive rates in the color-only 

The Uniform Appearance Diagram and typical 
color responses for one subject
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and detection-only conditions.  Table 3.2, which lists the false positive rates in all 

response conditions, shows that subjects did not use overly strict detection criteria when 

rating color. For 3 subjects the detection criterion used in the color-only task was 

approximately the same as the most lenient criterion in the detection-only task (2 

‘unsure’), while for subject 6724 the criterion used in the color-only task was more 

similar to the second most lenient criterion employed in the detection only task (3 ‘dim 

spot seen’). 

To assess whether the color appearance task impaired subjects’ ability to detect the 

stimulus, we compared detection thresholds in the color-only condition to those in the 

detection-only condition interpolated at the same response criterion (false positive rate).  

Figure 3.4 shows that detection thresholds in the color-only rating condition were not 

significantly different from those in the detection-only condition for our four subjects (p 

= 0.17, 0.48, 0.83, and 0.99 for Subjects 6724, 8191, 9663, and 9254; two-tailed t-tests 

paired per session). This indicates that the task of attending to and reporting color does 

not reduce sensitivity or otherwise impair detection. Subjects 6724 and 9254 previously 

participated in an experiment where detection thresholds were measured for similar small 

stimuli, but at a wavelength of 550 nm (Koenig & Hofer, 2011).  The thresholds 

measured here with 580 nm stimuli were approximately twice as large as those reported 

in this earlier study, reflecting a greater increase than expected based solely on the 

difference in the eye’s photopic sensitivity between these two wavelengths (0.04 to 0.06 

log unit expected increase; original and modified CIE Photopic Luminous Efficiency 

functions available from the University College London Institute of Ophthalmology’s 

Colour Vision and Research Laboratory database [www.cvrl.org]). While firm 



78 
 

conclusions would require additional studies, it is possible that this difference reflects the 

relative influence of color-opponent and luminance mechanisms at cone threshold (i.e., as 

in the Sloan Notch (Sperling & Harwerth, 1971)).  

 

 

 

    Detection                            Simultaneous  Color 

Subject 
Unsure 

(2 or more) 

Dim 

(3 or more) 

Moderate 

(4 or more) 

Unsure 

(2 or more) 

Dim 

(3 or more) 

Moderate  

(4 or more) 
 

6724 28.6±2.7 12.8±2.3 1.36±1.22 21.9±3.3 5.7±2.2 0 13.9±2.4 

8191 9.6±2.6 1.2±1.1 0 5.3±5.0 0.3±0.6 0 7.6±2.1 

9663 4.1 0.6 0.6 5.1 0 0 4.2±4.1 

9254 14.2±3.2 2.9±1.9 0 10.4±4.0 0 0 14.2±5.6 

Table 3.2. False positive rates (%) for all three conditions (mean ± 1SD across sessions, except Subject 
9663 with only 2 sessions). Criterion use in the color-only condition typically falls nearest the most lenient 
criterion in the other two conditions (2 or more ‘unsure’). 

 

 

Figure 3.4. There is no significant difference between detection thresholds in the detection-only (blue) and 
color-only (red) conditions. Detection-only thresholds are interpolated at the same false positive rate as 
employed in the color-only condition, error bars reflect the 95% confidence intervals estimated as described 
in the Methods.   

6724 8191 9663 9254

Color-only and detection-only thresholds 
are not significantly different

Subject numbers
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3.3.2. Simultaneously reporting both color appearance and detection certainty does not 

elevate threshold 

Our second goal was to determine if valid measures of detection certainty and color 

appearance can be obtained simultaneously. This would allow direct measurement of the 

relationship between detection certainty, which reflects the subjective intensity of the 

stimulus on each trial (presumably related to the cone catch), and color appearance. This 

would also allow the efficient combination of detection and color appearance studies. 

 Table 3.2 shows that subjects used somewhat stricter detection criteria in the 

simultaneous rating condition than in the detection-only condition, a difference that was 

significant on average (p = 0.014, two-tailed paired t-test across subjects and criteria), 

although not on an individual level. Figure 3.5A shows that detection was not impaired in 

the simultaneous rating condition. For 3 subjects, thresholds in the simultaneous rating 

condition were, on average, 0.05 log units lower than in the detection-only rating 

condition, a trend that was present across both detection criteria and experimental 

sessions. This reduction was significant for Subjects 8191 and 9254 (z-tests equal 2.66 (p 

= 0.008), and 3.09 (p = 0.002), respectively) and approached significance for Subject 

6724 (z-test equals 1.75 (p = 0.08)). For Subject 9663 (the least experienced subject) the 

same trend was not evident. Subjects 6724 and 8191, who repeated the experiment at a 

later date, exhibited the same behavior at both time points (data not shown). Consistent 

with this finding, discriminability, averaged across observers, was higher in the 

simultaneous than in the detection-only rating condition (Fig. 3.5B). 

 Taken together these data demonstrate that detection performance is not 

compromised when subjects are required to report both color appearance as well as 



80 
 

detection certainty, and in fact that sensitivity is enhanced or detection facilitated in some 

subjects under these conditions. 

 

 

Figure 3.5. (A) Detection thresholds are not higher in the simultaneous rating condition (green) than in the 
detection-only rating condition (blue), and are significantly lower for Subjects 8191 and 9254. To facilitate 
comparison with Fig. 3.3, thresholds in Fig. 3.4 are also interpolated at the color-only criterion, error bars 
reflect the 95% confidence intervals estimated as described in the Methods section.   (B) On average, 
discriminability increases in the simultaneous rating condition compared with the detection-only condition. 
Ordinate is the percent change in discriminability between detection-only (Δmd) and simultaneous (Δms) 
rating conditions [100 × (Δmd - Δms)/Δmd]. Error bars are one standard error of the mean across subjects. 
The three leftmost bars are the mean across subjects at each intensity, and the rightmost bar is the overall 
mean across subjects and intensities. 

 

3.3.3. Facilitation is not explained by either reduced response rate or increased 

cognitive demand in the more complex simultaneous rating condition 

 

The increased sensitivity for 3 of 4 subjects when reporting color in addition to 

detection certainty suggests that subjects may be able to access more stimulus-relevant 

information (i.e., all information encoded by the visual system potentially informative as 

to the presence of the visual stimulus) when rating both attributes together than when 

rating detection certainty alone. One possibility is that the more complicated 

6724 8191 9663 9254

Stimulus intensities

MeanHighMediumLow 

Subject numbers

Detection thresholds and discriminability in the 
simultaneous (color) and detection-only rating conditions
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simultaneous response scheme forces subjects to perform trials at a slower pace (given 

the longer time it takes to key in the response), which may enhance global attention and 

increase sensitivity.  We’ve previously shown in one subject (Subject 6724) that 

performing a similar detection experiment (550 nm, 30 ms stimulus of the same size) 

with and without a forced 4 second inter-stimulus interval elevated detection thresholds 

(Koenig & Hofer, 2011). This suggests that the effective reduction in response rate in the 

more complex response scheme is not likely to account for the lower thresholds in the 

simultaneous response condition.  

Another possibility is that the increased task complexity when reporting multiple 

stimulus attributes generally increases sensitivity (e.g., see Spitzer, Desimone & Moran, 

1988). To further explore this possibility Subjects 6724 and 9254 performed an additional 

experiment where apparent stimulus size rather than color appearance, was rated. 

Conditions were otherwise similar save for a 1.7 arcmin, 550 nm stimulus of 30 ms 

duration. Thresholds were not significantly different in the simultaneous size-detection 

rating condition than in the detection-only condition (see Fig. 3.6). Given this result, it 

seems unlikely that the facilitation observed when simultaneously reporting both color 

and detection certainty is simply a result of increased task complexity. 
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Figure 3.6. (A) Detection thresholds are not significantly different in the simultaneous detection-size rating 
condition (green) than in the detection-only rating condition (blue). Error bars reflect the 95% confidence 
intervals estimated as described in the Methods section. (B) On average discriminability (∆m) was not 
significantly different between conditions for the 2 subjects. Ordinate is the percent change in discriminability 
between detection-only (Δmd) and simultaneous (Δms) rating conditions [100 × (Δmd - Δms)/Δmd]. Error bars 
are one standard error of the mean across subjects. 

 

3.3.4. Color reports are not altered when simultaneously reporting color appearance 

and detection certainty  

 

We’ve demonstrated that sensitivity is not impaired when subjects rate both color 

appearance and detection certainty (i.e., subjective brightness) simultaneously. We 

compared color reports in the simultaneous and color-only conditions to determine if 

valid color appearance data can also be obtained with the simultaneous response method. 

Color appearance reports may be altered if, for example, subjects have difficulty recalling 

color after rating detection certainty, or if subjects fail to register color for some stimuli 

when also required to assess and describe the subjective certainty of detection. Figure 3.7 

shows averaged color ratings (red-green and yellow-blue) plotted on UADs for each 

6724 9254

Subject numbers Stimulus intensities

MeanHighMed1Low Med2

Detection thresholds and discriminability in the 
simultaneous (size) and detection-only rating conditions
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subject for all non-blank stimulus intensities in the color-only and simultaneous rating 

conditions.  Data plotted for the simultaneous condition include all stimuli rated a 2 

(‘unsure’) or more. Table 3.2 shows that this criterion is approximately the same as that 

used in the color-only rating condition for all subjects except Subject 6724, whose 

criterion in the color-only condition fell in between ratings of 2 (‘unsure’) and 3 (‘dim 

spot seen’). Average color ratings were generally not significantly different in the two 

conditions, the exception being the pair of points corresponding to the highest intensity 

stimulus for Subject 9254 (see Table 3.3).  This difference, and the slight apparent 

differences along the yellow-blue axis and in apparent saturation for some subjects, may 

be potentially related to the small differences in sensitivity in the two conditions (and 

criterion for Subject 6724), as color appearance varies with stimulus strength (see Fig. 

3.8).  

 

  Yellow-Blue Green-Red 

Subject Intensity Difference p-value Difference p-value 
6724 Low -0.5622 0.2439 0.3298 0.6515 

 Med -0.1146 0.7594 0.0883 0.8878 
 High -0.2260 0.4602 0.3317 0.5542 

8191 Low 0.0457 0.8850 -0.3587 0.7528 
 Med 0.0959 0.7838 -0.4042 0.7081 
 High 0.5316 0.1132 -0.5043 0.6528 

9663 Low -1.3485 0.2971 1.3226 0.2318 
 Med -0.4680 0.6252 0.4481 0.5840 
 High -0.5497 0.5158 0.4058 0.5683 

9254 Low 1.1195 0.0971 -0.6973 0.2918 
 Med 0.2513 0.5764 -0.4493 0.4002 
 High 1.2609 0.0001 -0.5818 0.1406 

Table 3.3. The differences in mean hue ratings in the yellow-blue and green-red directions (after arcsine 
transformation for uniform variance) in the color-only and simultaneous conditions (color-only minus 
simultaneous). Color ratings in the simultaneous condition include all seen stimuli (i.e., ratings of 2 or more). 
p-values reflect significance according to the two-tailed z-test. The difference in the yellow-blue direction is 
significant at high intensity for Subject 9254. 
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Figure 3.7. Color ratings averaged across sessions are not significantly different between the color-only 
condition (black) and simultaneous rating condition (white), except along the yellow-blue axis at high 
intensity for Subject 9254 (arrows, panel D). This difference may be the result of the difference in sensitivity 
in the two conditions, which typically manifests along the yellow-blue axis. Data points are size coded for low 
(small dot), medium (medium dot), and high (large dot) intensity. Error bars are one standard error of the 
mean of the arcsin transformed green-red and yellow-blue rating differences. The axes have been truncated 
to ± 5 to better display the average values. Background color is for illustrative purposes only. Data include all 
seen stimuli (rated 2 or more in the simultaneous rating condition), and excludes false positive responses. 

 

3.3.5. Impact of detection criterion and intensity on color reports 

The simultaneous rating response method allows experimental assessment of the 

impact of the subjective response criterion on stimulus appearance. This is significant 
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because quantum fluctuations cause great variability in the actual number of absorbed 

photons for threshold stimuli, which is reflected in the variability of subjects’ detection 

ratings (Fig. 3.8). Given this variability, the subjective response criterion may be a better 

reflection of the strength of the visual signal, especially on a trial by trial basis, than the 

nominal stimulus intensity. Figure 3.9 shows the overall changes in color rating 

composition as a function of intensity (left column) and subjective detection criterion 

(right column), where each bar is the average composition of red, green, yellow, blue and 

white across sessions. For three subjects (6724, 9254, and 8191) there is a tendency for 

the blue-yellow balance to shift towards yellow (the veridical hue for this wavelength) 

with increasing intensity or criterion. For example, for these three subjects the shift 

towards yellow is on average ~0.90±0.21 (mean ± sem) hue rating units from detection 

ratings of ‘2’ or ‘3’ (subjectively dim and uncertain if seen) to ‘5’ (bright and definitely 

seen), where the difference between ratings of ‘3’ and ‘5’ is significant for subjects 8191 

and 9254 (z-test p-values for comparison of mean yellowness of 0.02 for both subjects; 

verified by permutation testing as described in Appendix E). Although similar 

dependencies are observed, it is evident that color appearance is more stable with respect 

to intensity changes than criterion changes, as expected.  
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Figure 3.8. Typical variability in subjective ratings usage as a function of intensity. Subjective ratings for 
each intensity range from 2 (‘unsure’) to 5 (‘bright spot seen’). Data are from one simultaneous rating 
session (Subject 6724). Stimuli of any intensity (Low, Med, High) may attain any subjective brightness. 

Typical variability in subjective ratings usage as a 
function of stimulus intensity
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Figure 3.9. Red, green, yellow, blue and white responses (corresponding color segments, except gray 
segments incorporate white, gray, or uncertain hue responses) as a proportion of total hue response for 
each nonzero stimulus intensity (Subjects 6724, 8191, 9663, and 9254, A-D), and each subjective detection 
criterion (Subjects 6724, 8191, 9663, and 9254, E-H). For subjects 6724, 8191, and 9254 the proportion of 
yellow (blue) tends to increase (decrease) with increasing intensity, a trend toward veridical hue for a 580 
nm stimulus. Uniform appearance diagrams showing average green-red and yellow-blue color ratings as a 
function of intensity, and derived from the same data plotted in the left-hand column here, are shown in 
figure 3.7. 

F) Subject 8191B) Subject 8191

G) Subject 9663C) Subject 9663

H) Subject 9254D) Subject 9254

E) Subject 6724A) Subject 6724
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Figures 3.7 and 3.9 also demonstrate considerable individual differences in color 

reporting behavior for our four subjects. A portion of this variability is likely attributable 

to differences in the make-up of the retinal cone mosaic. For example, the presence or 

absence of S-cones near fixation may cause differences in the relative composition of 

green and blue responses (Brainard et al., 2008), while differences in L and M-cone ratio 

may cause differences in the relative composition of red/orange versus green/blue 

responses (Hofer et al., 2005; Brainard et al., 2008). The latter differences are expected to 

be less pronounced in this study, with our conventionally displayed foveal stimuli, than 

found previously with adaptive optics corrected stimuli in the near periphery (Hofer et 

al., 2005). 

3.4. DISCUSSION  

3.4.1. Implications for modeling and studying the link between receptor signals and the 

visual percept 

 

Our aims in the current report were two-fold. We first set out to test the basic 

assumption that asking subjects to note and report color appearance does not alter their 

sensitivity or strategy for detecting a stimulus. Detection thresholds in the latter condition 

were expected to be higher if, for example, subjects have difficulty registering color for 

dim stimuli or if subjects miss dim stimuli when mainly concerned with judging and 

reporting color. When detection thresholds in detection-only and color-only rating 

conditions were compared no significant difference was found, suggesting that subjects 

do not avoid dim stimuli in the latter condition and that the color appearance task does 
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not otherwise interfere with detection. Given these findings, models designed to explain 

color appearance at detection threshold (e.g., Brainard et al., 2008) can use typical cone 

detection parameters without underestimating either the signal to noise ratio or the 

number of cones effectively participating in detection. 

Our second aim was to determine whether reporting more than one stimulus attribute 

alters a subject’s detection strategy or negatively impacts their sensitivity, as this would 

allow more efficient experiments and experimental measurement of trial by trial 

correlations between multiple stimulus attributes. We found that subjects can 

simultaneously and reliably report color appearance and detection certainty, as well as 

apparent stimulus size and detection certainty. Changes in color appearance with 

increased detection certainty (criterion) were similar, but more pronounced, than those 

with increased intensity. Taken together these results suggest the potential to more 

directly investigate the link between the strength of the visual signal and appearance 

(color, size, etc.). 

3.4.2. Implications for the role of attention and the independence of chromatic and 

luminance mechanisms at cone threshold 

 

Simultaneous reporting tasks have been used for at least the past four decades 

to compare detection and discrimination or identification thresholds (e.g., 

Nachmias & Weber, 1975; Furchner, Thomas & Campbell, 1977; and as 

described in Klein, 1985). In this manner, properties of the underlying 

mechanisms, e.g. bandwidth and interactions, can be evaluated. The idea is that 

thresholds for two mutually dependent mechanisms will be elevated in the 

simultaneous task relative to either task performed in isolation. For example, 
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using a dual discrimination paradigm, Alais et al. (2006) found interference 

within but not between vision (contrast discrimination) and audition (pitch 

discrimination), suggesting shared attentional resources in the former case but not 

in the latter. Similarly, that our subjects’ detection thresholds were not negatively 

impacted in either of the simultaneous rating conditions (color-detection and size-

detection) implies that these stimulus attributes do not recruit competing 

attentional resources (Morrone et al., 2004; Duncan & Smith, 1996).  It is 

reasonable to presume, especially given our instructions to subjects, that the 

detection certainty rating task required luminance discrimination and the color 

rating task required chromatic discrimination. Given this assumption, the lack of 

interference we found in the simultaneous response condition is consistent with 

luminance and chromatic information being encoded in independent pathways 

(e.g., see Lee et al., 2011; Chaparro, Stromeyer, Kronauer & Eskew, 1993; 

Mullen & Losada, 1994; Mullen & Sankeralli, 1999).   

The fact that detection thresholds in the simultaneous color-detection rating 

condition were lower for 3 subjects than in the detection-only rating condition, 

while detection criteria remained effectively unchanged, implies that subjects may 

be able to access more stimulus-relevant information when rating color 

appearance and detection certainty together than when rating detection certainty 

alone. While the non-interference of the color report task is consistent with 

independent luminance and chromatic pathways, the facilitation found for some 

subjects implies that information in both of these pathways is informative as to 

the presence of the stimulus at cone absolute threshold, yet subjects appear unable 
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to marshal the attentional or motivational resources to make full use of this 

information without explicit instruction. 

The involvement of both chromatic and luminance pathways in detection at 

cone threshold is also consistent with our subjects’ use of chromatic and 

achromatic responses, under the assumption that chromatic responses at threshold 

reflect detection by chromatic mechanisms and achromatic responses reflect 

detection by luminance mechanisms (King-Smith & Carden, 1976). The 

variability of both chromatic and achromatic responses for our subjects likely 

reflects variability in the relative excitation of the chromatic and achromatic 

pathways due to differences in the particular cones excited by the stimulus from 

trial to trial. Our results are also consistent with earlier work by Finkelstein and 

Hood (1982, 1984) where they conclude that detection of small (10 arcmin), brief 

lights on a photopic background may involve both opponent and non-opponent 

mechanisms.  

That detection was apparently facilitated for some subjects in the 

simultaneous color-detection task is somewhat puzzling. If fully considering 

chromatic information improves detection performance, as we hypothesize, it is 

not clear why some subjects do not do so without explicit instruction. It may be 

that subjects are unaware of the relevance of the chromatic information (despite 

their considerable practice with the stimuli and task). It is possible that the explicit 

instructions to attend to and report color may have resulted in a sensory gain 

enhancement due to feature-selective attention (Andersen, Müller & Hillyard, 

2009) or may have allowed subjects to draw postdictively on feature 
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characteristics already present in iconic memory (i.e., very short term visual 

memory) that would otherwise have been ignored (see Sperling, 1960; and as 

discussed in Phillips, 2011). The lack of the same facilitatory effect when 

simultaneously reporting size and detection certainty is possible either if relative 

size judgments were already being used to effectively inform detection certainty, 

or if they are otherwise inherent to detection of a luminance increment.  

3.5. CONCLUSIONS 

Our results show that subjects can report the appearance of small, threshold, foveal, 

stimuli without compromising detection. These results indicate that models developed to 

describe color appearance of these stimuli can incorporate typical cone detection 

parameters without the risk of underestimating either the signal to noise ratio or the 

number of cones involved in perception. Color ratings and detection certainty ratings 

(also size and detection certainty ratings) can also be validly combined into a 

simultaneous response task without elevating detection thresholds. This allows more 

direct experimental investigation of the link between the strength of the visual signal and 

appearance, which may assist in further constraining models of visual reconstruction. 

Most subjects were better able to detect the stimulus when simultaneously reporting color 

appearance and detection certainty than when reporting either attribute alone. This is 

consistent with separable pathways for luminance and color information, provided that 

both mechanisms contain information relevant for detection at absolute cone threshold.  
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Chapter 4 - Characterization and mitigation of the impact of the 

wavefront sensing beacon on color vision studies incorporating adaptive 

optics 

Sections 4.1-4.5 reprinted from: Hofer HJ, Blaschke J, Patolia J, Koenig DK (2012). 

Fixation light hue bias revisited: Implications for using adaptive optics to study color 

vision. Vision Research, 56, 49-56.  

Sections 4.6-4.9 presented previously at the Association for Research in Vision and 

Ophthalmology: Hart NW, Koenig DK, Hofer HJ (2012). Adaptive Optics without 

altering visual perception. Investigative Ophthalmology and Visual Science, 53: E-

Abstract 5670. 
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4.1. Introduction 

Adaptive optics can remove nearly all the effects of the eye’s aberrations while 

displaying arbitrary stimuli to the retina, making this technology a promising tool not 

only for studying the impact of the eye’s aberrations on vision (Dalimier, Dainty and 

Barbur, 2007; Liang, Williams and Miller, 1997; Lundstrom, Manzanera, Prieto, Ayala, 

Gorceix and Gustafsson, 2007; Marcos, Sawides, Gambra and Dorronsoro, 2008; Piers, 

Manzanera, Prieto, Gorceix and Artal, 2007; Sawides, Gambra Pascual, Dorronsoro and 

Marcos, 2010; Yoon and Williams, 2002) but its retinal and neural limits as well 

(Brainard, Williams and Hofer, 2008; Hofer, Singer and Williams, 2005; Rossi, Weiser, 

Tarrant and Roorda, 2007; Rossi and Roorda, 2010a, 2010b). Within this latter category, 

adaptive optics allows experimental investigation of the topography of the retinal mosaic 

and its impact on color as well as spatial vision (Brainard et al., 2008; Hofer et al., 2005). 

All vision science adaptive optics systems use near infrared wavefront measuring 

‘beacons’ that, despite having near infrared wavelengths, are visible and salient in the 

visual field. This is potentially problematic since it has long been known that colored 

fixation lights can impact the perceived hue of a visual stimulus. For example, Jameson 

and Hurvich (1967) demonstrated a marked difference in the reported appearance of large 

(44’) colored fields with changes in fixation target color from red to blue. Given their 

findings, it is possible that the red wavefront beacon may also impact the perceived hue 

of visual stimuli displayed with adaptive optics.  

The purposes of this chapter are two-fold. The first purpose is to characterize the 

impact of the presence of a dim, red wavefront beacon on reported color appearance 

when viewing monochromatic, small spot stimuli (Experiment 1). Since the wavefront 
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beacon can be used as a fixation point (for non-foveal stimuli- as in the experiments 

described by Hofer et al., 2005) or displaced from the visual axis (typical when 

presenting foveal stimuli) we performed experiments to assess the perceptual impact in 

both situations.  The second purpose of this chapter is to develop an effective wavefront 

correction strategy that can be combined with psychophysical studies involving color 

without altering the perception of the visual stimuli (Experiment 2).   

4.2. Methods – Characterizing the impact of the typical wavefront beacon on 

reported color appearance (Experiment 1) 

4.2.1 Subjects  

Five subjects participated, subjects 9254, 2751, and 1346 were authors; subjects 

2751, 7761 and 1292 were inexperienced observers, and subjects 7761 and 1292 were 

naïve to the purposes of the study. Subjects 9254, 7761 and 1346 were female and 

subjects 2751 and 1292 were male. All subjects had normal vision correctable to at least 

20/20 and normal color vision as assessed by the HRR 4
th

 edition plates.  The research 

followed the tenets of the Declaration of Helsinki and all subjects gave informed consent 

after an explanation of the study procedure and any possible risks.  All study procedures 

were approved by the Institutional Review Board of the University of Houston. 

4.2.2 Apparatus and Stimuli  

Subjects used hue-scaling to rate the appearance of brief (6 msec), monochromatic 

(580 nm), small spot stimuli.  Stimuli were created by illuminating a 25 micron pinhole, 

subtending ~0.2’, with a white-light LED. (Subject 1346 acquired data with an older 

stimulus configuration using a weaker broadband halogen light and 34 msec duration, 
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data acquired in subjects 9254 and 2751 with both configurations showed no observable 

differences in color reports.) Stimulus wavelength was chosen based on previous research 

(Cicerone and Nerger, 1989; Krauskopf and Srebro, 1965) to maximize variability in 

color appearance and was controlled either with a monochromator (subject 1346) or with 

a narrow band (10 nm bandwidth) interference filter (subjects 9254, 2751, 7761 and 

1292). Since effective adaptive optics correction cannot be achieved without the 

wavefront beacon, stimuli were displayed with conventional refraction through a 2 mm 

artificial pupil.  These stimuli have retinal size of ~1’ full-width at half-maximum 

(fwhm), which is roughly the smallest stimulus size achievable with conventional optical 

means.   

Stimuli were monocularly presented to the central fovea after at least 10 minutes of 

dark adaptation in an otherwise completely dark visual field, save for 2 dim, broadband-

white fixation dots presented in Maxwellian view. Subjects fixated midway between 

these two dots, which were separated by 2.25°. This fixation target was chosen to 

minimize interference at the fovea without introducing large fixation errors. Reported 

accuracy of fixation for similar targets is 3 - 9’ (Bedell, 1984; Rattle, 1969; Steinman, 

1965), which is not significantly different from that reported by Ditchburn (1973) for 

central fixation targets. Subjects wore their habitual spectacle correction, or were 

corrected with either trial lenses and/or by translating a movable stage in a Badal 

optometer. No dilating agents were used, since subjects’ natural pupils were always 

larger than the 2 mm artificial pupil. This small pupil size also provided a large depth of 

focus, minimizing the potential impact of accommodative drifts and fluctuations on the 

retinal stimulus profile.  The negligible influence of accommodative fluctuations under 
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these conditions was confirmed in one subject (subject 9254) by calculating the retinal 

stimulus profile as a function of time from time-resolved wavefront measurements. 

To assess the applicability of our findings for stimuli even smaller than possible with 

conventional optics (i.e. those produced with adaptive optics), one subject (subject 1346) 

acquired data under two additional conditions: 1. with foveal stimuli displayed through a 

6 mm artificial pupil with static (or open-loop) adaptive optics correction of higher order 

aberrations and blocks alternating between the presence and absence of the wavefront 

beacon (see Figure 4.1 for the spectral distribution), and 2. with conventionally refracted 

stimuli presented through a 2 mm artificial pupil 1° from fixation, where stimulus and 

cone size are more comparable.  The subject foveated a single fixation dot in this second 

condition, where on alternating blocks of trials the fixation dot was either red or white 

(see Figure 4.1 for the spectral distributions). 

 In the first condition (aberrations corrected, foveal stimuli) the subject’s pupil was 

dilated (1% tropicamide) to allow aberration correction over a 7 mm pupil. Static (or 

open-loop) aberration correction was achieved with direct-slope (Jiang and Li, 1990) 

control of a 97 channel deformable mirror (Xinetics) run in closed-loop until the root-

mean-square wavefront error over a 7mm pupil was below 0.12 microns. At this point the 

mirror was held fixed, allowing the wavefront beacon to be turned off.  Correction was 

updated prior to the start of each new trial block. Static correction of the eye’s aberrations 

as described here is known to be less effective than dynamic closed-loop aberration 

correction due to the inherent instability of the eye’s optics (Hofer, Chen, Yoon, Singer, 

Yamauchi and Williams, 2001). Calculations from temporally resolved wavefront 
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measurements acquired with static correction in this subject (subject 1346) indicated a 

relatively stable retinal stimulus profile of ~ 0.5’ fwhm. 

In the second condition (conventionally refracted stimuli presented 1° from fixation) 

all trials took place in the 4-11 minute interval following a full bleach of rod and cone 

pigment (the ‘cone plateau’) to minimize any potential impact of rods. Bleaching was 

achieved with a diffused halogen source (color temperature ~1900K) of ~7.4 log photopic 

Troland-seconds, a strength calculated to bleach at least 99% of both L and M cone 

pigment according to Rushton’s pigment kinetics equations (1968). These stimulus 

conditions closely mimic those used in the study reported by Hofer et al. (2005).  

4.2.3 Psychophysics 

4.2.3.1 Procedure 

We performed two sets of experimental scenarios to assess the impact of the adaptive 

optics wavefront beacon (840 nm, 1 microWatt) on reported color appearance of dim, 

monochromatic, point stimuli.  In Scenario 1 we sought to determine whether color 

reports are impacted when using a red fixation target, as is the case when using the 

beacon as a fixation point with non-foveal stimuli. In Scenario 2 we sought to determine 

whether the influence of the wavefront beacon can be avoided or diminished by 

displacing the beacon in the visual field and using a chromatically neutral stimulus to 

guide fixation.  

In Scenario 1, subjects performed blocks of trials alternating between red and white 

fixation target conditions (see Figure 4.1 for spectral distributions). In Scenario 2 a white 

fixation target was used to guide fixation and the wavefront beacon was displaced from 
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the visual axis by ~1.25° (horizontal displacement for foveal stimuli, vertical 

displacement for subject 1346 when viewing stimuli at 1°).  Subjects then performed 

blocks of trials alternating between beacon absent and beacon present conditions (see 

Figure 4.1 for the spectral distribution of the beacon). The red fixation target dots were 

similar in size, color, and brightness to the wavefront beacon where, for an eccentric 

stimulus, one subject used the beacon in the red fixation target condition and results were 

similar to other subjects. This suggested to us that behavioral results reported in this 

chapter were not driven by the subtle differences between the red fixation target and 

wavefront beacon. 

Blocks of trials consisted of 50-100 trials, including blanks, at 4 or 5 intensity levels 

spanning the psychometric function. Appearance of these stimuli is known to depend 

somewhat on both intensity and the subjective detection criterion (Koenig and Hofer, 

2012).  Testing at multiple intensities allows disambiguation of the impact of fixation 

target, or beacon related hue bias from any potential shifts due to differences in either 

sensitivity or criterion across conditions. Stimulus timing and intensity were controlled 

by a custom Matlab program (The Mathworks, Natick, MA) incorporating Psychophysics 

Toolbox routines (Brainard, 1997; Pelli, 1997). Data collection was typically spread over 

2-4 days and most subjects performed 600-700 trials per condition. Prior to the start of 

the experiment, a series of frequency of seeing data was acquired to select the most 

appropriate stimulus intensities and to appropriately focus the subject.  Subjects used 

these preliminary sessions to practice rating color appearance, and the ratings data from 

these sessions were discarded. 
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Figure 4.1 The broadband white fixation target (1) has a full width at half maximum of ~240 nm with a 
relatively broad peak from ~555 to 625 nm wavelength. The red fixation target (2) has a lower cutoff at ~610 
nm and a peak at ~630 nm, where long-wavelength-sensitive (LWS) cones are about 3-6 times more 
sensitive than medium-wavelength sensitive (MWS) cones in this range. A 610 nm lower-cutoff interference 
filter was placed in front of the white fixation target to create the red fixation target, where a neutral density 
filter and the red filter were swapped between white and red fixation target conditions (maintaining similar 
relative luminance). The infrared wavefront beacon (3) has a peak at 820 nm and a full width at half 
maximum of 20 nm, where LWS cones are about 10 times more sensitive than MWS cones. 

 

4.2.3.2 Hue-scaling response framework 

Subjects rated the color appearance of each stimulus, if seen, by distributing 10 key 

presses among 5 categories: white, green, blue, yellow, or red; in any manner they felt 

best reflected the appearance of the stimulus on each trial (see Figure 3.1 in Chapter 3). 

Subjects were instructed to rate stimuli according to apparent hue and saturation and not 

apparent brightness. A stimulus appearing saturated green, for example, would be rated 

by placing all 10 key presses in the green category, whereas a moderately desaturated 

orange might be rated as 3 red, 2 yellow, and 5 white. In the event that a ‘colorless’ or 

‘indescribable’ stimulus was seen (Bouman and Walraven, 1957; Krauskopf, 1978; Hofer 

et al., 2005) subjects were instructed to use the white category.  Stimuli rated purely 

white (all ten key presses in the white category) therefore reflected all stimuli without a 

0.0

0.2

0.4

0.6

0.8

1.0

400 500 600 700 800 900 1000

Wavelength (nm)

R
el

at
iv

e 
sp

ec
tr

al
 in

te
n

si
ty

(n
o

rm
al

iz
ed

 t
o

 p
ea

k 
o

f 
o

n
e)

Spectral distributions of the fixation 
targets and the wavefront beacon

1 2 3



101 
 

discernable hue, including both ‘colorless’ or ‘indescribable’ stimuli as well as those 

appearing white or gray.   

Trials were self-paced and subjects entered color ratings either with a game 

controller or a small handheld numeric keypad (see Figure 3.1). In both cases each key 

press was accompanied by an auditory tone, with the final key press sounding a distinct 

‘completion’ tone. Subjects were unable to proceed to the next stimulus until completing 

the requisite number of key presses. Only certain keys were recognized during color 

rating, and unexpected key presses were accompanied by an error tone and flagged as a 

mistake. Finally, subjects were able to intentionally flag individual trials by means of an 

additional key press in the event that a known rating mistake occurred. Rating mistakes 

were excluded from analysis. 

4.2.4 Data Analysis 

Frequencies of seeing were computed at each stimulus intensity for each subject and 

condition. No significant differences in sensitivity or criterion were observed for any 

subject in either the red vs. white fixation target or beacon present vs. beacon absent 

conditions.  The impact of the granularity of the cone mosaic should be most evident with 

these stimuli near the detection threshold (Brainard et al., 2008; Hofer et al., 2005; 

Krauskopf, 1978) and prior work with similar stimuli has suggested a qualitative shift in 

color appearance for stimuli with frequencies of seeing above ~85% (Hofer et al., 2005).  

Consequently, we restricted our data analysis to stimuli with frequencies of seeing 

between 20 and 85%, which generally included 2 or 3 stimulus intensities per subject 

(actual numbers of stimuli seen and retained for data analysis are reported in tables 4.1, 

4.2, and 4.3).  
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subject  

9254 

subject  

2751 

subject  

7761 

subject  

1292 

subject  

1346 (1) 

White fixation target      

number seen 297 407 359 72 411 

percent achromatic 42.4 ± 2.9 54.8 ± 2.5 48.7 ± 2.6 77.8 ± 5.0 35.8 ± 2.4 

mean saturation 35.3 ± 2.3 37.3 ± 2.2 47.8 ± 2.6 7.3 ±1.6 25.6 ± 1.2 

mean white rating 6.51 ± 0.23 6.30 ± 0.22 5.22 ± 0.26 9.41 ±0.16 7.44 ± 0.12 

mean red rating 0.39 ± 0.08 0.38 ± 0.08 0.64 ± 0.12 0.03 ± 0.03 0.94 ± 0.09 

mean green rating 1.34 ± 0.12 0.33 ± 0.08 2.98 ± 0.24 0 0.73 ± 0.09 

mean blue rating 1.58 ± 0.14 2.82 ± 0.21 0.08 ± 0.04 0.18 ± 0.07 0.73 ± 0.07 

mean yellow rating 0.45 ± 0.07 0.19 ± 0.05 1.08 ± 0.16 0.51 ± 0.15 0.36 ± 0.05 

Red fixation target      

number seen 336 314 331 76 429 

percent achromatic 37.2 ± 2.6 54.4 ± 2.8 51.1 ± 2.8 51.3 ± 5.8
§
 20.7 ± 2.0

‡
 

mean saturation 32.1 ± 1.9 36.5 ± 2.4 44.2 ± 2.6 15.5 ± 2.0
#
 39.9 ± 1.4

‡
 

mean white rating 6.82 ± 0.19 6.35 ± 0.24 5.58 ± 0.26 8.45 ± 0.20
#
 6.01 ± 0.14

‡
 

mean red rating 0.85 ± 0.12
#
 1.26 ± 0.17

‡
 0.92 ± 0.15 0.54 ± 0.14

#
 2.22 ± 0.14

‡
 

mean green rating 0.95 ± 0.10
#
 0.12 ± 0.05* 2.29 ± 0.22* 0.03 ± 0.03 1.01 ± 0.10* 

mean blue rating 1.30 ± 0.12 1.98 ± .21
#
 0.18 ± 0.07 0* 0.58 ± 0.06 

mean yellow rating 0.38 ± 0.06 0.29 ± 0.07 1.04 ± 0.16 0.99 ± 0.18* 0.55 ± 0.06
#
 

Table 4.1. Hue-scale data for threshold (20–85% seen), monochromatic (580 nm), point stimuli with white or 
red fixation targets (Experiment 1, Scenario 1). Shown is the mean rating (after the arcsine transform) for all 
seen spots for each subject in each of the five categories (white, red, green, blue, and yellow) plus or minus 
the standard error. Ratings for each category are on a scale from 0 to 10. ‘Percent achromatic’ is the percent 
of seen stimuli, on a scale of 0–100, that were rated only as white (a rating of 10 in the white category). 
‘Mean saturation’ is the average saturation (sum of all ratings other than white) for all seen stimuli on a scale 
of 0-100. Stimuli were presented foveally for subjects 9254, 2751, 7761 and 1292, and at 1° for subject 
1346. Superscripts indicate significant differences in the two conditions, with *p < 0.05, 

#
p < 0.01, 

§
p < 0.001, 

and 
‡
p < 0.0001 (two-tailed z-test). All subjects rated spots significantly more red or less green with the red 

fixation target. Some subjects also rated spots less blue (subjects 2751 and 1292) or more yellow and more 
saturated (subjects 1292 and 1346) with the red fixation target. 
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 subject  

9254 

subject  

2751 

subject 

7761 

subject  

1346  

 (1) 

subject  

1346    

(fovea) 

subject  

1346             

(fovea, AO) 

Beacon absent       

number seen 25 87 336 304 218 330 

percent 

achromatic 

52.0 ± 

10.2 

17.2 ± 4.1 43.8 ± 2.7 34.9 ± 2.7 47.7 ± 3.4 49.4 ± 1.6 

mean saturation 28.8 ± 8.1 68.8 ± 4.2 43.8 ± 2.3 28.1 ± 1.4 27.5 ± 2.1 24.9 ± 1.6 

mean white 

rating 

7.12 ± 

0.81 

3.12 ± 0.42 5.62 ± 

0.23 

7.19 ± 0.14 7.25 ± 0.21 7.51 ± 0.16 

mean red rating 0.16 ± 

0.11 

0.82 ± 0.28 0.68 ± 

0.12 

1.17 ± 0.12 0.54 ± 0.09 0.62 ± 0.08 

mean green 

rating 

1.10 ± 

0.34 

0.22 ± 0.11 2.05 ± 

0.20 

1.02 ± 0.11 1.26 ± 0.17 0.57 ± 0.09 

mean blue rating 1.52 ± 

0.52 

5.28 ± 0.49 0.30 ± 

0.08 

0.59 ± 0.07 0.97 ± 0.14 1.26 ± 0.13 

mean yellow 

rating 

0.25 ± 

0.14 

0.57 ± 0.19 1.37 ± 

0.17 

0.37 ± 0.05 0.11 ± 0.04 0.17 ± 0.04 

Beacon present       

number seen 26 97 374 310 203 286 

percent 

achromatic 

30.8 ± 9.4 4.1 ± 2.0
#
 43.0 ± 2.6 33.5 ± 2.5 44.3 ± 3.5 48.6 ± 3.0 

mean saturation 46.9 ± 7.8 83.8 ± 2.8
#
 46.2 ± 2.3 57.2 ± 2.1

‡
 28.8 ± 2.2 26.5 ± 1.8 

mean white 

rating 

5.31 ± 

0.78 

1.62 ± 0.28
#
 5.38 ± 

0.23 

7.03 ± 0.21 7.12 ± 0.22 7.35 ± 0.18 

mean red rating 1.05 ± 

0.55 

0.32 ± 0.16 0.54 ± 

0.10 

1.14 ± 0.12 0.76 ± 0.12 0.78 ± 0.11 

mean green 

rating 

2.53 ± 

0.57* 

2.00 ± 0.35
‡
 2.34 ± 

0.20 

1.19 ± 0.11 1.29 ± 0.18 0.76 ± 0.11 

mean blue rating 1.35 ± 

0.38 

4.61 ± 0.46 0.23 ± 

0.06 

0.60 ± 0.06 0.84 ± 0.13 1.11 ± 0.13 

mean yellow 

rating 

0.16 ± 

0.11 

1.47 ± 0.27
#
 1.54 ± 

0.17 

0.38 ± 0.05 0.16 ± 0.05 0.19 ± 0.04 

Table 4.2. Hue-scale data for threshold (20–85% seen), monochromatic (580 nm), point stimuli with a white 
fixation target and the red wavefront correcting beacon either present or absent ~1.25° from the visual 
stimulus (Experiment 1, Scenario 2). Shown is the mean rating (after the arcsine transform) for all seen 
spots for each subject in each of the five categories (white, red, green, blue, and yellow) plus or minus the 
standard error. Ratings for each category are on a scale from 0 to 10. ‘Percent achromatic’ is the percent of 
seen stimuli, on a scale of 0-100, that were rated only as white (a rating of 10 in the white category). ‘Mean 
saturation’ is the average saturation (sum of all ratings other than white) for all seen stimuli on a scale of 0-
100. Stimuli were presented foveally. Data also shown for subject 1346  with foveal stimuli displayed with a 
static adaptive optics correction and for stimuli displayed at 1°. Subject 1292 did not participate in this 
experiment. Superscripts indicate significant differences in the two conditions, with *p < 0.05, 

#
p < 0.01, and 

‡
p < 0.0001 (two-tailed z-test). Green ratings were significantly higher for subjects 9254 and 2751 when the 

beacon was present than when it was absent. 
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 Beacon absent Beacon present 

 subject  
9254 

subject  
2751 

subject  
9254 

subject  
2751 

number seen 90 310 90 343 

percent achromatic 33.3 ± 5.0 15.8 ± 2.1 22.1 ± 4.4 4.1 ± 1.1
‡
 

mean saturation 28.2 ± 3.0 62.4 ± 2.1 33.5 ± 3.0 77.9 ± 1.6
‡
 

mean white rating 7.18 ± 0.30 3.76 ± 0.21 6.65 ± 0.30 2.20 ± 0.16
‡
 

mean red rating 0.33 ± 0.09 0.44 ± 0.10 0.27 ± 0.09 0.64 ± 0.12 

mean green rating 1.03 ± 0.19 0.73 ± 0.12 2.02 ± 0.26
#
 1.40 ± 0.14

§
 

mean blue rating 0.51 ± 0.14 3.96 ± 0.24 0.43 ± 0.12 3.76 ± 0.24 

mean yellow rating 1.17 ± 0.22 1.15 ± 0.13 1.07 ± 0.20 2.03 ± 0.15
‡
 

Table 4.3. Hue-scale data for subjects 9254 and 2751 when viewing foveal, parathreshold (>85% seen), 

monochromatic (580 nm), point stimuli with a white fixation target and the red wavefront correcting beacon 

either present or absent ~1.25° from the visual stimulus (Experiment 1, Scenario 2). Shown is the mean 

rating (after the arcsine transform) for all seen spots in each of the five categories (white, red, green, blue, 

and yellow) plus or minus the standard error. Ratings for each category are on a scale from 0 to 10. ‘Percent 

achromatic’ is the percent of seen stimuli, on a scale of 0-100, that were rated only as white (a rating of 10 in 

the white category). ‘Mean saturation’ is the average saturation (sum of all ratings other than white) for all 

seen stimuli on a scale of 0-100. Superscripts indicate significant differences in the two conditions, with 
#
p < 

0.005, 
§
p < 0.001, and 

‡
p < 0.0001 (two-tailed z-test). Green ratings were significantly higher for both 

subjects when the beacon was present than when it was absent. 

 

 

Mean ratings were computed for each subject and condition after performing an 

arcsine transform (Abramov, Gordon and Chan, 2009) to insure appropriately distributed 

variance. Ratings were inspected for each subject as a function of stimulus intensity, and 

while mean hue was generally found to shift with increasing intensity (most notably 

decreasing in blueness and increasing in yellowness with smaller changes in the red-

green balance), any differences in the red vs. white target or beacon absent vs. beacon 

present conditions were consistent at all intensities examined.  Data for all the threshold 

stimulus intensities (20-85% frequency of seeing) were subsequently binned to allow 
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easier visualization of the impact of the colored fixation target, or beacon, on reported 

color appearance.  Two-tailed z-tests were then used to assess the significance of any 

differences in mean ratings across conditions, the validly of this method for our data was 

confirmed with permutation tests (Good, 2005; and see description in Appendix E). 

In addition to computing and plotting mean ratings in each color category, data were 

also visualized with Uniform Appearance Diagrams
 
(also described by Abramov et al., 

2009) by plotting the difference in green and red ratings on the y axis and the difference 

in yellow and blue ratings on the x axis. Figure 4.2 shows one example of the variation in 

color appearance of individual 580nm foveal small spot stimuli for one subject (subject 

9254). Stimuli that appeared achromatic fall at the origin and stimuli that appeared 

completely saturated lie along the edges. The variation in color appearance shown in this 

diagram is typical of small, threshold, foveally presented monochromatic stimuli and 

similar to that previously reported (Krauskopf and Srebro, 1965; Koenig and Hofer, 

2012). Stimuli varied markedly in both hue and saturation, were most commonly blue-

green or orange, were never purple or violet, and were only rarely yellow-green.   
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Figure 4.2. Uniform Appearance Diagram illustrating typical variation in appearance of monochromatic (580 
nm), threshold (20–85% seen), foveally viewed point stimuli for one subject (subject 9254). The green minus 
the red rating (after the arcsine transform) is plotted vs. the yellow minus the blue rating for each of 297 
seen stimuli. Stimuli rated as purely white fall at the origin, while stimuli rated as purely colored (saturated) 
lie along the edges (diagonal lines) of the diagram. The weight of each point indicates the number of stimuli 
with that rating, with the darkest points representing the most stimuli. The variation in color appearance 
reported by this subject is typical, with stimuli often appearing white, green, blue–green, blue, yellow, red, or 
orange; seldom appearing yellow–green; and rarely appearing purple or violet. 

 

4.3. Results - Characterizing the impact of the typical wavefront beacon on reported 

color appearance (Experiment 1) 

4.3.1 Experiment 1, Scenario 1: red vs white fixation targets 

Figures 4.3 and 4.4 show that all subjects rated the monochromatic (580 nm) yellow 

point stimuli redder, on average, when the fixation target was red than when it was white 

(see also Table 4.1). Figure 4.3, which presents the distribution of ratings reported in each 

color category, shows that the average red rating significantly increased, the average 

green rating significantly decreased, or both, for all subjects with the red compared with 

white fixation target. An alternative way of viewing the data is presented in figure 4.4, 
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which shows the mean ratings for each subject plotted on the Uniform Appearance 

Diagram. The data displayed in these figures include all threshold stimuli seen at 

frequencies of seeing from 20 to 85%, with an average frequency of seeing of ~65%.  

 

 

 

 

Figure 4.3. (a) Distribution of color ratings among the five categories: red, yellow, green, blue, and white; for 
580 nm, threshold (20–85% seen), foveally presented point stimuli viewed when fixating red or white targets. 
(b) Distribution of color ratings among the five color categories for subject 1346, who viewed 580 nm, 
threshold (20–85% seen) stimuli at 1° while foveating a red or white fixation dot. Red ratings increased for all 
subjects when using the red fixation target than with the white target. The magnitude of the effect was 
roughly equal for all subjects, including subject 1346 who used a foveal fixation point and more eccentric 
stimuli. 
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Figure 4.4. Mean hue is significantly redder for each subject when viewing foveally presented (1° for subject 
1346) 580 nm stimuli with red fixation targets (reddish points) than with white fixation targets (black points). 
Points are labeled with subject number and represent the average of seen stimuli (Table 4.1), error bars are 
plus or minus 1 standard error. Note that only the central portion of the Uniform Appearance Diagram is 
shown.  

 

The magnitude of the hue shift caused by fixating the red target was comparable for 

all subjects, despite significant individual differences in mean hue. That the same hue 

shift was also found in subject 1346, who viewed a stimulus presented at 1°, suggests that 

decreasing the size of the stimulus relative to the underlying photoreceptors does not 

lessen the impact of fixation target color on perceived hue.  The similarity of the results 

of subject 1346, who foveated a fixation point, to those of the other subjects, who fixated 

midway between two fixation dots, also suggests that the impact of the fixation target is 

insensitive to the retinal position of the elements comprising the target.  It is also 

important to note that the hue shift caused by fixating a red target showed no evidence of 
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target, as when fixating the wavefront sensor beacon, causes the color appearance of tiny 

monochromatic yellow (580 nm) stimuli to become more similar to the beacon color 

(redder). Interestingly, this shift in appearance is opposite to that reported by Jameson 

and Hurvich (1967), whose subjects rated the appearance of their larger (44’) 

suprathreshold yellow (578 nm) stimuli as less red and less yellow when viewed with red 

than with blue fixation dots. 

4.3.2 Experiment 1, Scenario 2: beacon present vs beacon absent 

4.3.2.1 Threshold stimuli 

Displacing the beacon from the visual axis is a typical strategy used in adaptive 

optics psychophysical experiments to mitigate its impact (Putnam, Hofer, Doble, Chen, 

Carroll and Williams, 2005; Chen, Kruger, Hofer, Singer and Williams, 2006; Chen, 

Artal, Gutierrez and Williams, 2007). We sought to determine whether employing this 

strategy with a chromatically neutral fixation target would eliminate the impact of the 

beacon on the color appearance. Figures 4.5 and 4.6 show that 2 of 4 subjects rated 

threshold (frequency of seeing from 20 to 85%, average frequency of seeing ~50%) 

monochromatic yellow point stimuli greener, on average, when the wavefront correcting 

beacon was present ~1.25° from the stimulus in the visual field.  Figure 4.5, which 

presents the distribution of ratings placed in each color category, shows a significant 

increase in green ratings for subjects 9254 and 2751 when the beacon is present, 

compared with absent (see also Table 4.2). This was accompanied by an increase in 

overall saturation (decrease in white ratings). The magnitude of the hue shift for these 
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subjects, shown in Figure 4.6, was roughly equal and opposite to that caused by fixating a 

red target.  

 

 

Figure 4.5. Distribution of color ratings among the five categories: red, yellow, green, blue, and white; for 
580 nm, threshold (20–85% seen), foveally presented point stimuli with and without the correcting beacon in 
the visual field (1.25° from the stimulus). Color reports were not significantly different for subjects 7761 and 
1346 in the two conditions, but green ratings increased significantly for subjects 9254 and 2751. This 
increase in green ratings was accompanied by an increase in overall saturation. 
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Figure 4.6. Mean hue is significantly greener for two subjects (2751 and 9254) when viewing foveally 
presented, threshold, 580 nm stimuli with the correcting beacon present (reddish points) than without (black 
points). Here the hue shift in the green-red direction (ordinate) is significant for subject 2751. Mean hue was 
not significantly different for the other two subjects (7761 and 1346-only data for foveal stimuli displayed with 
conventional refraction are shown for subject 1346, results with static aberration correction and stimuli 
presented at 1° were similar). Points are labeled with subject number and represent the average of all seen 
stimuli (Table 4.2), error bars are plus or minus 1 standard error. Note that only the central portion of the 
Uniform Appearance Diagram is shown.  

 

 

Although color reports for subject 1346 were not significantly different in the beacon 

present versus beacon absent conditions, they did differ for foveal stimuli displayed with 

conventional optics compared with those displayed with a static aberration correction 

(Table 4.2).  There were significantly fewer green ratings when viewing the smaller 

stimuli produced with aberration correction.  Assessing the significance and the 

generalizability of this finding require further study. 
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4.3.2.2 Parathreshold stimuli  

We took additional data with brighter stimuli in subjects 9254 and 2751, the subjects 

for whom the wavefront beacon caused a significant increase in the reported green 

component of the stimulus, to determine whether the beacon’s impact might lessen with 

small increases in stimulus intensity (Fig. 4.7). Subject 9254 viewed stimuli ~0.45 log 

units above threshold (bright enough to be seen 100% of the time), while subject 2751 

viewed stimuli at a frequency of seeing of 89%. A shift in the green direction was still 

observed for both subjects, with no apparent decrease in magnitude. It is possible that 

larger increases in stimulus intensity may diminish the impact of the beacon for these 

subjects, however very bright stimuli cannot be effectively confined at the receptor scale 

and will be less effective for probing the impact of the granularity of the retinal mosaic 

on vision. We conclude that at least some subjects are significantly impacted by the 

presence of the beacon when viewing small threshold stimuli, even when the beacon is 

not fixated, and that the technique of using a chromatically neutral fixation target and 

displacing the beacon in the visual field is not generally sound.  
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Figure 4.7. Mean hue is significantly greener for two subjects (9254 and 2751) when viewing foveally 
presented, parathreshold (subject 9254: 100% frequency of seeing, 0.45 log units above threshold; subject 
2751: 89% frequency of seeing), 580 nm stimuli with the correcting beacon present in the visual field than 
without the beacon. (a) Distribution of color ratings among the five categories: red, yellow, green, blue, and 
white; shows increased green ratings accompanied by an increase in overall saturation (reduced white 
ratings). (b) The magnitude of the hue shift is similar to that seen in the same two subjects with dimmer 
stimuli. Data with more intense stimuli were not acquired for other subjects. Points are labeled with subject 
number and represent the mean of all seen spots plus or minus 1 standard error. Note that only the central 
portion of the Uniform Appearance Diagram is shown. 
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work of Knoblauch and Shevell, 2001, which cautions against the general association of 

fixed hues with specific cone types).  Individual differences in the blue-yellow direction 

may be partially due to differences in the criterion for deciding whether or not stimuli 

were seen.   

4.4.3 Implications for AO psychophysics  

Fixating a red target, as when fixating the adaptive optics wavefront correcting 

beacon, causes a robust shift in the appearance of threshold, 580 nm, point stimuli toward 

the beacon hue. This effect occurred in all subjects regardless of naiveté or the amount of 

prior psychophysical experience. That the same effect was also observed subject 1346, 

who viewed stimuli at 1° while foveating a single fixation dot, suggests that the fixation 

hue bias is not strongly sensitive to the geometry of the fixation target and is unlikely to 

be lessened by decreasing the size of the stimulus relative to the underlying 

photoreceptors. We observed a similar effect in preliminary experiments when using a 

large (1º), dim, red concurrent imaging flash, as is required to localize individual retinal 

stimuli in either a flood-illuminated system (Putnam et al., 2005) or adaptive optics 

confocal scanning ophthalmoscopes (Arathon, Yang, Vogel, Zhang, Tiruveedhula and 

Williams, 2007; Rossi and Roorda, 2010a).  This suggests that the imaging fields 

required with these stimulus localization strategies will also interfere with color 

judgments until it becomes possible to image with wavelength and intensity combinations 

that are not visible to subjects.   

An opposite and roughly equal shift towards the green direction occurs in some, but 

not all, subjects when the beacon is not fixated but present in the visual field ~1.25° from 

the stimulus. For these subjects, one of whom was naïve and the other highly 



115 
 

experienced, the effect was not reduced by modest increases in stimulus brightness.  It 

may be possible to eliminate this effect by further displacing the beacon in visual field, 

but this will not allow effective adaptive optics correction since the quality of correction 

decreases with increasing separation between the beacon and the system axis (Bedggood, 

Daaboul, Ashman, Smith and Metha, 2008).  

The differing impact on perceived stimulus color when fixating a red target 

compared with having a red spot (the wavefront beacon) displaced in the visual field 

(with the same distance between the stimulus and target/beacon in both cases) suggests a 

central component, and that the effect is not necessarily purely retinal or adaptational. 

One possibility is that subjects viewing a colored fixation target attend to its color, which 

may increase its perceptual salience (Blaser, Sperling and Lu, 1999; Tseng, Gobell and 

Sperling, 2004; Tseng, Vidnyanszky, Papathomas and Sperling, 2010). That reported 

appearance was, on average, more similar to the fixation target color is consistent with 

this account, although somewhat in contradiction to findings that color appearance itself 

is not altered by attention (Prinzmetal, Amiri, Allen and Edwards, 1998), at least for 

large, suprathreshold stimuli. 

Another potential strategy for reducing the impact of the wavefront sensor beacon 

(or imaging light in the case of a concurrent localization experiment) on color appearance 

is to perform experiments on a bright white background, just bright enough to mask the 

red imaging or beacon light. Another variant of this strategy would be to precisely 

superpose a green field on top of the red light.  We explored the former strategy in one 

subject (subject 9254) and found a significant difference in color reports for stimuli 

presented on light and dark backgrounds (Fig. 4.8), with reported color appearance for 
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threshold stimuli viewed on the white background becoming more similar to that 

expected for macroscopic stimuli. This suggests that even if a masking or hue canceling 

strategy is feasible it may not be desirable, as it does not appear to produce conditions 

favorable for probing the granularity of the retinal mosaic. 

 

 

Figure 4.8. Impact of a white background (1.16 Trolands) on color reports for one subject (subject 9254) with 
threshold (percent seen <85%), foveal, 580 nm point stimuli. The distribution of color reports is different for 
stimuli displayed to the dark adapted fovea (left) than stimuli displayed on a white background (right). As in 
Fig. 4.1, the weight of each dot reflects the number of stimuli rated similarly. Stimulus intensity was adjusted 
to maintain threshold performance in both conditions. Variability decreases on the bright background and 
mean hue (represented by the black and blue diamonds, error bars are plus or minus one standard error 
and are smaller than the size of the markers) shifts significantly in the yellow direction, which is the expected 
hue for a macroscopic stimulus of this wavelength. As in Figs. 4.1, 4.3, 4.5 and 4.6, stimuli were displayed 
through a 2 mm artificial pupil with conventional refraction and color rating data were arcsine transformed 
prior to plotting.  

 

4.5. Conclusions - Characterizing the impact of the typical wavefront beacon on 
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Small, dim colored lights in the visual field significantly impact perceived hue of 

threshold small spot stimuli and the nature of this impact depends on whether the lights 
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impact or shifted appearance of a 580 nm small spot stimulus in the green direction, with 

the magnitude and significance of the effect varying considerably across subjects. A more 

robust and dramatic impact occurred when fixating a red target, with appearance for the 

same stimuli shifting markedly in the red direction. We conclude that it is inappropriate 

to use visible wavefront beacons, or imaging lights, in color-related adaptive optics 

experiments, especially with threshold stimuli.  Ideally, alternative methods, such as 

longer wavelength beacons or wavefront sensorless schemes (Biss, Webb, Zhou, Bifano, 

Zamiri and Lin, 2007; Booth, 2007; Hofer, Sredar, Queener, Li and Porter, 2011; 

Zommer, Ribak, Lipson and Adler, 2006), will be developed and employed for 

psychophysical experimentation. 

4.6. Methods – Investigation into wavefront sensing strategies that are free of 

beacon induced color appearance bias (Experiment 2) 

4.6.1. Longer wavelength wavefront beacon (980 nm) 

Our goal is to use adaptive optics to produce stimuli smaller than can be produced 

with conventional optics in order to further probe spatial summation in the dark adapted 

fovea and to investigate the impact of the granularity of the cone mosaic on detection of 

stimuli approaching the size of a single cone. Given our experiment goals our motivation 

in the second half of this chapter is to find a method of performing adaptive optics 

corrections with a wavefront beacon that is not visible to subjects and does not impact 

color reporting.  

As we have shown in the first half of this chapter that the 820 nm beacon remains 

visible and salient at intensities required for adequate wavefront correction, we decided to 

switch to a longer wavelength beacon (980 nm) with the following considerations: the 
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quantum efficiency of the existing wavefront sensing camera, the sensitivity of the 

human eye to infrared light sources, and the wavelength dependence of Shack-Hartmann 

spot position error (Hardy, 1998). Figure 4.8 shows the relative thresholds of the human 

eye and our wavefront sensing (WFS) camera for near infrared wavelengths. The point 

where the WFS camera sensitivity function crosses the human eye sensitivity function is 

the wavelength at which WFS is predicted to become possible for beacon powers below 

visual threshold. Our switch to a longer wavelength beacon was also based on the 

following assumptions:  

1. Both retinal reflectance and ocular transmittance were assumed to be constant for 

longer wavelengths. 

2. Visual threshold is expected to decrease ~2.3 log units per 100 nm (extrapolated 

from physiological estimates by Baylor, Nunn and Schnapf, 1987, and consistent 

with psychophysical estimates in the fovea out to 1000 nm by Griffin, Hubbard, 

and Wright, 1947). That is, dark-adapted foveal threshold for the 820 nm beacon 

was determined empirically as an anchoring point from which we used the data 

of Baylor et al. to estimate change in sensitivity for longer wavelengths.  

3. Increasing SNR would be sufficient to offset increased Shack-Hartmann spot 

position error with longer wavelengths (inset to Figure 4.8 shows a sample 

Shack-Hartmann spot image). That is, the minimum power for good adaptive 

optics correction at 820 nm was determined empirically, and then the quantum 

efficiency of the WFS camera and the estimated increase in position error due to 

diffraction (i.e. less accurate determination of spot position due to larger 
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diffraction limited wavefront correction spots) were used to estimate the 

minimum WFS beacon power needed at longer wavelengths. 

  

 

Figure 4.9. Sensitivity of the human eye and our current wavefront sensing (WFS) camera decrease at 
different rates as a function of wavelength for wavelengths greater than ~980 nm. The point where the WFS 
camera sensitivity function (black curve) crosses the human eye sensitivity function (red curve) is the 
wavelength at which WFS is predicted to become possible for beacon powers below visual threshold. Inset 
(bottom right) shows a Shack-Hartmann spot image at the WFS camera. The local wavefront slope is 
calculated at each spot, and accuracy depends on the SNR of the spot image. 

 

4.6.2. Adaptive optics system 

Figure 4.10 illustrates our current adaptive optics system. The system consists of a 

fixation target arm and a stimulus/WFS camera/retinal camera arm. Non-common path 

errors (system aberrations not compensated for by the deformable mirror) in the stimulus 

arm can be monitored at the retinal camera, and a reference file for the deformable mirror 

can be created to correct non-common path errors. A high pass dichroic beam splitter 

(cutoff at 900 nm) in front of the wavefront camera reflects visible light from the 

stimulus and passes infrared light to the wavefront camera. With this beam splitter in 

0

5

10

15

20

25

30

35

40

45

50

800 850 900 950 1000 1050 1100

Invisible and adequate 
signal for WFS

human eye threshold

WFS camera threshold

Wavelength (nm)

WFS camera sensitivity and cone threshold

μ
W

 a
t 

th
e 

ey
e

980



120 
 

place effective correction (rms < 0.1 over a 6 mm pupil) required 11-14 μW at the eye’s 

pupil (~2-3X higher than anticipated and visible when dark adapted). Because aberration 

correction with adaptive optics requires the presence of the wavefront beacon, experiment 

scenarios described immediately below were run with the deformable mirror in a neutral 

state and stimuli were viewed through a 2 mm pupil. 

 

 

Figure 4.10. Adaptive optics system for psychophysics and imaging. The 980 nm wavefront sensing beacon 
(lower right) was switched from a typical 820 nm beacon. The beam splitter (top right) passes infrared light 
for wavefront sensing (>900 nm) and reflects visible light. High speed, computer controlled shutters (S) are 
placed in a pupil plane (P) before the wavefront beacon and stimulus display (OLED or point stimulus) to 
control timing and exposure duration. In conventional optics settings the deformable mirror (DM) is set to a 
flattened state and pupil (P*) is set at 2 mm. During adaptive optics psychophysics and retinal imaging pupil 
(P*) is set at 6 mm.  

 

Adaptive optics correction was typically run at a rate of 9.1 hz, where convergence 

to a preset root mean square wavefront error threshold (~0.11 to 0.13 microns) was 

typically achieved in ~5-8 frames on average (i.e. WFS beacon exposure during 
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gain settings were typically combined with longer WFS camera exposure times in the 

current configuration due to greater WFS measurement noise. Due also to greater WFS 

measurement noise, including position uncertainty, typical root mean square residual 

wavefront error values potentially underestimated the quality of the adaptive optics 

wavefront correction. For this reason objective evidence of the quality of the adaptive 

optics correction was evaluated, including: quality of retinal images and receptor detail 

near the fovea, and improvement in visual acuity as tested through the adaptive optics 

system. 

4.6.3. Subjects 

Five subjects participated, subjects 9254 and 2751 from the first set of experiments 

described in this chapter; and three additional subjects 6724, 5258, and 8191 (subjects 

7761, 1292, and 1346 did not participate in these next experiments). Subjects 9254 and 

2751 were chosen because the wavefront sensing beacon was found to impact their color 

reports in the first set of experiments; subject 6724 was one of the authors, and subjects 

5258 and 8191 were practiced psychophysical observers naïve to the purposes of this 

study. Subjects 9254 and 8191 were female and subjects 2751, 6724 and 5258 were male. 

All subjects had normal vision correctable to at least 20/20 and normal color vision as 

assessed by the HRR 4
th

 edition plates. The research followed the tenets of the 

Declaration of Helsinki and all subjects gave informed consent after an explanation of the 

study procedure and any possible risks. All study procedures were approved by the 

Institutional Review Board of the University of Houston. 
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4.6.4. Apparatus and stimuli 

Hue-scaling of the brief (6 or 30 ms), monochromatic (580 nm), small spot stimuli 

were as described in the first experimental section above. Stimuli were created by either 

illuminating a 25 μm pinhole (subtending ~0.2ˈ) with a white light LED, or by presenting 

the stimuli on a white light organic LED microdisplay (eMagin). Stimulus wavelength 

was chosen based on previous research (Cicerone and Nerger, 1989; Krauskopf and 

Srebro, 1965) to maximize variability in color appearance and was controlled with a 

narrow band (10 nm bandwidth) interference filter. Since effective adaptive optics 

correction cannot be achieved without the wavefront beacon, stimuli were displayed with 

conventional refraction through a 2 mm artificial pupil.  Stimuli had retinal sizes of ~1ˈ 

full-width at half-maximum (fwhm).  Use of an LED/pinhole combination or a 

microdisplay depended on the configuration of the multiuser system at the time of testing. 

Due to the brightness of the LED a shorter duration was possible, and duration and timing 

were controlled by a computer controlled digital analog converter (DAC). For visibility a 

longer duration was required for the microdisplay, and duration timing was controlled by 

computer controlled shutter. The LED was used by subjects 6724, 9254, and 2751, in 

scenario three of the experiments described. The microdisplay was used by all subjects in 

the first two scenarios described. Comparison of color ratings between the LED and 

microdisplay stimulus setups, for subjects who used both setups (subjects 6724, 9254, 

and 2751), revealed only differences in the yellow-blue direction typical of intensity 

and/or criterion differences. No significant differences were found in the red-green color 

rating direction. 
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Stimuli were monocularly presented to the central fovea after at least 10 minutes of 

dark adaptation in an otherwise completely dark visual field, save for the 2 dim, 

broadband-white fixation dots presented in Maxwellian view (see section 4.2.2 above). 

Subjects wore their habitual spectacle correction, or were corrected with either trial 

lenses and/or by translating a movable stage in a Badal optometer. No dilating agents 

were used, since subjects’ natural pupils were always larger than the 2 mm artificial 

pupil. 

4.6.5. Psychophysics 

4.6.5.1 Procedure 

We performed three variations of the same experiment to assess the impact of the 

longer wavelength (980 nm) wavefront beacon on reported color appearance of dim, 

monochromatic, point stimuli. In the first scenario the dim (about as dim as possible 

while maintaining good wavefront correction) 980 nm beacon was present in the visual 

field, displaced horizontally ~1° from fixation. Subjects fixated midway between two dim 

white dots separated vertically by ~2.25°. In the second scenario the 980 nm beacon was 

on continuously and co-localized with the uppermost fixation dot. In this second scenario 

the wavefront beacon was generally not visible (even after dark adaptation) when fixating 

in between the two white fixation dots. In the third scenario the 980 beacon was co-

localized with the uppermost fixation dot, but through the use of shutter was on only 

during wavefront sensing (duration < 1 second immediately preceding stimulus 

presentation on each trial). The shutter was not used with scenario 1 as it was found that 



124 
 

shuttering the visible beacon and having it flash on and off before each trial was 

distracting.  

In the three scenarios subjects performed randomly intermixed blocks of trials with 

the 980 nm beacon either present or absent. Blocks of trials consisted of up to ~80 trials 

and included 5 intensity levels (including blanks) spanning the psychometric function. 

Stimulus timing and intensity were controlled by a custom Matlab program (The 

Mathworks, Natick, MA) incorporating Psychophysics Toolbox routines (Brainard, 1997; 

Pelli, 1997). For each of the three scenarios data were collected within 1-2 days, and 

subjects performed 400-500 trials per condition (a typical number of trials in a typical 

color experiment). Subjects subjectively focused the stimulus and prior to the start of the 

experiment a series of frequency of seeing data was acquired to select the most 

appropriate stimulus intensities.  

4.6.5.2. Hue-scaling response framework 

Subjects rated the color appearance of seen stimuli using the same method described 

above (distribution of 10 key presses among 5 hue categories). Subjects were again 

instructed to rate stimuli according to apparent hue and saturation and not apparent 

brightness. In the event that a ‘colorless’ or ‘indescribable’ stimulus was seen (Bouman 

and Walraven, 1957; Hofer, Singer, and Williams, 2005; Krauskopf, 1978) subjects were 

instructed to use a separate ‘I don’t know’ key, and such responses were excluded from 

color analysis. 

Trials were self-paced and subjects entered color ratings with a small handheld 

numeric keypad (See Figure 3.1). Each key press was accompanied by an auditory tone, 

and the final key press sounded a unique ‘completion’ tone. Subjects were unable to 
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proceed to the next stimulus until completing all required key presses. Unexpected key 

presses were accompanied by an error tone and flagged as a mistake. Subjects were able 

to intentionally flag individual trials as a mistake, and rating mistakes were excluded 

from analysis. 

4.6.6. Data analysis 

As in the experiments described above we restricted our data analysis to frequencies 

of seeing between 20% and 85%. Mean ratings were computed for each subject and 

condition (with 980 nm beacon present or absent) after performing an arcsine transform 

for uniformly distributed variance across ratings (Abramov, Gordon, and Chan, 2009). 

Two-tailed z-tests were used to assess the significance of differences in mean hue ratings 

across conditions. Data were also visualized with Uniform Appearance Diagrams 

(Abramov, Gordon, and Chan, 2009), with green and red ratings differences plotted on 

the y axis, and yellow and blue ratings differences plotted on the x axis (see Figure 4.1 for 

an example of the variation in color appearance for individual 580 nm foveal small spot 

stimuli for one subject (subject 9254)). 

4.7. Results - Investigation into wavefront sensing strategies that are free of beacon 

induced color appearance bias 

4.7.1. Experiment 2, Scenario 1: 980 nm beacon 1° from fixation and visible 

Two subjects participated in this experiment (subjects 9254 and 2751), where both 

subjects 9254 and 2751 had already been shown to be significantly impacted by the 820 

nm beacon. Since our goal in this second set of experiments is to find a method of 

eliminating the impact of the wavefront beacon, we investigate new methodology here 
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without retesting subjects who were not impacted in the first set of experiments. 

Although the 980 nm beacon was dim and would be below threshold in photopic 

conditions, it was still visible under dark adaptation. Because the beacon was visible in 

dark-adapted testing conditions, simply shuttering it would be distracting (i.e. the visible 

beacon would flash on and off immediately before the stimulus flash, which is also the 

reason simply shuttering the 820 nm beacon was not an option). Pearson’s chi-square test 

across the five color categories, with the beacon present and absent, and with 4 degrees of 

freedom was not significant for either subject; indicating that the distribution of color 

ratings across color categories (regardless of magnitude) was similar in both conditions. 

However, for two of three subjects the mean hue of the 580 nm stimulus in the green-red 

direction was significantly greener with than without the 980 nm beacon (two-tailed z-test 

p-values for mean green-red differences were 0.045 for both subjects, with significance 

verified by permutation testing (as described in Appendix E). This difference in hue with 

the beacon present was similar in direction and magnitude to the difference found with 

the 820 nm beacon. Figure 4.11 shows distribution of color ratings and mean hue data for 

subjects 9254 and 2751, whose color ratings were also significantly impacted by the 820 

nm beacon. Impact on color ratings for these two subjects with the 980 nm beacon is 

similar in both direction and magnitude to the impact of the 820 nm beacon (Figure 4.5). 
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Figure 4.11. Mean hue is significantly greener and/or less red for two subjects (9254 and 2751) when 
viewing foveally presented, threshold, 580 nm stimuli with the correcting beacon present. (a) Distribution of 
color ratings among the five categories: red, yellow, green, blue, and white; shows increased green and/or 
less red ratings. (b)The magnitude of the hue shift is similar to that seen with the presence of the 820 nm 
stimulus for these same two subjects (Figure 4.5).  Points are labeled with subject number and represent the 
mean of all seen spots plus or minus 1 standard error. Note that only the central portion of the Uniform 
Appearance Diagram is shown. 

 

4.7.2. Experiment 2, Scenario 2: 980 nm beacon continuously present, co-localized 

with fixation spot 

Three subjects participated in this experiment (subjects 9254, 2751, and 8191). The 

980 nm beacon co-localized under the top fixation spot (masked) was generally not 

visible or very subtle when fixating between the two white spots. Despite the elimination 

or reduction in visibility of the masked 980 nm beacon, its presence caused the 580 nm 

stimulus to appear redder for subjects 8191 and 2751 than when it was absent (two-tailed 

z-test p-values for subject 8191’s mean green, red, and green-red ratings, and subject 

2751’s mean red ratings were 0.003, 0.03, 0.003, and 0.0003, with significance verified 

by permutation testing [as described in Appendix E]; Pearson’s chi-square test across the 

five color categories, with the beacon present and absent, and with 4 degrees of freedom 
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was significant for subject 2751 with p = 0.0006, and borderline for subject 8191 with p 

= 0.07). Figure 4.12 shows the distributions of color ratings and mean hue ratings data. 

Although it is possible to use this beacon masking strategy to test subjects and eliminate 

those whose color appearance reports are biased, this would be very time consuming. We 

still aim in the next section to develop a technique that works for all subjects. 

 

 

 

Figure 4.12. Mean hue is significantly redder for two of three subjects (8191 and 2751) when viewing 
foveally presented, threshold, 580 nm stimuli with the correcting beacon present (Pr.) but co-localized with 
the top fixation spot (masked), than with the beacon absent (Ab.). (a) Distribution of color ratings among the 
five categories: red, yellow, green, blue, and white; shows increased red and decreased green ratings. 
(b)The magnitude of the hue shift is similar to that seen with the presence of the unmasked 820 and 980 nm 
beacons.  Data points represent the average of all seen stimuli and error bars are plus or minus 1 standard 
error. Note that only the central portion of the Uniform Appearance Diagram is shown. 

 

4.7.3. Experiment 2, Scenario 3: 980 nm beacon briefly present, co-localized with 

fixation spot 

Five subjects participated in this experiment (subjects 9254, 2751, 6724, 5258, and 

8191). The 980 nm beacon was generally not visible or very subtle (as reported by 
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subject 2751) when fixating between the two fixation spots. When noticeable at all in this 

scenario the 980 nm beacon was much dimmer than the 820 nm beacon. Timing and 

duration of the presence of the 980 nm beacon was controlled with an electronic, 

computer controlled shutter, and similar to the timing and duration of wavefront 

correction preceding presentation of adaptive optics corrected stimuli. The shutter was 

closed and the beacon was not present during stimulus presentation. Two-tailed z-test 

analysis (verified by permutation testing) indicated that there was no significant impact of 

the shuttered beacon for any of the five subjects (see Figures 4.13 and 4.14 below). 

Pearson’s chi-square tests across the five color categories and two conditions (masked 

beacon presented briefly and beacon absent) were not significant for any of the five 

subjects, indicating that the distribution of color ratings across the color categories was 

similar in both conditions. Table 4.4 shows 2-tailed z-test p-values for the mean ratings 

differences in the green-red and yellow-blue directions. 
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Figure 4.13. The distributions of color ratings for a 580 nm point stimulus were not significantly different 
whether a 980 nm wavefront correcting beacon was present (masked) or absent (shutter closed during 
stimulus presentation). This was true for all five subjects participating, including three subjects who have 
previously demonstrated beacon-related color rating bias. 

 

Figure 4.14. The mean color ratings for a 580 nm point stimulus were not significantly different whether a 
980 nm wavefront correcting beacon was present (masked) or absent (shutter closed during stimulus 
presentation). This was true for all five subjects participating, including three subjects who have previously 
demonstrated beacon-related color rating bias. 
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 Green-Red Yellow-Blue 

 difference p-value difference p-value 

Subject 9254 0.053 0.823 -0.442 0.063 

Subject 2751 0.490 0.067 -0.229 0.502 

Subject 6724 0.076 0.810 0.020 0.950 

Subject 5258 1.545 0.277 -0.030 0.905 

Subject 8191 0.366 0.623 -0.152 0.760 
Table 4.4. Magnitude and two-tailed z-test p-values for the differences between the mean color ratings in the 
green-red and yellow-blue directions for the beacon present and beacon absent conditions, for when the 
beacon was co-localized with the top fixation spot and presented only briefly by shuttering. There was no 
significant impact of the shuttered beacon for any of the five subjects. 

 

4.8. Experiment 2 Discussion 

In this second set of experiments we sought to determine whether a longer 

wavelength (980 nm) wavefront beacon, like the 840 nm beacon, had a significant impact 

on color reporting. We found that, due to the trade-off between the sensitivity of the eye 

and the sensitivity of the existing wavefront camera, the 980 nm beacon was subjectively 

dimmer than the 820 nm beacon when bright enough for good wavefront correction, 

however it was not invisible to the dark adapted retina (unless masked), as initially 

predicted.  

Despite the subjective change in intensity, the 980 nm beacon placed ~1° from 

fixation had a significant impact on color reports for two subjects also impacted by the 

820 nm beacon.  For one subject having the beacon masked behind a broadband fixation 

target (beacon present but not salient) failed to prevent the impact of the wavefront 

sensing beacon on color reports. It was not until the beacon was masked and its duration 

limited by a shutter to the brief interval of wavefront sensing preceding stimulus 

presentation that its impact on color reports was eliminated. 
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4.9. Experiment 2 Conclusions 

From the first set of experiments (with and without 820 nm wavefront beacon) we 

have shown that visual experimentation with adaptive optics in investigations of color 

appearance requires caution. The last set of experiments revealed that this remained true 

even when a longer wavelength (980 nm), dimmer wavefront beacon was displaced and 

masked in the visual field, as even a reportedly invisible WFS beacon was found to 

significantly alter the appearance of visual stimuli. Fortunately, it was found that the 

impact of the WFS beacon on visual detection and perception could be eliminated when, 

in addition to displacing and masking the beacon in the visual field, the exposure time 

was reduced by shuttering when not gathering a WFS image.  

In the past two chapters (3 and 4) we have addressed methodological issues that, left 

unresolved, would have held us back from simultaneously gathering detection and color 

appearance data, and from acquiring unbiased color appearance data when the 

experimental protocol includes adaptive optics correction of wavefront error. In the next 

two chapters (5 and 6) we are able to put the simultaneous rating method to use to 

investigate detection thresholds and color appearance as a function of stimulus size, and 

in chapter 6 we are able to do so while also using adaptive optics to correct wavefront 

error (yielding smaller stimuli than can be had with conventional optics).  
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Chapter 5 - Can subjects tailor their detection strategy to match 

expected stimulus size at absolute cone threshold? 
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5.1. INTRODUCTION 

Spatial summation is a fundamental component of both detection and appearance 

in cone vision. The strategy and extent of spatial summation determines the efficiency of 

signal processing in the presence of inherent visual noise, and the contribution of 

individual cones to detection and perception. Appearance models attempting to describe 

how percepts are reconstructed from individual cone signals (e.g., Hofer et al. 2005, 

Brainard et al. 2008) cannot accurately do so until it is known how responses from 

individual photoreceptors are combined. For example, if the visual system is presented 

with visual detail on the order of a single photoreceptor (Hofer, Singer & Williams, 2005; 

Sincich, Zhang, Tiruveedhula, Horton & Roorda, 2009; Makous, Carroll, Wolfing, Lin, 

Christie & Williams, 2006) the characteristics of the visual percept cannot be adequately 

modeled or described without first knowing how many photoreceptors are contributing to 

detection and perception.  

Two summation strategies that are commonly used to model or describe detection 

in the fovea and that lead to very different predictions are independent cone contributions 

to detection and perception (Krauskopf, 1978; Cicerone & Nerger, 1989; Vimal, 

Pokorny, Smith & Shevell, 1989; Wesner, Pokorny, Shevell & Smith, 1991; Koenig & 

Hofer, 2011), and optimal summation over the extent of the stimulus (e.g. Hay & 

Chesters, 1977; Geisler, 1989; Davila & Geisler, 1991; Donner, 1992; and Koenig & 

Hofer, 2011 based on the signal known exactly or ideal observer aspect of signal 

detection theory, e.g. Rose, 1942; de Vries, 1943; Peterson, Birdsall & Fox, 1954; Green 

& Swets, 1974).  These two strategies lead to different estimates of per photoreceptor 

noise and signal-to-noise ratios in the detection of stimuli of any given size because they 
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inherently assume a different number of cones participating (except for stimuli no larger 

than a single cone).   

The optimal strategy of summing over the extent of the stimulus mentioned above 

requires access to stimulus size information and adaptability in the extent of summation 

to match the stimulus size. If, on the other hand, subjects do not know exactly where or 

when the stimulus will occur (i.e. detection uncertainty, as introduced in Chapter 2), then 

it is still optimal to match the summation area to the stimulus but to combine 

independently across detection units within the zone of uncertainty (for more detail see 

section 5.3.3 below and Appendix C). Although the extent of spatial summation has been 

studied using small spot stimuli in both light and dark adapted conditions (Glezer, 1965; 

Lie, 1981; Davila & Geisler, 1991, Dalimier & Dainty, 2010), the adaptability of spatial 

pooling in either condition has not yet been investigated, because previous investigators 

presented stimuli in blocks of a single size, potentially allowing subjects to effectively 

learn and adapt to stimulus size in each block. Table 5.1 summarizes the findings of these 

earlier investigations, as well as their experimental conditions.  
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 Glezer, 1965 Lie, 1981 Davila & Geisler, 
1991 

Number of subjects 12 (1 shown) 2 2 

Ricco’s area 
(Diameter) 

20-40 min2 

(5-7 min) 
16.2-33.9 min2 

(4.5-6.6 min) 
7.2-13.5 min2 

(3.0-4.1 min) 

Background 
intensity 

0 0.01 cd/m2 0 

Presentation of 
different size stimuli 

Blocked by size Blocked by size Blocked by size 

Psychophysical 
method 

Ascending limits Method of 
adjustment 

Two-interval, forced-
choice 

Wavelength Broadband white Broadband white Green gun of monitor 

Duration Unlimited viewing Unlimited viewing 100 ms 

Pupil size 2.5 mm pupil Natural pupil 3 mm pupil 
Table 5.1. Prior estimates of foveal dark-adapted Ricco’s areas and diameters (Davila and Geisler, 1991; 
Glezer, 1965; Lie, 1981). Experimental conditions are described. Of these investigators Davila and Geisler 
measured dark adapted foveal summation under the most ideal conditions: small pupil, completely dark 
background and brief, monochromatic stimuli chosen to be effectively equally likely to be detected by long 
and medium wavelength sensitive cones. 

 

Detection performance when specific stimulus information (e.g. size, spatial 

frequency, or phase) is or is not available has been compared in investigations with 

grating stimuli involving spatial frequency (Graham, Robson and Nachmias, 1978; 

Martens and Blake, 1980; Davis and Graham, 1981) and number of cycles (Meese, Hess, 

and Williams, 2005; Foley, Varadharajan, Koh, and Farias, 2006). In the case of blocked 

and intermixed spatial frequencies significant differences in sensitivity were found in the 

two conditions (Graham, Robson and Nachmias, 1978; Martens and Blake, 1980; Davis 

and Graham, 1981). However, when number of cycles but not spatial frequency of the 

grating pattern was varied the differences in sensitivity in the blocked and intermixed 

conditions were negligible (Meese, Hess, and Williams, 2005; Foley, Varadharajan, Koh, 

and Farias, 2006).  Taken together these results suggest that the visual system benefits 

from a priori spatial frequency information when it is available but, aside from the 
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expected benefit of probability summation, does not use size information when deciding 

how many cycles of a grating to sum over. In the case of Meese et al., the sizes of the 

stimuli (2.5° to 11.25° nominal diameter) may have exceeded the extent over which size 

is relevant to anything but probability summation (i.e. summation may not occur over an 

area larger than 2.5°). Smaller stimuli are necessary to determine if summation can be 

tailored to match stimulus size. In our case, it is necessary to perform these experiments 

with aperiodic luminance increments rather than periodic grating stimuli, as the 

summation strategy may be different between detection of periodic stimuli and simple 

luminance increments. 

With increment stimuli, we expect detection performance when stimulus size 

information is or is not available will differ if subjects can tailor their detection strategy 

based on expected stimulus size, but will not differ if they do not. For example, if 

subjects can use stimulus size information perfectly (stimulus-matched summation) and 

there is no uncertainty as to when or where the stimulus will occur, then Piper’s law 

(detection threshold ∝ area
-0.5

) is obeyed (Figure 5.1, top panel solid black line). 

However, if the same size stimuli are randomly intermixed, preventing use of size 

information, subjects may assume an intermediate summation area that generally elevates 

detection thresholds except at the size of the assumed summation area (Figure 5.1, top 

panel dashed line). Finally, if they do not use a size contingent summation strategy the 

behavior will be the same in both cases. These predictions of performance in the blocked 

and intermixed conditions remain generally the same even if spatial uncertainty exists 

(inability to know exactly where the stimulus where occur, as introduced in Chapter 2 

and discuss more in this context in section 5.3.3), where the main change is the 
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magnitude of the observable difference in the blocked and intermixed conditions with and 

without uncertainty. For example, the minimum expected threshold difference for the 

largest or smallest stimulus sizes used in these experiments if the stimulus-matched 

strategy is used in the blocked condition and a fixed-size summation strategy is used in 

the intermixed condition is ~0.36 log units without spatial uncertainty, and ~0.23 units 

with uncertainty (see section 5.3.1). 

In the independent cone strategy it is sometimes assumed that all cones across the 

retina have equal probability of detecting a stimulus (Krauskopf, 1978). In this case the 

subject does not use stimulus size information even when it is available, and detection 

performance in the blocked and intermixed conditions is expected to be the same. It is 

possible that even in the independent cones scenario subjects can improve detection 

performance if they adapt their attention window to monitor only those cones relevant to 

stimulus detection. Figure 5.1 (bottom panel) shows the difference in performance if 

detection is mediated by independent cones and subjects can match their attention 

window to the stimulus area when stimulus size information is available (red solid line), 

but assume an intermediate sized attention window when stimulus size information is not 

available (red dashed line). In the latter case (independent cone contributions to 

detection) the difference in thresholds in the two conditions (blocked and randomly 

intermixed) is more subtle than in the stimulus-matched summation scenario. If some 

difference in thresholds is seen between the blocked and intermixed conditions we can 

then look at the general shape of the area-threshold functions to determine whether 

independent cones or a stimulus-matched summation strategy is used.  
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Figure 5.1. Top panel) Comparison of area-threshold behavior when subjects can use stimulus size 
information to tailor their summation area to matched stimulus size in the blocked condition (solid black line 
following Piper’s law) but not in the intermixed condition (dashed black line). In the latter case subjects 
assume an intermediate and fixed-size summation area. Bottom panel) Comparison of area-threshold 
behavior assuming independent cone contributions to detection when subjects can use stimulus size 
information to tailor the area of their attention window to match the stimulus size in the blocked condition 
(solid red line) but not in the intermixed condition (dashed red line). Stimulus-matched summation is shown 
for comparison (solid black line). Dot-arrows in both panels mark ~1 cone area. For simplicity detection 
thresholds for stimuli smaller than a single cone are not assumed to be impacted by the retinal mosaic here 
(but see Chapter 6). 

 

We use the classic areal summation paradigm (e.g., Graham, Brown & Mote, 

1939; Lamar, Hecht, Shlaer & Hendley, 1947) to investigate if subjects can tailor their 

detection strategy to match stimulus size in a manner that would optimize detection, by 
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comparing detection thresholds for multiple stimulus sizes presented either in blocks 

(stimulus size information is available) or randomly intermixed (stimulus size 

information is not available). Models of detection as a function of stimulus size (as in 

Figure 5.1) that depend to varying degrees on the presence and use of stimulus 

information (e.g. size and location) are compared to actual detection performance as a 

function of stimulus size, where uncertainty can be incorporated into the models and 

reflects the inability to know the exact size and location of the stimulus (see sections 

5.3.3, 5.3.4, and Appendix C). Color appearance is also measured under the assumptions 

that if detection strategy can be tailored to match stimulus size, color appearance reports 

will be distinctly different in the blocked and intermixed conditions (assuming detection 

and color appearance rely on the same mechanisms), and that the change in color 

appearance with stimulus size depends on the summation strategy. These assumptions 

also rely on the presence of color appearance information at detection threshold in the 

dark adapted fovea, which we described in Chapter 3. 

5.2. METHODS 

5.2.1. Subjects  

Four subjects (6724, 9254, 5258, and 2465) ages 40, 36, 35 and 18 participated in 

the study (1 female and 3 males). Subjects 6724 and 9254 were the authors and subjects 

5258 and 2465 were naïve to the purpose of the study. All subjects were practiced 

psychophysical observers. All subjects had normal visual acuity correctable to at least 

20/20, and normal color vision as assessed by Hardy-Rand-Ritter (HRR) 4
th

 edition color 

plates. The research followed the tenets of the Declaration of Helsinki and informed 



141 
 

consent was given after an explanation of the study procedure and any possible risks. All 

study procedures were approved by the Institutional Review Board of the University of 

Houston. 

5.2.2. Stimuli 

Brief (30 ms), monochromatic spot stimuli of 4 sizes (see Table 5.2) were created 

using a black and white eMagin organic light emitting diode microdisplay (eMagin Inc., 

Bellevue, Washington) in conjunction with a 550 nm (10 nm bandwidth) interference 

filter, displayed through a 2 mm artificial pupil. Long and middle wavelength sensitive 

cones are nearly equally sensitive at this wavelength. Stimuli were presented to the 

central fovea following at least 10 minutes of dark adaptation, in an otherwise completely 

dark visual field, save for a fixation target composed of two small white dots (~0.25° 

diameter) presented in Maxwellian view. Subjects fixated midway between these two 

dots, which were separated vertically by 2.25°. This target was chosen to minimize 

interference at the fovea without introducing large fixation errors (Rattle, 1969). A Badal 

optometer was used to correct defocus, along with habitual spectacle correction as needed 

for astigmatism (Subjects 9254 and 5258). No dilating or cycloplegic agents were used, 

since subjects’ natural pupils were always larger than the 2 mm artificial pupil and the 

impact of accommodative fluctuations on detection is not expected to be significant with 

these pupil and stimulus sizes (Koenig and Hofer, 2011). 
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 Stimulus size Estimated retinal stimulus size 

Stimulus Diameter 

(arcmin) 

Area 

(arcmin
2
) 

Diameter 

(arcmin) 

Area 

(arcmin
2
) 

1 1.7 2.3 2.0 (1.9) 3.0 (2.7) 

2 4.1 13 4.1 13 

3 9.9 77 9.9 77 

4 25 491 25 493 
Table 5.2. Stimulus size and estimated retinal stimulus size for the 4 experimental stimuli (full width at half 
maximum). Retinal stimulus sizes are estimated by convolution of the stimuli with Subject 6724’s point 
spread function measured through a 2 mm pupil. Note that the eye’s optics only significantly impact the size 
of the smallest stimulus. In parentheses for the smallest, 1.7', stimulus are the calculated diameter and area 
for the diffraction limited point spread function. 

 

Five stimulus intensities (including blanks) were used. Stimulus energy at the 

eye’s pupil was measured without the interference filter with a Newport 1936C power 

meter. Attenuation due to the interference filter was measured separately. Stimulus 

energy was converted to quantal values (i.e., photons at the cornea) with the following 

relationship: photons = energy in Joules × stimulus peak wavelength × 5.0341 × 10
15

 J
-1

 

m
-1

. Quantal values for Subjects 9254 and 5258 included a further 1% correction for the 

estimated light loss due to reflection at the surface of the spectacle lenses. Stimulus 

duration was controlled by an electronic shutter (Uniblitz, model VS14) and timing was 

controlled by custom Matlab (Mathworks, Natick, MA) software incorporating 

Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997). Stimuli were self-paced 

and were accompanied by auditory cues to facilitate detection, a tone at the start of each 

trial and the sound of the electronic shutter at stimulus presentation.  

5.2.3. Psychophysical Methods 

The four stimulus sizes were presented either in blocks of 80 trials (stimulus size 

information available) or randomly intermixed (stimulus size unavailable). For subject 
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2465 and for the first sessions of subjects 6724 and 9254 these two conditions were 

performed on separate days, otherwise they were alternated on the same day. Both 

detection certainty and color appearance were measured on each trial. Color appearance 

was also measured under the assumptions that color appearance reports will differ in the 

blocked and intermixed conditions if detection strategy can be tailored to match stimulus 

size (assuming also that the same units govern appearance and detection), and that color 

appearance will vary little as a function of size if detection is governed by independent 

cones or other fixed-size summation units. 

5.2.3.1. Rating schemes 

Subjective rating schemes were used for both detection certainty and color 

appearance, where simultaneously rating detection and color appearance allowed for 

more reasonable participation times and for assessment of the relationship between 

stimulus strength and appearance. First, the subjective certainty of detecting a stimulus 

was rated from 1 to 5, where ‘1’  flash definitely not seen, ‘2’  seen but unsure, ‘3’  

dim spot seen, ‘4’  moderate spot seen and ‘5’  bright spot seen. This scheme has the 

advantage that it allows performance at multiple subjective response criteria to be 

assessed simultaneously, yielding criterion free threshold estimates.  

Color appearance was then rated with a hue-scaling response scheme in which 

each stimulus was rated by distributing 10 key presses among the categories red, green, 

yellow, blue, and white in any manner the subject felt best reflected hue and saturation on 

that trial (as described in Koenig & Hofer, 2012). Stimuli rated purely ‘white’ reflected 

all stimuli without a discernable hue, i.e. ‘white’ or ‘gray’, and in the event that an 

‘indescribable’ stimulus was seen subjects were instructed to use an “I don’t know” 



144 
 

category. “I don’t know’ responses were excluded from color analyses, but not from 

estimations of detection thresholds. We have previously shown that color and detection 

certainty can be rated simultaneously without negatively impacting either measure 

(Koenig & Hofer, 2012). 

Subjects entered both color and detection ratings with a small handheld numeric 

keypad (see Figure 3.1). Detection certainty was always rated before color. Each key 

press was accompanied by an auditory tone to keep track of successfully entered ratings, 

with the final key press sounding a distinct ‘completion’ tone. Subjects were unable to 

proceed to the next stimulus until completing the requisite number of key presses. Only 

certain keys were allowed for detection and color ratings, and an error tone sounded with 

any unexpected key presses. Finally, subjects were instructed to intentionally press a non-

rating key if they knew that a rating error had been made. Rating errors were excluded 

from analysis. 

5.2.3.2. Practice and trial sessions 

Subjects practiced until comfortable with the rating paradigms and responses were 

consistent, as evaluated by inspection of ratings distributions. Practice sessions were not 

included in the final analysis. Subjects were generally proficient and comfortable after 

only 2-3 trial blocks, with each block consisting of approximately 80 trials. Experimental 

sessions lasted between 2 to 3 hours, with breaks as needed. Subject 6724 participated in 

~1400 trials per stimulus size and condition, while Subjects 9254, 5258, and 2465 

participated in 300 – 600 trials per stimulus size and condition. Trial blocks of both 

conditions were completed over a course of 1-3 days, where Subjects 6724 and 9254 
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completed two such courses about 3 months apart (blocked and intermixed sizes on 

separate then same days).  

5.2.4. Data Analysis 

5.2.4.1. Hue ratings analysis 

Means and standard deviations for each hue rating (red, green, blue, yellow and 

white), as well as green-red and yellow-blue hue differences were calculated for each 

subject at each stimulus size after an arcsine transformation of the data for uniform 

variance (Abramov, Gordon and Chan, 2009). Mean hue differences as a function of size 

and condition were compared using standard z-tests. 

5.2.4.2. Detection thresholds and frequency of seeing data 

For each trial session detection thresholds and associated confidence intervals 

were determined for each detection criterion by fitting Weibull functions to the frequency 

of seeing data and interpolating at 50% seen after accounting for nonzero false positive 

rates with a ‘guessing correction’ (as described in Koenig & Hofer, 2011). Because of the 

potential for differences in subjective detection criterion with different stimulus sizes and 

conditions, linear interpolation was used to estimate thresholds and associated confidence 

intervals at a single criterion (5% false positive rate).  The standard error of the means 

across sessions was used to compare interpolated thresholds across conditions for each 

subject. 
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5.2.4.3. Area-threshold curves 

Area-threshold curves (average detection threshold as a function of stimulus size 

for the 4 stimulus sizes) for each subject, and after averaging across subjects, were fit 

with one- and two-segment linear functions. Fits were performed using custom Matlab 

scripts outputting segment slopes and intercepts, where estimates for slopes and 

intercepts included 95% confidence intervals. For our four stimulus sizes a limited 

number of fits was necessary: a single-segment fit to all data points; a two-segment fit 

including 1.7´ and 4.1´ in the lower segment and 4.1´, 9.9´ and 25´ in the upper segment; 

and a two segment fit including 1.7´, 4.1´ and 9.9´ in the lower segment and 9.9´ and 25´ 

in the upper segment. Fits to two data points yielded slopes and intercepts, but no 

confidence intervals. Root mean square residual one and two segment fit errors were 

evaluated to ascertain, within the limits of our fitting procedure, which fits produced the 

least residual error. Fit slopes were compared to expected slopes determined by modeling 

detection as described in section 5.3.3 (and in more detail in Appendix C). 

5.3. RESULTS 

5.3.1. Area-threshold data are consistent across subjects and conditions 

Our first goal was to compare detection thresholds in the blocked and intermixed 

conditions. As Figure 5.1 showed, detection thresholds are expected to be higher in the 

intermixed condition (stimulus size information is unavailable) if subjects can use 

stimulus size information in the blocked condition to improve detection. For example, if 

subjects use a stimulus-matched summation strategy without spatial uncertainty in the 

blocked condition, but assume a single intermediate summation area in the intermixed 
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condition, then relative to the blocked condition thresholds for the smallest and largest 

stimuli are expected to be at least 0.36 log units higher. In the more realistic case where 

detection is also impacted by spatial uncertainty this expected difference decreases due to 

the shallower expected slopes (e.g. with a zone of spatial uncertainty 100 times larger 

than the area of the smallest stimulus at the retina the difference is 0.23 log units), but is 

still measurable (at least when all subjects’ data are averaged together).  In both of these 

cases the difference is expected to be even higher at one end or the other (less 

symmetrical about the assumed intermediate summation area) if the size of the 

intermediate summation area is closer in size to either the smallest or largest stimulus.  

Figure 5.2 shows each subject’s area-threshold data in the blocked (solid circles) 

and intermixed (open circles) conditions, and that there was no significant difference 

between thresholds in the two conditions for any subject. It can also be seen in Figure 5.2 

that some subjects experienced higher thresholds in the intermixed than the blocked 

condition, but this behavior was not consistent across either subjects or stimulus sizes. 

Table 5.3 shows that response criteria (i.e. false positive rates), like thresholds, were 

comparable between conditions for all subjects except Subject 2465 (who only 

participated in the two conditions on separate days). Taken together these similarities 

suggest that subjects were using similar detection strategies in both conditions.  
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Figure 5.2. Detection thresholds as a function of size compared between the blocked (solid circles) and 
intermixed (open circles) conditions. Error bars are the standard error across sessions (see Methods). For 
clarity stimulus diameters are labeled for each stimulus size for Subject 6724, and apply to all subjects. 
Thresholds were not significantly different between the conditions for any subject. 

2.0

2.3

2.6

2.9

3.2

3.5

3.8

0.0 0.5 1.0 1.5 2.0 2.5 3.0

2.0

2.3

2.6

2.9

3.2

3.5

3.8

0.0 0.5 1.0 1.5 2.0 2.5 3.0

2.0

2.3

2.6

2.9

3.2

3.5

3.8

0.0 0.5 1.0 1.5 2.0 2.5 3.0

2.0

2.3

2.6

2.9

3.2

3.5

3.8

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Blocked

Intermixed

lo
g 

th
re

sh
o

ld
 p

h
o

to
n

s 
at

 t
h

e 
co

rn
ea

log retinal stimulus area (arcmin2)

Subject 6724 Subject 5258

Subject 2465Subject 9254

1.7' 4.1' 9.9' 25'

Area-threshold data in the blocked and intermixed conditions



149 
 

 

Size Rating Condition Subject 6724 Subject 9254 Subject 5258 Subject 2465 

1.7´ 

2+ 
blocked 28.00 ± 3.94 8.75 ± 4.29 8.40 ± 0.51 2.78 ± 0.00 

intermixed 34.72 ± 3.59 15.30 ± 4.64 10.49 ± 2.79 34.26 ± 2.45 

3+ 
blocked 13.01 ± 2.16 2.92 ± 2.43 0 0 

intermixed 11.63 ± 1.05 3.55 ± 1.69 0 2.53 ± 1.26 

4.1´ 

2+ 
blocked 27.95 ± 3.36 20.13 ± 10.10 14.48 ± 3.61 5.98 ± 0.27 

intermixed 34.72 ± 3.59 15.30 ± 4.64 10.49 ± 2.79 34.26 ± 2.45 

3+ 
blocked 9.57 ± 1.98 8.10 ± 5.64 2.78 ± 2.78 1.43 ± 1.43 

intermixed 11.63 ± 1.05 3.55 ± 1.69 0 2.53 ± 1.26 

9.9´ 

2+ 
blocked 29.07 ± 5.10 19.17 ± 4.54 10.79 ± 1.70 4.58 ± 1.80 

intermixed 34.72 ± 3.59 15.30 ± 4.64 10.49 ± 2.79 34.26 ± 2.45 

3+ 
blocked 9.36 ± 2.97 5.00 ± 2.43 0 0 

intermixed 11.63 ± 1.05 3.55 ± 1.69 0 2.53 ± 1.26 

25´ 

2+ 
blocked 31.37 ± 2.22 8.47 ± 3.01 6.60 ± 1.74 8.33 ± 0.00 

intermixed 34.72 ± 3.59 15.30 ± 4.64 10.49 ± 2.79 34.26 ± 2.45 

3+ 
blocked 12.23 ± 1.96 1.56 ± 1.56 0 4.17 ± 4.17 

intermixed 11.63 ± 1.05 3.55 ± 1.69 0 2.53 ± 1.26 

Table 5.3. Criterion usage (i.e. false positive rate) for the two most lenient criteria (‘2+’ and ‘3+’), for each 
subject, stimulus size, and condition (stimulus sizes presented in blocks or intermixed). Values for Subjects 
6724, 9254, and 5258 are mean ± 1 sem across multiple sessions, and values for Subject 2465 are mean ± 
range for two sessions in each condition. 

 

Figure 5.3 compares area-threshold data averaged across subjects in the blocked and 

the intermixed conditions. Detection thresholds for the smallest and largest stimuli were 

on average slightly lower in the blocked condition (0.02 and 0.06 log units, respectively; 

two tailed, paired t-tests based on each subject’s average: t = 0.29 (p = 0.79) for 1.7', and 

t = 0.65 (p = 0.56) for 25'). The 95% confidence interval across subjects for the 0.02 log 

unit difference at the smaller stimulus are -0.12 to 0.15, and for the 0.06 log unit 
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difference at the larger stimulus are -0.11 to 0.22. These ranges are generally inconsistent 

with stimulus-matched summation without and with spatial uncertainty (expected 0.36 

and 0.23 log unit differences, respectively). Threshold results for individual subjects 

(Figure 5.2) and averaged across subjects (Figure 5.3) so far suggest that the detection 

strategy in both conditions (blocked and intermixed) were very similar and, therefore, 

that subjects were not using a stimulus-matched strategy in the blocked condition. 

Although average threshold differences between the blocked and intermixed conditions 

were not significant they allow for the possibility of an extremely small influence of 

expected stimulus size on detection. 

Blocked and intermixed area-threshold data for each subject were fit with one- 

and two-segment linear functions to compare area-threshold behavior across subjects. 

These fits showed that individual data in both conditions were better fit by a two-segment 

function (except perhaps for subject 5258’s data in the blocked condition), and that data 

were generally consistent across subjects in the blocked and in the intermixed conditions 

(within the error of the data). Figure 5.3 shows detection threshold as a function of 

stimulus area, averaged across subjects in the blocked (solid circles) and intermixed 

(open circles) conditions, as well as two-segment linear fits to averaged blocked and 

intermixed data. On average, there were no significant differences between two-segment 

linear fit slopes in the blocked and intermixed conditions. The similarities between the 

fitted linear functions in the two conditions suggest that the detection strategy is similar 

in both cases and, as with the similar detection thresholds, argue against the use of a 

stimulus-matching summation strategy in the blocked condition. We next look at 
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estimates of spatial uncertainty as a function of stimulus size to see what further insight 

into the detection strategy is provided. 

 

 

Figure 5.3. Detection thresholds for the blocked (solid circles) and intermixed (open circles) conditions 
averaged across subjects. Neither the thresholds at each stimulus size nor the two-segment linear slopes 
(solid and dashed lines) are significantly different between the blocked and intermixed conditions. Error bars 
are 1 SEM across subjects. The 95% confidence intervals shown for slope estimates were determined by 
randomly resampling and calculating unique slopes 10000 times within the 95% confidence limits of each 
subject’s threshold estimates and calculating from those 10000 lower and upper slope estimates their mean 
and 95% confidence limits.  

 

5.3.2. Decrease in detection uncertainty with increasing stimulus size suggests a fixed 

zone of spatial uncertainty 

In Chapter 2 we found that detection of a small point stimulus (~1' full width at half 

maximum) is well described by a model of detection incorporating uncertainty. We 

postulated a role for spatial uncertainty (uncertainty as to the exact location of the 

stimulus) given known fixation and location judgment errors (e.g. Stevenson, Kumar & 

Roorda, 2007 and Kumar, 2008). If this is the case, then spatial uncertainty is expected to 
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decrease with increasing stimulus size (i.e. as the stimulus fills the zone of uncertainty). 

Here we present detection uncertainty estimates for the two most practiced subjects (6724 

and 9254), who also showed relatively stable criterion usage, where the stable and 

consistent use of a wider range of lenient and strict detection criteria is expected to 

facilitate relatively more accurate uncertainty estimates. Detection uncertainty (expressed 

as a ratio of stimulus-irrelevant channels to all channels monitored during detection) was 

estimated from the change in stimulus discriminability with detection criterion (as 

described in Chapter 2). 

Figure 5.4 shows that log estimated uncertainty is inversely correlated with stimulus 

area. The roughly inverse relationship between uncertainty and stimulus area suggests a 

primarily spatial component to detection uncertainty consistent with a fixed retinal zone 

of uncertainty. Relative to detection without uncertainty, spatial uncertainty generally 

impacts the area-threshold relation by elevating thresholds for smaller stimuli, resulting 

in shallower slopes of the threshold-versus-area function. A fixed zone of uncertainty is 

expected to contribute to an inflection point in the area-threshold curve, where compared 

to the fixed summation strategy without uncertainty and stimuli larger than the fixed 

summation area, the area-threshold slope is ~10% shallower for stimuli smaller than the 

zone of uncertainty (e.g. 0.68-0.72 versus 0.77-0.80 when modeled at 5% false positive 

and 10-110 noise events per cone per temporal integration window) and steeper for larger 

stimuli (as described in Table 5.4 and shown in Figure 5.5B below). For stimuli larger 

than the fixed zone of uncertainty the steepness depends on how information outside of 

the fixed attention window is used. 
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Figure 5.4. Uncertainty, averaged across the two most practiced subjects (6724 and 9254) and estimated at 
1.7', 4.1', 9.9', and 25' stimulus diameters (black data points), is roughly proportional to inverse stimulus area 
(slope ~-1), suggesting a spatial component (location uncertainty) that decreases as stimulus size increases. 
Solid line is linear fit to data. Error bars are one standard error across 4 sessions. Estimated uncertainty 
from Chapter 2 is shown for these two subjects for comparison (grey data point; mean for the two subjects 
with range as error bars). 

 

The uncertainty estimates for these two subjects suggest a fixed-size zone of spatial 

uncertainty at least 25ˈ in diameter, providing a general constraint on the shape of the 

area-threshold function. For further insight into the potential detection strategy in the 

dark-adapted fovea we next compare area-threshold data (averaged across subjects and 

conditions) to simulation derived expectations of area-threshold curve shape. Toward this 

purpose the next section describes the various summation strategies addressed. For 

further clarity on the impact of spatial uncertainty on stimulus detection as a function of 

size, strategies are discussed and compared with and without uncertainty. 
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5.3.3. Summation models describing detection of luminance increments as a function 

of stimulus size 

Psychophysical detection thresholds were compared with expectations from 

simple detection models incorporating a range of spatial summation strategies. Models 

assumed linear signal transduction and incorporated Poisson fluctuations in signal and 

noise, realistic photoreceptor noise levels, and detection uncertainty. With linear 

transduction it is assumed that detection is governed by a linear relationship between 

photoreceptor responses and stimulus intensity, and with detection uncertainty it is again 

assumed that subjects have imperfect knowledge about the stimulus and that detection is 

negatively impacted by this uncertainty (Cohn et al., 1974; Nachmias and Kocher, 1970; 

Pelli, 1985; Tanner, 1961). We have shown previously that for the stimulus sizes used 

here it is not necessary to incorporate into the simulations the granularity of the cone 

mosaic (Koenig and Hofer, 2011).  

The following summation strategies were evaluated because they include the two 

strategies commonly attributed to cone vision, stimulus-matched summation and 

independent cone contributions to detection, and extend the latter model to include larger 

summation units consistent with a Ricco’s area of complete summation larger than a 

single cone. The strategies listed also extend the models to incorporate spatial uncertainty 

based on our findings in Chapter 2 and section 5.3.2 of this chapter. Finally, the multiple-

sized unit strategy (i.e. multiple spatial channels) was evaluated because models 

previously attributed detection and discrimination to multiple spatial frequency (e.g. 

Campbell & Robson, 1968; Blakemore & Campbell, 1969; Graham & Nachmias, 1971; 

Sachs, Nachmias & Robson, 1971) and size tuned (e.g. Pantle & Sekuler, 1968; Thomas 

& Kerr, 1971; Thomas and Shimamura, 1974) mechanisms.  
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The detection and summation strategies as described below were modeled with 

either an analytic detection model (strategies 1-6; see Appendix C.2) or a Monte Carlo 

model (strategy 7; see Appendix C.3) over realistic parameter ranges for dark noise per 

cone (10-110 dark noise events per cone per 50-100 ms temporal integration window) 

and a false positive rate of ~5% (corresponding to the false positive rate at which 

psychophysical data were analyzed). Table 5.4 summarizes findings for each modeled 

strategy. Figure 5.5 shows expected area-threshold behavior and relative threshold 

differences for each modeled strategy assuming 10 noise events per cone per temporal 

integration window and the same 5% false positive rate. In general it was found that area-

threshold behavior depended more strongly on the false positive rate than the noise level 

assumed, where the area-threshold slopes reported tended to be shallower with less noise 

and higher false positive rates – about 5-10% difference in slope in the noise range versus 

about 30% difference in slope over the range of false positive rates. Verification of model 

behavior is described in Appendices C.2 and C.3. The summation strategies modeled 

describe expected area-threshold behavior when stimulus size and location information 

can or cannot be used, and include the following: 

1. Stimulus-matched spatial summation without spatial uncertainty (the optimal 

strategy if stimulus size and location are known) - when stimulus location is 

known precisely there is no spatial uncertainty and the area threshold function 

follows Piper’s law (area-threshold slope = 0.5, irrespective of noise or false 

positive rate). In both Chapter 2 and section 5.3.2 above we have shown that 

for a small point stimulus threshold behavior was consistent with the presence 
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of spatial uncertainty, suggesting that it is unlikely that spatial uncertainty is 

absent for detection of small stimuli. 

2. Stimulus-matched spatial summation within a larger zone of spatial 

uncertainty (an optimal strategy if stimulus size but not location is known) – 

spatial uncertainty exists for stimuli smaller than the zone of uncertainty. In 

this case subjects effectively monitor a fixed number of spatial channels 

around fixation, and the number of channels relevant to stimulus detection 

changes in proportion to stimulus area. The number of irrelevant spatial 

channels (relative uncertainty) increases as the stimulus gets smaller. 

Detection threshold is elevated more for smaller stimuli and the slope is flatter 

than when Piper’s law is upheld. The area-threshold slope ranges from ~0.3-

0.32 (versus 0.5 in strategy 1 above). 

3. Fixed area of complete spatial summation without spatial uncertainty  

a. For stimuli smaller than the fixed area of complete summation  

(Ricco’s area) threshold is constant and does not depend on size (area-

threshold slope equals zero).  

b. For stimuli larger than this area, and when the information outside of 

this area is not ignored, detection depends on independent combination 

across all, and only, those fixed sized units encompassed by the 

stimulus (area threshold slope ranges from ~0.77 to 0.80). This 

strategy requires knowledge of both stimulus size and location. 

c. For stimuli larger than this area, and when information outside of this 

area is ignored, detection does not depend on stimulus size and 



157 
 

detection threshold is proportional to stimulus area (area-threshold 

slope equals 1). 

4. Fixed area of complete spatial summation within a larger zone of spatial 

uncertainty –  

a. For stimuli smaller than this area (Ricco’s area) threshold is constant 

and does not depend on size (area-threshold slope equals zero), and the 

magnitude of spatial uncertainty is also constant within this area.  

b. For stimuli larger than this area and smaller than the zone of spatial 

uncertainty threshold increases and uncertainty decreases with 

stimulus size (area-threshold slope ranges from ~0.68-0.72).  

c. For stimuli larger than both the area of complete summation and the 

zone spatial uncertainty threshold increases in proportion to stimulus 

area if information outside of the zone of uncertainty cannot be used 

(i.e. for these larger stimuli the amount of intrinsic noise impacting 

detection remains constant). No part of this strategy (a, b, or c) 

requires knowledge of stimulus size or location. 

5. Independent cone contributions to detection without spatial uncertainty – a 

specific case of scenario 3 above, where the cone acceptance aperture defines 

the zone of complete spatial summation. 

6. Independent cone contributions to detection with spatial uncertainty – a 

specific case of scenario 4 above, where the cone acceptance aperture defines 

the zone of complete spatial summation. This summation strategy, with the 

entire retina considered the zone of spatial uncertainty, is commonly used to 



158 
 

describe detection in cone vision (e.g. Krauskopf, 1978; Cicerone & Nerger, 

1989; Vimal, Pokorny, Smith & Shevell, 1989; Wesner, Pokorny, Shevell & 

Smith, 1991). 

7. Multiple-sized summation units combining independently within a larger 

fixed zone of spatial uncertainty - different size detection units, corresponding 

to different size spatial channels, are spatially overlapping and monitored in 

parallel. Spatial uncertainty in this scenario is zero for stimuli larger than the 

zone of attention, and is inversely related to the size of the detecting unit for 

stimuli smaller than the attention window. The area-threshold slope ranges 

from ~0.35-0.4 when the independent units are combined optimally (i.e. the 

noise and detection criterion per unit are linearly related to unit size). This is 

an advantageous strategy if stimulus size and location are not known. 
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Detection Strategy Contingent on 
expected stimulus 

size? 

Expected slope 

1. Stimulus-matched spatial summation 
without uncertainty 

Yes 0.5 

2. Stimulus-matched spatial summation 
with larger fixed zone of spatial 
attention 

Yes 0.3 to 0.32 

3. Fixed-size summation area without 
uncertainty 

Yes‡ 0* 
0.77 to 0.8** 

4. Fixed-size summation area with larger 
fixed zone of spatial attention 

No 0* 
0.68 to 0.72** 

1*** 

5. Independent cone detection without 
uncertainty 

Yes 0.77 to 0.8** 

6. Independent cone detection with 
larger fixed zone of spatial attention 

No 0* 
0.68 to 0.72** 

1*** 

7. Multiple-sized summation units within 
larger fixed zone of spatial attention 

No 0* 
0.35 to 0.4 
0.7 to 1‡‡ 

Table 5.4. List of detection strategies modeled, numbered 1 to 7 to correspond to the outline in section 
5.2.5.1 The middle column reports whether or not detection in each strategy is contingent on knowing and 
using expected stimulus size, and the rightmost column reports expected slope estimated from analytical 
modeling (strategies 1-6) or Monte Carlo modeling (strategy 7) as described in detail in Appendix C). * 
Refers to stimuli smaller than the fixed-size summation area, ** refers to stimuli larger than the fixed-size 
summation area (strategies 3-6) but smaller than the zone of attention (strategies 4 and 6), and *** refers to 
stimuli larger than the fixed-sized summation area and zone of attention, where as noted in some cases up 
to 3 different slopes are expected depending on the size of the stimulus. 

‡
 Depends on stimulus size only if 

responses outside the summation area are not ignored for larger stimuli (slope = 1). 
‡‡

 Slope depends on the 
extent to which the attention window matches the stimulus, and if information outside of the largest 
summation area is used. Slope ranges reported here are generally narrower than in the similar table in 
Appendix C because results are roughly constrained to modeling at false positive rate of 5% (the rate at 
which psychophysical data were analyzed), and a range of 10-110 noise events per cone per temporal 
integration window; uncertainty for the smallest modeled stimulus was 100 (equivalent retinal zone of 
uncertainty of ~20ꞌ in diameter).  
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Figure 5.5. Expected area-threshold curves modeled at ~5% false positive rate to correspond with 
psychophysical data analysis, and noise events per cone per temporal integration window of 10. A) Area-
threshold curves for stimulus-matched summation with (grey) and without (black) uncertainty, the latter 
expected to be a single linear curve and the former expected to have an inflection point corresponding to the 
area of uncertainty (shallower slopes than without uncertainty for stimuli smaller than the zone of uncertainty 
and steeper for larger stimuli). B) Area-threshold curves for fixed-size summation units (~2ˈ diameter) with 
(blue) and without (green) uncertainty, the latter expected to meet the black curve at 2ˈ (flattening out with 
zero slope for smaller stimuli), the former meeting the grey curve at 2ˈ (flattening out for smaller stimuli, and 
also steepening for stimuli larger than the zone of uncertainty). C) The same as panel B except the fixed 
summation area is the size of a single cone (~0.5ˈ diameter), dot-dashed curves meet respective solid 
curves at the area corresponding to a single cone. D) Area-threshold curve for multiple-sized summation 
units monitored simultaneously (red dashed) is not very different from grey summation curve, suggesting 
that performance is about the same whether monitoring multiple-sized fixed units, or using a stimulus-
matched summation area in the face of spatial uncertainty. The slight difference in threshold between red 
dashed and grey curves as stimulus size increases is due to the greater probability of detecting smaller 
stimuli with large units than larger stimuli with small units, where in the latter case the total light energy of the 
larger stimulus is divided among several smaller units.  

 

As can be seen in Table 5.4 above, the seven strategies described can be divided into 

strategies that either are or are not contingent upon knowing and using stimulus size 

information, and strategies that either do or do not incorporate spatial uncertainty. Given 

the similarity between detection thresholds in the blocked and intermixed conditions, and 
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the presence of spatial uncertainty for stimuli smaller than ~25ˈ diameter, we know that 

area-threshold data are not consistent with the use of a stimulus-matched strategy (with or 

without uncertainty) in the blocked condition and a fixed-size summation area (with or 

without uncertainty) in the intermixed condition. However, several different summation 

strategies remain to be evaluated in relation to our area-threshold data: independent cone 

contributions to detection within a larger zone of uncertainty, fixed-size summation units 

at least 8-14' within a larger zone of uncertainty, and multiple-sized fixed summation 

units. In the following section we compare linear fits and area-threshold slopes to those 

expected from the models described above. 

5.3.4. Spatial summation strategies consistent with subjects’ data 

Since linear one- and two-segment fits showed subjects behaved consistently 

(within the error of the data), and there was on average no difference between the two 

conditions we use area-threshold data averaged across subjects and conditions to better 

constrain potential detection models. Figure 5.6 shows one- and two-segment fits to area-

threshold data averaged across the four observers and two conditions. The fitted one-

segment slope (mean ± 95% confidence estimate, 0.24 ± 0.46) suggests that the 

independent cone strategy with or without fixed spatial uncertainty (expected slopes 0.68-

0.72 and 0.77 to 0.8) is unlikely (Figure 5.7). When comparing one- and two-segment 

linear fits, the root mean square error of the one-segment linear fit (~0.13) was more than 

twice as high as the root mean square error of the two-segment linear fit (~0.06), 

suggesting a better fit with one more degree of freedom in the two-segment linear 

function. 
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Figure 5.6. One- and two-segment linear fits to average area-threshold data (dashed and solid lines, 
respectively). Slope for the one-segment fit is 0.24 ± 0.46, where the range is the 95% confidence interval. 
Slopes for the lower and upper segment are 0.05 ± 0.11 and 0.57. Where the range in slope for the lower 
segment is the 95% confidence interval after resampling each subject’s area-threshold data as discussed in 
the text, and the estimated slope of the upper segment, fit to only two data points, does not include a 
confidence interval range. The range of slopes of the upper segment can be estimated from 0.50 to 1.0 
depending on the strategy assumed for detection of stimuli ~9.9' diameter or greater and how much spatial 
uncertainty is assumed, placing the inflection point anywhere from ~8-14' diameter (as discussed more in 
the text below). 
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Figure 5.7. Expected area-threshold slopes for independent cone contributions to detection with (solid grey 
line) and without (dashed grey line) spatial uncertainty are compared to area-threshold data averaged 
across subjects and conditions (black data points; mean threshold estimate with one standard error across 
subjects). Detection in the dark-adapted fovea is not well described by either of the independent cone 
strategies, for which modeled thresholds have been set to match at the largest, 25' diameter, stimulus (i.e. 
roughly the estimated size of the zone of uncertainty). 

 

In the two-segment fit to the average data (Figure 5.6 dashed line) the fitted lower 

segment slope (mean ± 95% confidence estimate, 0.05 ± 1.20) is not well constrained by 

the three mean data points. However, when intra-observer variability is taken into 

account (randomly resampling all 3 data points 10000 times for each subject over a 2 

standard error range about each data point, then averaging the individual resampled 

thresholds as a function of size across subjects and determining a new slope estimate on 

each of these 10000 iterations) the slope is estimated as 0.05 ± 0.11 (mean ± 1.96 

standard deviations, or ~-0.06 to 0.16; roughly 95% confidence interval). This shallow 

lower segment slope is inconsistent with the contribution of independent cones to 

detection within a larger zone of uncertainty (expected slopes of 0.7 to 0.8 at the same 

5% false positive rate at which subjects’ data were analyzed; see Figure 5.7), and with the 
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expected difference of ~0.9 log units between the smallest (1.7' diameter) and next to 

largest (9.9' diameter) stimuli in this case.  

Figure 5.8A shows that area-threshold results are also not generally consistent 

with stimulus-matched summation within a fixed zone of uncertainty, or multiple-sized 

summation units monitored simultaneously (and optimally combined) due to the relative 

steepness of the expected versus measured area-threshold curve slopes (expected slopes 

of ~0.3-0.33 and ~0.35-0.4, versus measured slope of 0.05 ± 0.11). On average, results 

are consistent with either 1. a fixed summation area of ~ 8-14' diameter (Figure 5.8B), or 

2. suboptimal combination across multiple-sized summation units where either the 

intrinsic noise of each unit is not linearly related to its size, or subjects are unable to use 

consistent detection criteria across the different summation units (i.e. effectively leading 

to a more shallow slope in both cases). In the case of the fixed-size summation units the 

lower bound  (8ˈ diameter) is determined by detection within a zone of spatial uncertainty 

the size of the largest stimulus (i.e. because of uncertainty this is the shallowest 

reasonable slope for the upper segment in determining the inflection point), and the upper 

bound (14ˈ diameter) is determined by independent detection units without spatial 

uncertainty (i.e. without uncertainty this is the steepest reasonable slope for the upper 

segment in determining the inflection point).  
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Figure 5.8. Area-threshold data averaged across subjects and conditions (black data points). A) Area-
threshold data for the lower segment (1

st
 three points) is poorly fit by models assuming either optimal 

summation within a fixed zone of uncertainty (solid grey line) or multiple-sized units monitored 
simultaneously (dashed grey line, assuming combination across independent units is done optimally). B) 
Our data are reasonably well fit by a simple detection model assuming a fixed summation area of ~8-14' 
diameter (solid bilinear model curve).  

 

In these bilinear summation models the upper segment slope (0.57) is consistent with 

multiple strategies, including independent detection across larger, fixed-size units of 8-

14ˈ within a larger zone of uncertainty. The upper segment slope is also consistent with 

stimulus-matched summation for stimuli larger than 8-14ˈ and independent detection 

across fixed-size units without uncertainty; however, these latter scenarios seem less 

likely given that detection data indicate the presence of at least some uncertainty for 

stimuli up to ~25ˈ in diameter. 
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5.3.5. Evaluations of the relationship between detection and (color and size) 

appearance results 

5.3.5.1. Color appearance is similar in blocked and intermixed conditions 

Color appearance results were compared between the blocked and intermixed 

conditions, where a difference in color appearance results was expected if different 

detection strategies were used in the two conditions. This is assuming color appearance 

information is present at detection threshold (as we have shown in Chapter 3). As 

variability and veridicality of color appearance is known to depend on stimulus size 

(Abramov, Gordon, and Chan, 1991; Pitts, Troup, Volbrecht, Nerger, 2005; Abramov and 

Gordon, 2009), color appearance judgments are expected to be different if different size 

mechanisms are used in blocked and intermixed conditions.  

Figure 5.9 shows average color composition as a function of both stimulus size 

and condition, for all subjects (color ratings distributions for all subjects are shown and 

described in Appendix B). Note that subject 2465 performed blocked and intermixed 

conditions on separate days. The significant color appearance differences that are present 

for this subject appear to result from large differences in overall saturation (subjective 

presence/absence of whiteness), and are likely attributable to differences in stimulus 

intensity and/or subjective detection criterion on the separate days. Aside from subject 

2465’s differences, average color appearance reports were only significantly different for 

subject 6724 for one stimulus size (1.7' diameter; z-tests on difference between mean 

color reports in the green-red and yellow-blue directions). As can be seen in Figure 5.9, 

color reports for the 1.7' stimulus for subject 6724 were on average greener and bluer in 

the intermixed condition. That is, color reports for the smaller stimuli in the intermixed 
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condition were more similar to the larger stimuli than in the blocked condition, which 

may be consistent with a very limited use of size information in the blocked condition (as 

described in the Discussion).  The differences in color reports as a function of size are 

generally inconsistent with independent cone contributions to detection and appearance. 

As with the detection data, the similarity between conditions suggests that subjects are 

not switching from a stimulus-matched strategy in the blocked condition to a fixed 

summation strategy in the intermixed condition.  

Figure 5.10 shows variability of color ratings as a function of stimulus size, 

averaged across all subjects, where variability is the square root of the summed variances 

in the green-red and yellow-blue color rating distributions. Average variability in color 

was also the same in both conditions, although there was a trend (not statistically 

significant) for decreased variability with increasing stimulus size in the blocked 

condition. To the extent that this trend is real it is consistent with decreased variability 

and increased veridicality of color perception with increasing stimulus size, suggesting 

some accessibility to stimulus size information. These findings are therefore also 

potentially consistent with a small and subtle role for expected stimulus size in detection 

and appearance, and as such support either violations of Ricco’s law in the fixed-size 

summation scenario (access to finer grained appearance information within the area of 

complete spatial summation) or a relationship between detection and appearance in the 

case of multiple-sized units.  
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Figure 5.9. Color composition across trials for the blocked (B) and intermixed conditions (I). Color 
composition is not significantly different between conditions except for subject 6724 (asterisk), where 
differences reflect increased blue and green hues in the intermixed condition, and subject 2465 who only 
performed the two conditions on separate days. Color composition for smaller stimuli is typical and similar to 
that obtained in prior investigations on the color appearance of small, threshold, foveal stimuli (Bouman & 
Walraven, 1957; Krauskopf & Srebro, 1965; Koenig & Hofer, 2012). 
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Figure 5.10. Variability in color ratings averaged across subjects is not significantly different between the 
blocked and intermixed conditions, where variability is the square root of the summed variances in the 
green-red and yellow-blue color rating distributions. Error bars are 1 standard error of the mean variability 
across subjects. 

 

5.3.5.2. Color appearance data are inconsistent with independent cone contributions to 

detection 

Like the optimal, stimulus-matched summation strategy, a strategy incorporating 

independent cone contributions to detection and perception is commonly used to describe 

or model foveal cone vision (Krauskopf, 1978; Cicerone & Nerger, 1989; Vimal, 

Pokorny, Smith & Shevell, 1989; Wesner, Pokorny, Shevell & Smith, 1991; Koenig & 

Hofer, 2011). If color appearance, but not detection, is mediated by independent cones, 

the variability in color appearance as a function of size (Abramov, Gordon, and Chan, 

1991; Pitts, Troup, Volbrecht, Nerger, 2005; Abramov and Gordon, 2009) is expected to 
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(1978) has described for a theoretically large array of independent detectors a method of 

analyzing the probability of detection by independent cones as a function of the overall 

probability of detection (i.e. the probability of detection by any number of independent 

detectors). We extend this analysis to finite array sizes by looking at the probability of 

detection by a single independent cone as a function of stimulus size. Like Krauskopf 

(1978), and borrowing some of his variable naming, we start first by determining the 

probability of activating k independent cones [Pa(k)] out of N total cones encompassed by 

the stimulus as a function of the probability (P) of activating any of the N cones: 

  ( )  {  [  (   ) ]⁄ }    (   )        (5.1) 

We then assume that detection requires activation of at least one independent 

cone, and calculate the overall probability of detection (Pd) as one minus the probability 

of not detecting with any of the N cones: 

     (   )
        (5.2) 

The fraction of detections that can be attributed to k activated cones [Pa(k)/Pd] is 

then: 

  ( )

  
 
{  [  (   ) ]⁄ }    (   )   

  (   ) 
     (5.3) 

 Where, for our smallest and largest stimuli, estimated to encompass ~20 and 

2300 cones, the probabilities of each being detected at the 50% seeing level by a single 

independent cone are ~71% and 69%, respectively. If it is assumed that cone 

contributions to color follow the same rules as cone contributions to detection, then our 

smallest and largest stimuli should be subjectively indistinguishable ~70% of the time in 
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the blocked condition. Color reports for the smallest and largest stimuli in the blocked 

condition (Figure 5.11, representative data by Subject 6724) are distinctly different, and 

clearly do not share at least a 70% commonality, suggesting that these findings are 

inconsistent with independent cone contributions to color appearance under the 

conditions of this study. Although it is not shown here, this is also the case with 

subjective appearance relative to size, i.e. large stimuli did not appear small 70% of the 

time (as would be the case if apparent size were mediated by independent cones). Finally, 

these appearance results are also consistent with detection results. 

  

Figure 5.11. Raw color data for Subject 6724 for the smallest (1.7' diameter, left) and largest (25' diameter, 
right) stimuli, comparing the distribution of ratings of each. Horizontal and vertical axes represent the blue-
yellow and red-green balance and white is at the origin.  Color ratings for the smallest stimulus are often 
green-blue or yellow-red, but rarely yellow-green. Color ratings for the largest stimulus are often green-blue 
and yellow-green, but rarely yellow-red, representing a sizable color rating difference that is inconsistent with 
independent cone contributions to appearance. Color data are all seen stimuli in the blocked conditions 
(>600 trials per size). Color reporting trends were similar for all subjects.  
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5.3.5.3. The visual system maintains a fine grained perceptual representation 

We have found that a fixed-size summation area ~8-14' in diameter is most able to 

account for our subjects’ data, and is the most parsimonious model (although a 

summation strategy incorporating multiple-sized units has not been ruled out). If this is 

indeed the case, and it is assumed that detection and color appearance rely on the same 

rules for combining photoreceptor responses, then it is expected that stimuli smaller than 

this summation area would look similar. To investigate the possibility that the test stimuli 

were perceptually distinct one subject (Subject 6724) was tasked with naming only 

stimulus size when stimulus sizes were randomly intermixed. Here, seven stimulus sizes 

(1.7', 2.9', 4.1', 7.0', 9.9', 18' and 25' in diameter) were randomly interleaved and 

presented in the same manner as in the original experiment. Figure 5.12 shows the results 

of this experiment, where the stimulus sizes used in the main experiment are demarcated 

by arrows and labeled accordingly. The 4 stimulus sizes used in the main experiment 

were reliably discriminated (z-test on mean subjective size differences: z-scores equal 

6.89, 11.34 and 15.39 (p < 0.0001) for 1.7' versus 4.1', 4.1' versus 9.9', and 9.9' versus 

25', respectively). Taken together with the color appearance data these results suggest 

either that the visual system maintains a finer grained perceptual representation despite 

the limits to detection, or that the visual system’s use of retinal information for detection 

and perception are not fully coupled. The potential for access to finer grained perceptual 

information within the area of complete spatial summation (i.e. violations of Ricco’s 

area) is not new and has been reported before for peripheral rod vision (Sakitt, 1971) and 

is addressed further in the Discussion.  However, these results are also consistent with 

independent combination across multiple-sized fixed summation units in both detection 
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and perception (if not performed optimally), notably a strategy that does not include 

violating Ricco’s area.  

 

  

Figure 5.12. Seven stimuli between 1.7’ and 25’ rated by subject 6724 according to apparent size. Average 
ratings for each size are compared to actual size, revealing a nearly one-to-one relationship. Data are 
shown for suprathreshold (>95% seen, solid symbols) and threshold (~40-80% seen, open symbols) stimuli. 
Error bars are one standard error of the mean. 

 

5.4. DISCUSSION 

Our results indicate that subjects do not use the optimal detection strategy of 

tailoring the summation area to precisely match expected stimulus size and location (i.e. 

stimulus-matched summation without uncertainty). On average results are also 

inconsistent with stimulus-matched summation within a larger, fixed zone of spatial 

uncertainty. These results call into question prior analyses of detection and appearance at 

absolute threshold that have assumed an optimal detection strategy (e.g. Geisler, 1989; 
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Davila & Geisler, 1991; Donner, 1992). Appearance and detection results were also 

inconsistent with a second commonly considered detection strategy, independent cone 

contributions to detection and, similarly, call into question analyses and models of 

appearance or detection relying on such a strategy (e.g. Krauskopf, 1978; Cicerone and 

Nerger, 1989; Vimal et al., 1989; Wesner et al., 1991). Table 5.5 summarizes evidence 

for and against each of the summation strategies relative to our findings and expectations 

for each strategy determined through modeling. 
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Summation strategy Qualifications/disqualifications for 

consideration as viable summation strategy 

in the dark adapted fovea 

1. Optimal summation without 

uncertainty 

Inconsistent with similar area-threshold 

behavior in blocked/intermixed conditions 

and with expected slopes (relatively too 

steep), and with findings of spatial 

uncertainty for stimuli up to ~25' diameter.  

2. Optimal summation within larger zone 

of spatial uncertainty 

Inconsistent with similar area-threshold 

behavior in blocked/intermixed conditions, 

where expected area-threshold slopes were 

relatively too steep compared to observed 

slopes.  

3. Fixed-size summation units without 

uncertainty 

Inconsistent with findings of spatial 

uncertainty for stimuli up to ~25' diameter. 

4. Fixed-size summation units within 

larger zone of spatial uncertainty 

Observed area-threshold slopes are 

consistent with expected slopes, although 

violations of Ricco’s area (size, color) may 

argue against this strategy. 

5. Independent cones without uncertainty Inconsistent with findings of spatial 

uncertainty for stimuli up to ~25' diameter, 

where expected slopes are relatively too 

steep compared to observed slopes; 

inconsistent with color appearance data. 

6. Independent cones within larger zone 

of spatial uncertainty 

Expected slopes relatively too steep 

compared to observed slopes, and 

inconsistent with color appearance data. 

7. Multiple-sized summation units Observed area-threshold slopes are 

relatively too shallow compared to 

expected, unless multiple units are not 

combined optimally; consistent with color 

appearance data. 
Table 5.5. Summary of qualifications or disqualifications for each summation strategy to be considered a 
reasonable candidate in the dark-adapted fovea. Strategies in bold (fixed-size summation units in larger 
zone of uncertainty and multiple-sized summation units) remain viable candidates and are considered 
further in the next chapter. 

 

On average, area-threshold results were explained well by a fixed-size summation 

area in the dark adapted fovea of about 8-14' in diameter. This is much larger than the 

limit imposed by the eye’s optics (~2' through a 2 mm pupil) and, as discussed in Davila 
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and Geisler (1992), if this is indeed the case suggests a neural limit rather than optical 

limit to spatial summation. Figure 5.13 shows that our data, plotted as log absolute 

photons at the cornea (black circles), are consistent with previous dark-adapted data (1 

subject from Glezer, 1965 (solid grey circles), and 2 subjects from Davila and Geisler, 

1991 (open grey squares and circles)); where previous results are plotted as relative 

threshold energy (the product of luminance, area, and duration) and have been shifted 

vertically to coincide with our absolute results. Table 5.1 summarized the conditions and 

findings of previous investigators (Davila and Geisler, 1992; Glezer, 1965; Lie, 1981).  

 

  

Figure 5.13. Detection thresholds averaged across subjects and conditions (black circles). Error bars are 1 
SEM across subjects. Shown for comparison are thresholds from prior literature (2 subjects from Davila and 
Geisler (1991), open symbols; 1 subject from Glezer (1965), solid grey circles). Thresholds for our subjects 
are photons at the cornea; otherwise thresholds are relative units of energy shifted vertically by eye. All data 
have been adjusted to reflect retinal area using estimates of typical optical quality through 2 mm pupils 
(approximations for Davila and Geisler, and Glezer since they used 3 and 2.5 mm pupils, respectively). The 
data of Lie (1981) are not shown as he used natural pupil sizes. 
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Although our data are consistent with more than one detection strategy (i.e. a single 

fixed summation area and multiple-sized fixed summation areas), the most parsimonious 

explanation, given the data, is a detection strategy incorporating complete spatial 

summation within a fixed area of spatial uncertainty. Interestingly, subjective 

assessments of color appearance and stimulus size at detection threshold suggested that 

despite the potential for complete summation over a relatively large area, a finer grain 

representation of the stimulus was maintained. Using a two-point stimulus method Sakitt 

(1971) showed in rod vision that despite a measured area of complete summation at 7° 

eccentricity of ~30' for three subjects, thresholds for separated 3.4' squares presented 

within this area were elevated relative to thresholds for just one square. Sakitt 

hypothesized configuration dependent summation, where subunits within the area of 

complete spatial summation act either independently or together depending on stimulus 

configuration, suggesting separate but parallel pathways for the two conditions. 

Violations of ideal Ricco’s behavior similar to those reported by Sakitt (1971) have 

alternatively been attributed to non-uniform sensitivity across the receptive field 

(Kincaid, Blackwell and Kristofferson, 1960 based on a model proposed by Graham, 

Brown and Mote, 1939; Matin, 1975), subunits within Ricco’s area (Zuidema, Gresnigt, 

Bouman and Koenderink, 1978), excitatory and inhibitory regions within the receptive 

field (Ohmi and Ikeda, 1982), and an intensity dependent summation model that does not 

depend on lateral inhibition (Cornsweet and Yellott, 1985). There is, however, still the 

possibility that our data can be explained without assuming violations to ideal Ricco’s 

behavior. 
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Mediation of detection and perception by independent combination across multiple-

sized summation units is consistent with both our area-threshold results, and our findings 

that a finer grained perceptual representation is maintained in the dark adapted fovea 

(potentially providing an explanation that circumvents any violations of Ricco’s area). 

Although using multiple-sized summation units is suboptimal if expected stimulus size 

information is available and can be used, this strategy is nearly optimal on its own when 

size information cannot be used. However, except for subject 5258, our results are not 

consistent with optimal combination across multiple-sized summation units (assuming a 

linear relationship between unit size and noise, with detection defined by similar signal to 

noise ratios for all unit sizes), and may suggest differences in neural efficiency or 

different contributions of neural noise between the different size units. Given the 

presence of midget and parasol pathways in cone vision, these differences may be related 

to differences in quantum efficiency or noise characteristics in the midget and parasol 

pathways (at least in the dark adapted condition). For example, assuming similar noise at 

the photoreceptor level, differences in noise levels in the two pathways could arise even 

naturally at higher neural levels if at some point noise was added to both pathways. In 

this case the same noise added to the midget pathway would lead to a higher noise to 

photoreceptor ratio than in the parasol pathway. For insight into such a potentiality future 

work could include simulations incorporating noise added after photoreceptor pooling.  

Overall, more work is necessary to determine whether detection is mediated by 

single- or multiple-sized summation units in the dark adapted fovea, and to determine the 

impact of the granularity of the retinal mosaic on detection of smaller stimuli than can be 

produced with conventional optics. We address these issues in the next chapter.  
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5.5. CONCLUSIONS 

Area-threshold data and color appearance reports for different size stimuli were not 

significantly different when multiple stimulus sizes were presented either in blocks or 

intermixed, indicating that subjects cannot optimize detection by using information about 

stimulus size and location to precisely match the summation area to the stimulus. 

Detection and appearance results were also inconsistent with independent cone 

contributions to detection and perception. It is, therefore, not appropriate to interpret or 

model dark adapted foveal cone detection as if summation is optimal and stimulus-

matched, or as if detection is governed by an independent cone, summation-free 

mechanism. However, for at least one subject an optimal, stimulus-matched summation 

strategy within a larger zone of uncertainty cannot be completely ruled out. 

On average, subjects’ detection data were well described by a strategy with a fixed 

summation area ~8-14ˈ in diameter. This is at least 5 times larger than the estimated 

extent of the smallest stimulus at the retina and is consistent with a neural limit to 

summation under these conditions. Despite this apparently large summation area in the 

dark adapted fovea, discrimination and appearance results suggested a more fine grained 

perceptual representation (and violations of ideal Ricco’s behavior within an area of 

complete spatial summation). However, detection data were also broadly consistent with 

suboptimal signal combination across multiple-sized detection units. This latter strategy 

is able to account for the results suggesting that a fine grained perceptual representation is 

maintained in the dark adapted fovea without assuming a violation of ideal Ricco’s 

behavior. More work is necessary to distinguish between these two strategies (single 
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fixed-sized, and multiple-sized summation units), and we turn our attention to this task in 

the next chapter. 
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Chapter 6 - Spatial summation and the impact of the photoreceptor 

mosaic in the dark-adapted fovea 
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6.1. Introduction 

The strategies for summation and detection are important factors when modeling the 

first stages of vision. Unfortunately, the strategy for spatial summation in foveal cone 

vision is not well defined, due in part to experimental limitations caused by the eye’s 

natural optical blur. Consequently models typically assume one of two strategies that can 

often lead to different interpretations: 1. cone inputs are treated independently (no spatial 

summation), or 2. spatial summation is optimal with complete summation over the retinal 

extent of the stimulus.  

In Chapter 5 we found, by comparing detection when stimulus size information was 

and was not available, that dark-adapted foveal cone detection is not consistent with the 

optimal stimulus-matched strategy. Results were also not consistent with independent 

cone contributions to detection but were broadly consistent with summation strategies 

incorporating either a fixed-size summation area, or independent signal combination 

across multiple-sized detection units within a fixed region of spatial uncertainty. 

In this chapter we measure dark-adapted foveal cone thresholds as a function of 

stimulus size with optical aberrations corrected with two goals in mind. First, we seek to 

establish whether subjects use a detection strategy with fixed-sized summation units or an 

alternative strategy with independent combination across multiple-sized units, as in 

Chapter 5 there was not enough data at different stimulus sizes to differentiate these two 

possible strategies. If there is one fixed-size summation area, then thresholds with even 

smaller stimuli are expected to remain constant within this area (Ricco’s area). If, 

however, detection is governed by independent combination across multiple-sized units, 

then threshold is expected to decrease for smaller stimuli as long as they are no smaller 
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than the smallest unit. Given the presence of both midget and parasol neurons at the fovea 

this latter strategy is plausible for at least two independent unit sizes, and work in contrast 

detection of periodic and aperiodic stimuli suggests it is not unreasonable to expect 4-7 

different size detection units (Wilson & Bergen, 1979; Watson & Robson, 1981; Watson, 

1982; Wilson, McFarlane & Phillips, 1983; Wilson & Gelb, 1984). Similar to Chapter 5, 

we use the classic area summation paradigm (e.g., Graham, Brown & Mote, 1939; 

Lamar, Hecht, Shlaer & Hendley, 1947) to investigate the relationship between stimulus 

area and detection threshold for luminance increments in the dark-adapted fovea. We 

then compare area-threshold functions to models of detection as described in section 

5.3.3 and appendix C, where we seek specifically to differentiate between the fixed-size 

and multiple-sized summation units models. 

Our second goal is to determine the impact of the granularity of the cone mosaic as 

stimuli approach the size of the retinal cones. Figure 6.1 illustrates the expected impact of 

the retinal mosaic on light absorption, where the increases in variability in photon 

absorption are expected to impact both detection thresholds and psychometric function 

slopes. In Figure 6.1B it can be seen that this variability remains relatively stable for 

stimulus full widths at half maximum of ~1.5-2 cone diameters, suggesting an impact on 

threshold or the psychometric function slope for stimuli smaller than this (i.e. stimuli 

presented with adaptive optics correction) but a negligible impact for stimuli any larger 

than this (i.e. stimuli displayed with conventional optics). In results section 6.3.1 we find 

this to generally be the case when detection of adaptive optics stimuli is modeled using a 

detection model incorporating realistic mosaic parameters (as discussed in Hofer et al. 

2005, and Appendix C.4). To accurately model visual behavior for such tiny stimuli it is 



184 
 

necessary to take into account the expected relationship between threshold and size at this 

scale, and the fact that this relationship may vary depending on the detection strategy.  

 

 

Figure 6.1. Variable light loss between cones increases the variability in light absorption as stimuli approach 
the size of retinal cones. A) Stimuli with full width at half maximum of ~1 cone diameter, or about the size of 
the smallest foveal stimuli possible with aberrations corrected. B) Expected increase in standard deviation of 
photons absorbed as a function of stimulus size in units of cone spacing, where variability is not expected to 
increase significantly until stimulus size is less than ~1 unit of cone spacing (assuming a Gaussian cone 
aperture function with full width at half maximum equal to 0.6 cone spacing, or 6/10ths of the average 
nearest neighbors distance). Gaussian point stimuli with relative full widths at half maximum of 1 unit of cone 
spacing are possible with conventional optics at ~1° from the central fovea, where cones and cone spacing 
are larger, or with adaptive optics at the fovea.  

 

6.2. Methods 

6.2.1. Subjects 

Five subjects participated, subjects 6724, 9254, and 5258 also participated in the 

experiments described in Chapter 5, subject 2465 from those experiments was not able to 

return for further testing and subjects 2751 and 1149 were subsequently recruited. 

Subjects 6724, 9254, 5258, and 2751 were practiced psychophysical observers, and 

0

5

10

15

20

0 1 2 3
Stimulus full width at half 

maximum in units of cone spacing

St
an

d
ar

d
 d

ev
ia

ti
o

n
 o

f 
re

ti
n

al
 

p
h

o
to

n
s 

ab
so

rb
ed

The impact of the retinal mosaic on light absorption

Adaptive optics (fovea)
Conventional optics (~1°)

Conventional 
optics (fovea)

A. B.



185 
 

subjects 5258, 2751, and 1149 were naïve to the purpose of the study. Subjects 6724, 

5258 and 2751 were male, and subjects 9254 and 1149 were female. All subjects had 

normal vision correctable to at least 20/20 and normal color vision as assessed by the 

HRR 4
th

 edition plates.  The research followed the tenets of the Declaration of Helsinki 

and all subjects gave informed consent after an explanation of the study procedure and 

any possible risks.  All study procedures were approved by the Institutional Review 

Board of the University of Houston. 

6.2.2. Apparatus and stimuli 

Subjects used detection ratings and hue-scaling to rate the detection certainty and 

color appearance of dim, brief (10 ms), adaptive optics corrected (average residual rms 

wavefront error 0.08 – 0.12 μm over a 6 mm pupil), monochromatic spot stimuli with 

0.3', 0.8', 1.7', 4.1', 9.9' diameters. Stimuli were created using an organic LED 

microdisplay (12x12 μm pixels subtending ~0.1'; eMagin Inc., Bellevue, Washington) in 

conjunction with a 550 nm (40 nm bandwidth) interference filter, displayed through a 6 

mm artificial pupil. Long and middle wavelength sensitive cones are nearly equally 

sensitive at this wavelength. Stimuli were presented to the central fovea following at least 

10 minutes of dark adaptation, in an otherwise completely dark visual field, save for a 

fixation target composed of two small white dots (~0.25° diameter) presented in 

Maxwellian view. Subjects fixated midway between these two dots, which were 

separated vertically by 2.25°. This target was chosen to minimize interference at the 

fovea without introducing large fixation errors (Rattle, 1969). Subjects were dilated with 

1% tropicamide and 2.5% phenylephrine ophthalmic drops so that all pupils exceeded the 

6 mm over which aberrations were corrected. Before adaptive optics correction of higher 
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order aberrations (see Methods, Chapter 4 for a complete description of the adaptive 

optics system) a Badal optometer was used to minimize defocus, and habitual spectacle 

correction or trial lenses were used as needed to minimize astigmatism (Subjects 9254, 

2751, and 1149).  

Five stimulus intensities (including blanks) were used. Stimulus energy at the eye’s 

pupil was measured without the interference filter with a Newport 1936C power meter. 

Attenuation due to the interference filter was measured separately. Stimulus energy was 

converted to quantal values (i.e., photons at the cornea) with the following relationship: 

photons = energy in Joules × stimulus peak wavelength × 5.0341 × 10
15

 J
-1

 m
-1

. Quantal 

values included additional 1% corrections for the estimated light loss due to reflection at 

the surfaces of antireflection coated spectacle lenses (subjects 9254 and 1149) or 8% 

corrections for the estimated light loss due to reflection at the surfaces of trial lenses 

(subject 2751). Stimulus duration was controlled by an electronic shutter (Uniblitz, model 

VS14) and timing was controlled by custom Matlab (Mathworks, Natick, MA) software 

incorporating Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997). Stimuli 

were self-paced and were accompanied by auditory cues to facilitate detection, a tone at 

the start of each trial and the sound of the electronic shutter at stimulus presentation.  

6.2.3. Psychophysical Methods 

The five stimulus sizes were presented in blocks and subjects were notified of the 

stimulus size before each block. Both detection certainty and color appearance were 

measured on each trial.  
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6.2.3.1. Rating schemes 

Subjective rating schemes were used for both detection certainty and color 

appearance, as described in Section 3.2.3.1 of Chapter 3, where simultaneously rating 

detection and color appearance allowed for more reasonable participation times and for 

assessment of the relationship between stimulus strength and appearance. First, the 

subjective certainty of detecting a stimulus was rated from 1 to 5, where ‘1’  flash 

definitely not seen, ‘2’  seen but unsure, ‘3’  dim spot seen, ‘4’  moderate spot seen 

and ‘5’  bright spot seen. This scheme has the advantage that it allows performance at 

multiple subjective response criteria to be assessed simultaneously, yielding criterion-free 

threshold estimates.  

Color appearance was then rated with a hue-scaling response scheme in which each 

stimulus was rated by distributing 10 key presses among the categories red, green, 

yellow, blue, and white in any manner the subject felt best reflected hue and saturation on 

that trial (as described in Koenig & Hofer, 2012). Stimuli rated purely ‘white’ reflected 

all stimuli without a discernible hue, i.e. ‘white’ or ‘gray’, and in the event that an 

‘indescribable’ stimulus was seen subjects were instructed to use an “I don’t know” 

category. “I don’t know’ responses were excluded from color analyses, but not from 

estimations of detection thresholds. We have previously shown that color and detection 

certainty can be rated simultaneously without negatively impacting either measure 

(Koenig & Hofer, 2012). 

Subjects entered both color and detection ratings with a small handheld numeric 

keypad (see Figure 3.1). Detection certainty was always rated before color. Each key 

press was accompanied by an auditory tone to keep track of successfully entered ratings, 
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with the final key press sounding a distinct ‘completion’ tone. Subjects were unable to 

proceed to the next stimulus until completing the requisite number of key presses. Only 

certain keys were allowed for detection and color ratings, and an error tone sounded with 

any unexpected key presses. Finally, subjects were instructed to intentionally press a non-

rating key if they knew that a rating error had been made. Rating errors were excluded 

from analysis. 

6.2.3.2. Practice and trial sessions 

Subjects practiced until comfortable with the rating paradigms and responses were 

consistent, as evaluated by inspection of ratings distributions. Practice sessions were not 

included in the final analysis. Subjects were generally proficient and comfortable after 

only 2-3 trial blocks, with each block consisting of 80-100 trials. Experimental sessions 

lasted between 2 to 4 hours, with breaks as needed. For all subjects the number of seen 

stimuli ranged from 100 to 250 per stimulus size. Trial blocks were completed in 2-3 

sessions over 2-5 days for subjects 6724, 9254, 5258, and 1149, and 5 sessions over ~1 

month for subject 2751.  

6.2.4. Data Analysis 

6.2.4.1. Hue ratings analysis 

As in Chapter 5 means and standard deviations for each hue rating (red, green, blue, 

yellow and white), as well as green-red and yellow-blue hue differences were calculated 

for each subject at each stimulus size after an arcsine transformation of the data for 
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uniform variance (Abramov, Gordon and Chan, 2009). Mean hue differences as a 

function of stimulus size were compared using standard z-tests.  

6.2.4.2. Detection thresholds and frequency of seeing data 

For each trial session detection thresholds and associated confidence intervals were 

determined for each detection criterion by fitting psychometric curves to the frequency of 

seeing data and interpolating at 50% seen after accounting for nonzero false positive rates 

with a ‘guessing correction’ (as described in Section 2.1.2 of Chapter 2). Because of the 

potential for differences in subjective detection criterion with different stimulus sizes and 

conditions, linear interpolation was used to estimate thresholds and associated confidence 

intervals at a single criterion (5% false positive rate for subjects 6724, 9254, 5258, and 

1149, ~2% for subject 2751 who did not consistently have higher false positive rates).  

The standard error of the means across sessions was used to compare interpolated 

thresholds across conditions for each subject. 

6.2.4.3. Area-threshold curves 

Area-threshold curves (average detection threshold as a function of stimulus size for 

the 5 stimulus sizes) for each subject, and after averaging across subjects, were fit with 

one- and two-segment linear functions. Fits were performed using custom Matlab scripts 

outputting segment slopes and intercepts, where estimates for slopes and intercepts 

included 95% confidence intervals. For our five stimulus sizes a limited number of fits 

was necessary: a single-segment fit to all 5 data points; a two-segment fit including 0.3´ 

and 0.8´ in the lower segment and 0.8´, 1.7´, 4.1' and 9.9´ in the upper segment; a two-

segment fit including 0.3', 0.8', 1.7´, and 4.1´ in the lower segment and 4.1' and 9.9´ in the 
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upper segment; and a two-segment fit including 0.3', 0.8' and 1.7' in the lower segment 

and 1.7', 4.1' and 9.9' in the upper segment. Fits to two data points yielded slopes and 

intercepts, but no confidence intervals. Root mean square residual one and two segment 

fit errors were evaluated to ascertain, within the limits of our fitting procedure, which fits 

produced the least residual error. Fit slopes were compared to expected slopes determined 

by modeling detection as described next (and in more detail in Appendix C). 

6.2.5 Detection Models 

6.2.5.1. Summary of summation strategies 

As in Chapter 5 psychophysical detection thresholds were compared with 

expectations from simple detection models incorporating a range of spatial summation 

strategies. Models assumed linear signal transduction and incorporated Poisson 

fluctuations in signal and noise, realistic photoreceptor noise levels, and detection 

uncertainty. With linear transduction it is assumed that detection is governed by a linear 

relationship between photoreceptor responses and stimulus intensity, and with detection 

uncertainty it is assumed that subjects have imperfect knowledge about the stimulus and 

that detection is negatively impacted by this uncertainty (Cohn et al., 1974; Nachmias 

and Kocher, 1970; Pelli, 1985; Tanner, 1961).  

The variation in spatial sensitivity of the cone mosaic (i.e. the loss of light between 

cones; Figure 6.1) increases the variability in the number of photons absorbed by the 

retinal mosaic beyond that expected by the quantum nature of light alone. This variability 

is negligible for large stimuli but becomes increasingly more important when stimuli 

approach the scale of the underlying retinal receptors. To accurately model the impact of 
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this variability on detection we extended the detection model to include realistic 

photoreceptor locations and cone aperture functions. Because realistic cone mosaic 

parameters cannot be incorporated into an analytic model we used the Monte Carlo 

method (i.e. generating trial-to-trial variations in signal and noise, as well as stimulus 

locations within realistic cone mosaic parameters). The particular Monte Carlo model 

used is based in part on one described in Hofer, Singer and Williams (2005) and is 

described in greater detail in Appendix C.4. In results section 6.3.1 we show that this 

variability leads to slightly different predictions for the area-threshold functions when the 

small adaptive optics stimuli are incorporated. 

6.3. Results 

6.3.1. Mosaic granularity is expected to reduce psychometric function slope and 

increase detection thresholds 

In Figure 6.1 it was seen how the granularity of the foveal cone mosaic was expected 

to impact the variability of the number of photons absorbed at the retina. To gain insight 

into the impact of the mosaic granularity on detection we modeled detection as a function 

of stimulus size for stimuli approaching the size of and smaller than individual 

photoreceptors. We used a detection model based on the one described by Hofer, Singer 

and Williams (2005), and again in Koenig and Hofer (2011; see also Appendix C.4). The 

model incorporated realistic cone ‘dark noise’ levels, cone locations and Gaussian cone 

aperture functions with full width at half-maximum of 0.6 average cone spacing 

(MacLeod, Williams, & Makous, 1992; Chen, Makous, & Williams 1993; Qi, 1996; He & 

MacLeod, 1998), stimuli with Gaussian profiles, and photon absorptions and noise events 

governed by Poisson statistics.  
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Figure 6.2 shows some results of these simulations where we assumed either 

independent signal combination across fixed-sized summation units or stimulus-matched 

summation within a larger area of spatial uncertainty (with expected results assumed to 

be similar to the multiple-sized units summation strategy if the units are similar in size to 

the stimuli, given the similarity of the area-threshold functions for these two strategies). 

The extent of slope reduction and threshold elevation depends on the summation strategy.  

 

 

Figure 6.2.  Expected change in slope of the psychometric function and detection threshold as stimuli 
approach the size of the retinal receptors. A) Due to the variability in the number of photons absorbed on 
each trial the psychometric function slope becomes more shallow as stimulus size decreases in the fixed-
sized summation area strategy (dashed curve) and in stimulus-matched summation within a larger area of 
uncertainty (solid curve).B) Detection threshold is impacted at about 1 (stimulus-matched summation within 
larger zone of uncertainty – solid curve) and 2 (fixed-sized summation area – dashed curve) units of cone 
spacing. For the dashed curves stimuli were assumed smaller than the fixed-size summation units. For the 
solid curves the summation area and stimulus size were matched. The slope increases slightly in the 
stimulus-matched scenario due to the relative increase in spatial uncertainty with smaller stimuli (uncertainty 
is constant in the fixed-size summation scenario). Labeled arrows mark the approximate size of the smallest 
foveal stimuli possible with conventional and adaptive optics. 
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The increased variability caused by the granular retinal mosaic and the impact on 

thresholds is expected to change predicted area-threshold behavior when smaller adaptive 

optics stimuli are included. For example, Figure 6.2B shows that in the fixed-size-

summation-unit strategy thresholds could be elevated ~0.18 log units for our smallest 

stimulus (the next larger stimulus is ~2 cones in diameter and is not expected to be 

impacted by the granularity of the foveal cone mosaic). In this case an area-threshold 

relation that would otherwise be flat within the area of complete spatial summation (slope 

equal to zero), would have a slightly negative slope. In the stimulus-matched summation 

strategy, as presumably for the multiple-sized unit strategy, the granularity of the mosaic 

is not expected to impact the area-threshold relationship until stimuli are even smaller 

than the ones used in these experiments. In section 6.3.4 below we evaluate area-

threshold data with our adaptive optics corrected stimuli, including slopes of linear fits, in 

order to determine what impact the granular mosaic has had on detection thresholds.  

6.3.2. Area-threshold relations are consistent across subjects and with prior literature 

With optical aberrations corrected detection thresholds in the dark-adapted fovea 

were measured as a function of stimulus size (classic areal summation paradigm - 

Graham, Brown & Mote, 1939; Lamar, Hecht, Shlaer & Hendley, 1947) to determine and 

compare area-threshold relations across subjects (see Figure 6.3). One- and two-segment 

linear fits were performed on each subject’s data (yielding both root mean square fit 

errors and 95% confidence intervals on the slopes). Subjects behaved consistently within 

the error of the data. Data were consequently averaged across all 5 subjects (Figure 6.3, 

lower right column) in order to better constrain potential detection models in further 

analyses. Area-threshold data for stimulus diameters 0.3-4.1ˈ suggest that the area of 
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complete spatial summation (Ricco’s area) may be no larger than the smallest two 

stimuli, 0.3' and 0.8ꞌ diameter (~0.5'-0.9ꞌ retinal full width at half maximum on average) 

due to the fact that thresholds for stimuli in this size range appear to continue to decrease 

and not reach a slope of zero. Given the small differences in thresholds for these smaller 

stimuli the difference between the smaller two is not significantly different (p-value 

based on t-test across subjects’ thresholds for both stimulus sizes is 0.07), but the 

threshold for the smallest stimulus (0.3ꞌ diameter) is significantly different from the 1.7' 

diameter stimulus (p-value = 0.004). More data may be necessary to reliably detect a 

significant difference in this case. 

Adaptive optics spatial summation data were compared with prior published dark-

adapted data obtained with conventional optics (Davila and Geisler, 1991, 2 subjects, 

open grey symbols in Figure 6.3 bottom right; Glezer, 1965, 1 subject, solid grey circles 

in Figure 6.3 bottom right). Because prior data were obtained with conventional optics, 

stimulus areas were adjusted to reflect retinal area using estimates of typical optical 

quality through 2 mm pupils based on our prior data with conventional optics (Chapter 

5). This is an approximation given that 2.5 to 3 mm artificial pupils were used in these 

prior investigations, and that nothing is known about actual optical quality (i.e. subjects’ 

aberrations). Our data, averaged across all 5 subjects, were found to be generally 

consistent with prior dark-adapted foveal area-threshold data based on 95% confidence 

intervals to linear fit slopes (see Section 6.3.5 for more detail). As with our data area-

threshold data from prior investigations (grey open and closed symbols in bottom right 

panel of Figure 6.3) suggest that the area of complete spatial summation may be smaller 

than previous reports that were based on bilinear fits where the lower segment fitted slope 
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was specifically constrained to be zero (and where analysis of area-threshold data was 

based on the size of the stimulus itself and not the size of the stimulus at the retina). We 

will investigate this possibility for our data (and prior data) by using bilinear fits with 

unconstrained area-threshold slopes. 

The bottom right panel in Figure 6.3 also shows the area-threshold data from Chapter 

5 (conventional optics for all four subjects; open circles). Thresholds for adaptive optics 

stimuli have been shifted to minimize the root mean square difference between them and 

the conventional optics stimuli (0.36 log units). The fact that this shift is larger than the 

expected shift when accounting for the Stiles-Crawford effect when comparing thresholds 

measured through 2 and 6 mm pupils (0.18 log units) may be related in part to the 

individual differences in the magnitude of the Stiles-Crawford effect. The discrepancy in 

the magnitude of the shift may also be due to the difference in shapes of the two area-

threshold curves, where the lower segment of the data from Chapter 5 is flatter than that 

from this chapter. This difference in shape may then reflect differences in performance in 

the two conditions (conventional and adaptive optics), or differences relative to the 

different ensemble of stimulus sizes in the two conditions.  See, for example, section 

6.3.5 (especially Figure 6.6) where the data for the three subjects who participated in the 

experiments with conventional and adaptive optics are compared across these two 

conditions. 
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Figure 6.3. Area-threshold relations for 5 subjects (as labeled), and averaged across 5 subjects (bottom 
right). Thresholds are shown at the estimated retinal stimulus areas after convolving for each subject the 
stimuli with their residual point spread functions after aberration correction. Retinal stimulus areas were 
calculated as a midpoint compromise between an average of 8-15 sets of Zernike coefficients (expected to 
underestimate retinal size on average) and a time average of 8-15 point spread functions (expected to 
overestimate retinal size on average). Prior dark-adapted foveal data (solid grey circles, Glezer (1965), open 
grey circles and squares, Davila and Geisler (1991)) are shown in the bottom right after adjusting stimulus 
sizes to reflect retinal area using typical optical quality through a 2 mm pupil (prior data shown on an 
arbitrary intensity scale as actual stimulus intensities not known). Area-threshold data from Chapter 5 (all 
four subjects) is shown for comparison (open black circles). 

 

6.3.4. Spatial summation strategies consistent with subject data 
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fovea and to determine the extent of spatial summation in the dark adapted fovea. As data 

were consistent across subjects we averaged area-threshold data together for the 5 

subjects to attempt to better constrain potential detection models in the dark adapted 

fovea. As seen in Figure 6.4 average data for the 5 subjects were best fit by a 

combination of two line segments with an intersection between 4′ and 10′ (stimulus 

diameter). In comparison, the root mean square fit error of a one-segment linear fit (not 

shown) were ~7 times larger than those for the two-segment fit, and the large and 

systemic residual error of the one-segment fit suggested that the area-threshold data were 

not well described by such a fit. 

 

 

Figure 6.4. Area-threshold relations were best fit by a two-segment linear function with a lower slope of 0.12 
± 0.03, and an upper slope of 0.40 (slope determined on two points has no confidence interval). The shallow 
lower slope is inconsistent with complete summation (expected slope of zero). Note: a one-segment linear fit 
yields a slope of 0.19 ± 0.11, but is not shown as root mean square fit error is ~7 times higher than the fit 
shown, and relatively large and systematic residuals suggest the data are not described well by the one-
segment fit. 
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With the addition of two smaller stimuli (0.3' and 0.8' diameter) since our 

investigations in Chapter 5 the lower segment slope of the area-threshold function has 

been better constrained. The lower segment slope of 0.12 ± 0.03 (95% confidence 

interval) is now inconsistent with complete spatial summation (expected slope of zero for 

the shallowest reasonable fit to the lower segment), however complete spatial summation 

over ~2-3 cones cannot be excluded given the uncertainty of the data (i.e. a complete 

summation area no larger than the smallest stimulus). The lower segment slope is also 

significantly different from the slightly negative slope expected if the granular mosaic 

had impacted detection of the smallest stimulus (-0.05 to -0.08 slope depending on 

whether the area of complete summation is closer to a larger 9.9ˈ diameter or smaller 4.1ˈ 

diameter). As mentioned in the methods, detection data for subject 2751 were analyzed at 

2% false positive rate (versus 5% for all other subjects) due to a tendency to maintain a 

low guessing rate. Models suggest that in each of the summation strategies considered in 

this chapter this is expected to lead to a 3-6% steeper area-threshold slope for the lower 

segment. This difference is well within the coefficient of variation (standard deviation 

divided by mean lower segment slope) of ~0.22 (or 22%) for the other four subjects and, 

as each subject’s slope is weighted equally, is expected to increase the average slope by 

up to only ~1.2%. 

Although the lower segment slope is consistent with independent signal combination 

across multiple-sized units within a fixed zone of spatial uncertainty, it is again shallower 

than expected if this combination is done optimally (expected slope for optimal signal 

combination across multiple-sized units given uncertainty ~0.35-0.4 at ~5% false positive 

rate, depending on the amount of uncertainty and cone ‘dark noise’ – see sections 5.3.3 
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and 5.4). A one-segment linear fit to the area-threshold data (slope 0.19 ± 0.11) is very 

nearly consistent with optimal signal combination across multiple-sized units with spatial 

uncertainty, but the fact that the root mean square fit error is large (~7 times larger than 

the two-segment fit) with generally systematic or nonrandom residuals suggests that the 

area-threshold data are not described well by a one-segment linear fit. Here, optimal 

combination across multiple-sized units is described by a linear relationship between unit 

size and noise per unit, as well as between unit size and criterion (i.e. a relatively constant 

false positive rate irrespective of size). It is of significance to note also here that the 

multiple-size unit summation strategy that was modeled was similar to what Graham & 

Nachmias (1971) called a ‘correlated-noise version of a multiple channels model’. It is 

possible even with spatially overlapping units that the noise from different units is not 

necessarily correlated if, for example, a nontrivial amount of noise is added after 

summation across subunits within each unit. In this case if the same amount of noise was 

added to each unit regardless of size, then the thresholds of the smaller units would be 

relatively more impacted and the area-threshold slope would be flatter than in the optimal 

condition. 

As in Chapter 5 the upper segment slope (>0.4) is consistent with multiple strategies, 

including independent detection across larger fixed-size units ~4-10' in diameter within a 

larger zone of spatial uncertainty. The upper segment slope is also consistent with 

optimal, stimulus-matched spatial summation for stimuli with a diameter larger than 4-10' 

and independent detection across larger fixed-size units without spatial uncertainty; 

however these latter two strategies seem unlikely given that the detection data indicate 

the presence of at least some uncertainty for stimuli on the order of ~40' in diameter or 



200 
 

smaller (extrapolation of the linear fit in Figure 6.5 to where log uncertainty equals zero; 

Figure 6.5 includes uncertainty estimates as a function of stimulus size for the two most 

practiced subjects combined across estimates from both this chapter and Chapter 5, 

section 5.3.2).  This estimate of the diameter of the spatial zone of uncertainty is 

consistent with estimates of the magnitude of uncertainty based on the 1' diameter 

stimulus used in Chapter 2, i.e. with this zone of spatial uncertainty the expected 

magnitude of uncertainty for a stimulus the size of that used in Chapter 2 is ~1600 

(compared to an estimate of uncertainty of 1000 in Chapter 2; see section 2.4.2). The 

area-uncertainty data in Figure 6.6 exclude the smallest stimulus (0.3ˈ diameter) where, 

like the impact of the mosaic granularity on the psychometric function slope discussed in 

section 6.3.3 below, the mosaic granularity appeared to have impacted estimates of 

spatial uncertainty in a manner that has not yet been well characterized in our 

simulations. 
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Figure 6.5. Uncertainty averaged across the two most practiced subjects (6724 and 9254) and combined 
across estimates from Chapters 5 and 6 is inversely proportional to stimulus area, suggesting a spatial 
component (location uncertainty) that decreases as stimulus size increases. The assumption in this 
scenario, and for excluding the smallest point from the fit, is that the decreased uncertainty estimate for this 
point reflects at least some small impact of the granularity of the retinal mosaic on the psychometric function 
slope (see Section 6.3.1 and Section 6.3.3 above). If this is the case then the uncertainty estimates are 
generally consistent with the multiple-sized unit summation strategy where relative spatial uncertainty 
increases for smaller detecting units. However, in the case of 4-10' diameter, fixed-sized summation units, 
uncertainty is expected to remain constant for all stimuli smaller than 4-10' diameter. This second scenario 
cannot be ruled out due to the large error in uncertainty estimates. Solid line is a linear fit to the data and 
error bars are 1 standard error across 4 sessions for stimulus sizes 0.8' and 25' diameter, and across 8 
sessions for stimulus sizes 1.7', 4.1', and 9.9' diameter.  

 

As in Chapter 5 color appearance was reported along with detection certainty for 

each stimulus size in to attempt to gain further insight into the detection strategy used in 

the dark-adapted fovea. Color appearance was measured under the assumption that, if 

detection and color appearance rely on the same mechanisms and color appearance with 

stimulus size depends on the summation strategy, then color appearance reports as a 

function of stimulus size are expected to be different in the fixed-size and multiple-sized 

units summation strategies. In the first case (fixed-size units) color appearance reports are 
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expected to remain relatively constant on average for stimuli no larger than the fixed 

summation area. In the latter case (multiple-sized units) color appearance reports are 

expected to vary as a function of stimulus size to the extent that different sized units are 

available to detect different sized stimuli. Although color appearance did differ on 

average between the largest (9.9' diameter) and the smaller stimuli, there was generally 

no significant difference on average for stimuli smaller than 4.1' diameter. However, for 

some subjects raw color ratings distributions do appear to vary for stimuli smaller than 

4.1' diameter (raw and averaged color appearance data are described in more detail in 

Appendix B). Collection of more color appearance data is necessary to reliably 

discriminate differences between these smaller stimuli. 

6.3.5. Current and prior data consistent with suboptimal, independent combination 

across multiple-sized detection units 

Here we expand our analyses by combining area-threshold data in Chapters 5 and 6 

for those three subjects who participated in both studies (subjects 6724, 9254, and 5258; 

see Figure 6.6), and then comparing this data, reflecting area-threshold relations for 

stimuli ranging from 0.3ˈ to 25ˈ, to previous investigations of spatial summation in the 

dark adapted fovea (i.e. Glezer, 1965; Davila and Geisler, 1991; see lower right panel of 

Figure 6.6). In the first case area-threshold data for these three subjects from Chapters 5 

and 6 overlap at 1.7', 4.1', and 9.9' stimulus diameters. As there was no significant 

difference between the blocked and intermixed conditions in Chapter 5, we use the data 

for each subject averaged across those conditions. The only other significant difference in 

condition between the two experiments was the size of the artificial pupil through which 

stimuli were viewed (2 mm with conventional optics and 6 mm with adaptive optics). 



203 
 

Thresholds for the same stimuli were relatively higher in the current experiment due to 

the impact of the angle of incidence on photon absorption (i.e. Stiles-Crawford effect; 

Stiles, 1939), where the absorption efficiency of the photons decreases as they enter the 

eye further away from the center of the pupil. For the 3 subjects in consideration the area-

threshold data with adaptive optics were shifted downward until the root mean square 

difference between each subject’s conventional and adaptive optics data was minimized. 

The difference in thresholds for the same stimuli presented through 2 mm and 6 mm 

pupils is expected to be ~0.18 log units on average (Equation [3(5.11)] in Wyszecki and 

Stiles, 2000). The actual shifts for each of the three subjects were 0.20, 0.22, and 0.41 

(0.28 ± 0.07, mean ± 1 standard error), generally consistent with expectations based on 

typical Stiles-Crawford parameters. 
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Figure 6.6. Conventional (grey data points) and adaptive optics (black data points) area-threshold data for 
subjects 6724, 5258, and 9254, with average across subjects at bottom right. For each subject the adaptive 
optics data points have been shifted down towards the conventional optics data points an amount that 
minimizes the root mean square error between each subject’s data sets. The shift is expected to correspond 
to the impact of the Stiles-Crawford Effect at the larger pupil size used in the adaptive optics experiment. 
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Figure 6.7. Conventional and adaptive optics area-threshold data averaged together for subjects 6724, 
9254, and 5258 (black circles, panels as labeled), and then averaged across subjects (bottom right panel). 
Previous investigations into spatial summation in the dark adapted fovea shown in the bottom right panel 
include Glezer, 1965 (1 subject; solid grey circles) and Davila & Geisler, 1991 (2 subjects; open grey circles 
and squares). Stimulus diameters area labeled in the panel for subject 6724 and apply to all panels. Error 
bars for the three individual subjects are derived from the 95% confidence intervals for thresholds combined 
over multiple experimental sessions. Error bars for the averaged data are 1 standard error across subjects. 
Detection thresholds for the 1ˈ diameter stimulus in Chapter 2 are shown for comparison for each subject, 
and averaged across the three subjects (red data points), where thresholds were determined at the same 
false positive rate as the area-threshold data from this chapter. 

 

Figure 6.8 shows that, similar to the adaptive optics area-threshold data for all 5 

subjects above, the combined conventional and adaptive optics area-threshold data for 

subjects 6724, 9254, and 5258 are best fit by a two-segment linear function. The lower 

slope is comprised of the 0.3', 0.8', 1.7', and 4.1' diameter stimuli and the upper slope of 

the 4.1', 9.9', and 25' diameter stimuli (lower slope 0.12 ± 0.05, and upper slope 0.37 ± 

2.2

2.9

3.6

-1.2 0.8 2.8

2.2

2.9

3.6

-1.2 0.8 2.8
2.2

2.9

3.6

-1.2 0.8 2.8

2.2

2.9

3.6

-1.2 0.8 2.8

Subject 6724

Subject 9254 Averaged across 3 subjects

Subject 5258

0.3' 0.8' 1.7' 4.1' 9.9' 25'

Log retinal stimulus diameter (arcmin2)

Lo
g 

th
re

sh
o

ld
 p

h
o

to
n

s 
at

 t
h

e 
co

rn
ea

 (
2

 m
m

 p
u

p
il)

Glezer 1965, and 
Davila & Geisler, 1991

Conventional and adaptive optics area-threshold data: combined

Error bars: 1 SEM across subjects



206 
 

0.34; mean and 95% confidence interval), although there is no significant difference in 

the fit if the lower slope includes the 0.3', 0.8', 1.7', 4.1' and 9.9ˈ diameter stimuli. The 

left and right panels of Figure 6.8 also show the area-threshold data of Glezer (1965; 1 

subject, left panel) and Davila & Geisler (1991; 2 subjects, right panel) for comparison. 

The lower slopes of all data are consistent across studies. The area-threshold data of only 

1 of Glezer’s 12 subjects tested on the dark-adapted fovea was available, where the 

confidence intervals for the lower segment slope are relatively large and, unlike our data 

and the data of Davila & Geisler, include a slope of zero (consistent with a fixed-size 

summation area ~4' in diameter). The lower slopes of our data (averaged across 3 

subjects) and the data of Davila & Geisler (averaged across 2 subjects) are identical 

(slope = 0.12), and are both consistent with suboptimal, independent combination across 

multiple-sized detection units. In both cases of prior data (Glezer, 1965; Davila & 

Geisler, 1991) the upper slopes are steeper (but not significantly) than our measured 

upper slopes. Any real difference in slope likely reflects a difference in psychophysical 

methodology and/or subjective detection criterion, where more lenient criteria (i.e. higher 

false positive rate) and/or detection uncertainty are expected to produce shallower area-

threshold slopes. For example, Glezer’s subjects used the method of ascending limits 

(stimulus intensity starts below detection levels and is gradually increased until the 

stimulus is just detectable), suggesting the possibility that strict detection criteria were 

used (i.e. subjects did not have to ‘detect’ the stimulus until they were certain of its 

presence). In the case of Davila and Geisler’s summation experiments the fixation target 

was composed of four dim green lines in the form of an implied cross, where the inner 

aspect of each line was only 18 armin from the center of the target display area 
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(compared to our fixation dots >1° from the center of the target display area), suggesting 

potentially less spatial uncertainty. 

 

 

Figure 6.8. Our area-threshold data (black dots are data and solid black lines are fits in both panels) are well 
fit by a two-segment linear function with an inflection at or between ~4-10' stimulus diameter. The data of 
Glezer, 1965 (grey squares are data for 1 subject and dashed grey line is fit; left panel) and Davila & 
Geisler, 1991 (open and filled grey circles are data for 2 subjects and dashed grey line is fit; right panel) are 
also well fit by a two-segment linear function with a similarly placed inflection point. Each panel includes 
calculated lower and upper segment slopes and 95% confidence intervals, where the prior data upper 
segment slopes reported were determined after excluding any threshold data for stimuli larger than our 
largest stimulus. By comparison, determining the upper segment slopes for prior data with no excluded data 
points yields slopes for Davila & Geisler of 0.63 ± 0.07, and for Glezer of 0.80 ± 0.13 (with no significant 
difference in either case from the upper segment slope of our data). 

 

6.3.3. Psychometric function slopes for smallest stimulus are consistent with increased 

photon absorption variability and the impact of the retinal mosaic 

Given the results of our simulations of the impact of the retinal mosaic and the 

expected reduction in slope as stimuli approach the size of the photoreceptors we decided 

to look at psychometric function slopes for our subjects as a function of stimulus size. 

Table 6.1 reports the mean psychometric function slopes as a function of stimulus size for 

each subject and averaged across subjects. Figure 6.9 shows the average psychometric 
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function slopes across subjects. Slopes for the smallest stimulus (0.3ˈ diameter) were 

generally shallower for subjects 6724, 9254, and 5258, the three most practiced subjects 

who also participated in our previous study investigating the extent to which subjects use 

an optimal stimulus-matched summation strategy (Chapter 5). These shallower slopes, 

while not significant, suggest at least a small impact of the retinal mosaic on detection. 

That is, the increased loss of light in the mosaic for tiny stimuli increases the variability 

in light absorption. This increased variability impacts the frequency of seeing and, 

subsequently, the slope of the frequency of seeing curves. Although outside of the scope 

of the work presented, it is possible to better determine the impact of the mosaic on 

detection by using similarly tiny stimuli at a retinal location eccentric to the fovea where 

the photoreceptors and photoreceptor spacing are larger. 

 

Stimulus 

diameter 

Subject 

6724 

Subject 

9254 

Subject 

5258 

Subject 

2751 

Subject 

1149 

Arith. 

Mean 

Geo. 

Mean 

0.3 2.40 4.10 5.30 3.86 6.20 4.37±0.65 4.16±0.62 

0.8 3.69 5.55 12.33 3.41 3.64 5.72±1.69 5.00±0.72 

1.7 4.19 2.92 12.37 4.57 3.31 5.47±1.75 4.69±0.74 

4.1 3.82 4.99 9.48 4.78 2.33 5.08±1.20 4.58±0.70 

9.9 4.45 5.34 14.43 3.84 4.42 6.49±2.00 5.66±0.72 
Table 6.1. Mean psychometric function slopes for each subject (columns 2-6) and across subjects 
(arithmetic and geometric means, columns 7 and 8). Ranges in the last two columns equal 1 standard error. 
Slopes were generally shallower for the smallest (0.3ˈ) stimulus for 3 of 5 subjects. Slopes are on average 
consistently, but not significantly, steeper than predicted (Figure 6.2 left panel) assuming either multiple-
sized or fixed-sized detection units. More data is necessary to reliably distinguish between measured and 
predicted psychometric function slopes, but the trend toward steeper slopes is consistent with multiple-sized 
detection units. Geometric means are provided as a potentially more realistic estimate of average 
psychometric function slope given the high slopes calculated for one subject (Subject 5258). 
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Figure 6.9. Psychometric function slopes averaged across 5 subjects. Error bars are 1 standard error. The 
reduced slope for the smallest stimulus is consistent with at least a small impact of the retinal mosaic 
granularity on detection.  

 

6.4. Discussion 

In Chapter 5 we found that on average area-threshold relations in the dark-adapted 

fovea, which provide insight into potential strategies for spatial summation and detection, 

were consistent with two summation strategies that were not differentiable given the data. 

The most parsimonious strategy consistent with our findings was a summation strategy 

described by a single fixed-size summation area 8-14' in diameter, within a larger zone of 

uncertainty. The data were also consistent with independent combination across multiple-

sized summation units, albeit performed in a less that optimal manner. In this chapter we 
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area-threshold relation) were not consistent with complete spatial summation, although 

the data cannot rule out the potential for complete spatial summation over 2-3 cones 

because of the size of the stimuli used. Area-threshold relations for stimuli smaller than 

~4-10' were consistent with independent combination across multiple-sized summation 

units, although in a suboptimal manner.   

Given that at least some spatial uncertainty appears to be present for stimuli  smaller 

than ~40' in diameter, the area-threshold relation described by the upper segment slope is 

most consistent with independent combination across fixed-sized units at least 4-10' 

diameter within a larger zone of uncertainty. These results imply that the largest of the 

multiple-sized units is~4-10' in diameter, a size which is generally consistent with the 

dendritic field size of the parasol ganglion cell in the human retina (Dacey & Petersen, 

1992). The overall fit of the bilinear summation model (shallower lower slope and steeper 

upper slope) is also consistent with the results of previous investigations into spatial 

summation on the dark adapted fovea (Glezer, 1965; Davila and Geisler, 1991) when 

results from each of these studies was reevaluated with the same bilinear model.  

A luminance increment detection model based on multiple-sized spatial channels is 

plausible in foveal cone vision given the presence of midget and parasol cell pathways 

(Polyak, 1941; Rodieck, Binmoeller, & Dineen, 1985; Curcio & Allen, 1990; Kolb, 

Linberg, & Fisher, 1992), and the potential for them both to contribute to detection of 

luminance increments (King-Smith & Harden, 1976; Finklestein & Hood, 1982, 1984; 

and as discussed in Chapter 3). Further, if detection of simple luminance increments at 

absolute threshold draws on some of the same mechanisms as contrast detection for 

aperiodic and grating stimuli, then it is possible that four to seven spatial channels 
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contribute to detection (Bergen, Wilson & Cowan, 1979; Wilson & Bergen, 1979; 

Watson & Robson, 1981; Watson, 1982; Wilson, McFarlane & Phillips, 1983; Wilson & 

Gelb, 1984).  This type of detection strategy is advantageous when stimulus size is not 

known or cannot be used to optimize detection. This strategy is also generally consistent 

with flexible spatial averaging as described by Lombrozo, Judson & MacLeod (2005), as 

the authors point out that one possible mechanism for the flexible spatial averaging is the 

use ‘of a range of different, hard-wired RF [receptive field] sizes.’ 

Prior investigators have found a difference between area-threshold relations in the 

light and dark adapted fovea, where the inflection points in the area-threshold functions 

occurred at smaller areas in the light-adapted condition (Glezer, 1965; Lie, 1981; Davila 

& Geisler, 1992). The difference in location of the apparent inflection point in the two 

conditions suggests different size mechanisms with at least three possible explanations 

(involving the magnocellular and parvocellular pathways). First, it is possible that the 

change in light-adapted state forces a switching between each of the mechanisms 

operating more or less in isolation. However, it is unlikely that subjects simply switch 

from the smaller (parvocellular) mechanism in the light-adapted state to the larger 

(magnocellular) mechanism in the dark-adapted state, as it is expected that in the latter 

condition a larger area of complete spatial summation would result that is inconsistent 

with our data. Second, with both mechanisms operating simultaneously, a change in 

light-adaptation could lead to a change in relative sensitivities (i.e. favoring one or the 

other mechanisms depending on the state of light-adaptation). In this case it is possible 

given summation of signal information over a larger area in the magnocellular pathway 

that this pathway, while operating along with the parvocellular pathway in the dark-
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adapted state, is relatively desensitized in the light-adapted state (Kaplan, 2002 provides 

an extensive review of the magno- and parvocellular pathways). Here the receptive field 

size measured in the light-adapted state would be largely parvocellular and smaller. 

Finally, a change in the state of light-adaptation could change the apparent size of the 

mechanisms involved based on adaptation dependent feedback mechanisms. Here it is 

possible that both the magnocellular and parvocellular pathways contribute to detection 

in the light- and dark-adapted state, but the sizes of the receptive fields are smaller on 

average in the light-adapted state due to increased input from inhibitory surrounds 

(Westheimer, 1967 reports on generalized background dependent spatial interactions). 

Although we will not address these issues in these chapters, further investigations could 

provide insight into quantity and quality of active spatial channels in the light- and dark-

adapted state. 

6.4.2. Implications for the number and sizes of units in the multiple-sized unit model of 

detection in the dark adapted fovea 

Modeling of the general, correlated-noise multiple unit summation strategy suggests 

that for four relatively evenly spaced stimuli and for just two or three different sized units 

the overall shape and slope of the area-threshold function depends very much on the size 

of the units relative to the stimulus sizes, and how symmetrically the units sample the 

stimuli. For example, Figure 6.10 shows four different stimulus sizes sampled by only 

two different unit sizes in four different scenarios, with only one scenario yielding a 

linear area-threshold function (i.e. where the two different size detecting units are 

intermediate between the two smaller and two larger stimuli, Figure 6.10 black dashed 

line - an arbitrary and not necessarily realistic scenario). If one of the detecting units is 
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about the size of an individual cone and one is larger (represented in Figure 6.10 as grey 

dashed and black solid curves), as might be the case with just one midget and one parasol 

detection unit, then the area-threshold curve is not expected to be linear. Although 

average data are relatively linear, individual data are not, and much more data collection 

is likely necessary to rule out the possibility of just two different size units. Finally, 

modeling also indicates thresholds for stimuli smaller than the smallest unit remain 

constant (slope of zero; e.g. lower segment of solid grey curve in Figure 6.10), suggesting 

in our case a unit at least as small as the smallest stimulus.  

 

 

Figure 6.10. The multiple-sized units detection strategy was simulated with just two different unit sizes 
detecting stimuli of four different sizes (stimulus sizes marked by black dots) in four cases: the two different 
size detection units matched either the smallest and largest stimuli (black curve), the two intermediate sized 
stimuli (grey curve), or the smallest and next to largest stimuli (grey dashed curve), or were intermediate in 
size between the two smaller and two larger stimuli (black dashed curve). The black and grey solid, and 
black and grey dashed x’s correspond to the two different unit sizes simulated in the scenarios depicted by 
the black and grey solid, and black and grey dashed curves. Note that the grey solid curve is effectively flat 
at its lowermost segment, reflecting complete spatial summation within the smallest of the two different size 
units simulated in that scenario. These results suggest that with just two different size detection units 
sampling stimuli of four different sizes the shape of the area-threshold curve (i.e. whether it is linear) 
depends very much on the size of the units relative to the stimulus sizes. A strategy where a detection unit 
matches each of the four stimulus sizes is shown for comparison (solid red line), where thresholds in this 
stimulus-matched condition are about 0.1 to 0.15 log units lower than in the condition in which two units 
leads to a linear area-threshold function. 
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We do not know exactly what size or how many different size units are involved in 

detection of luminance increments in the dark-adapted fovea, but if units such as those 

suggested by our data are also active in contrast detection of periodic and aperiodic 

stimuli then previous investigations would suggest 4-7 units (Wilson & Bergen, 1979; 

Watson & Robson, 1981; Watson, 1982; Wilson, McFarlane & Phillips, 1983; Wilson & 

Gelb, 1984). For example, Wilson & Bergen (1979) describe spatial channels for 

detecting aperiodic, difference of Gaussian (DOG) stimuli where the channels have 

estimated full widths at half maximum of 4.0', 7.8', 11.7', and 17.5'. Later, as suggested 

by Marr, Poggio, and Hildreth’s (1980) review of psychophysical data, at least one 

smaller (and one larger) unit was described (Watson & Robson, 1981; Watson, 1982; 

Wilson, McFarlane & Phillips, 1983; Wilson & Gelb, 1984).  

Finally, both Wilson & Bergen (1979) and Watson & Robson (1981) further 

categorized the different size detection mechanisms by temporal characteristics, where 

generally the smaller units showed sustained temporal characteristics and the larger units 

showed transient temporal characteristics. The sustained and transient temporal 

characteristics described are similar to those of the parvocellular and magnocellular 

visual pathways, respectively (e.g. see Kaplan, 2002 for a thorough review of the 

characteristics of these pathways). Although up to 4-7 may be possible, the most 

parsimonious use of the magnocellular and parvocellular pathways incorporates only one 

of each. Figure 6.10 shows that in the realm of our stimuli, having only one unit size 

corresponding to each of the magnocellular and parvocellular pathways is on average 

only ~0.1 log units less efficient that having unit sizes matched to each of the stimuli. 
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This small difference in efficiency is easily obscured by the error in repeated threshold 

measurements. 

6.4.3. Noise events per receptor 

Psychophysically derived dark noise estimates are sensitive to the degree of 

stimulus-relevant spatial summation assumed at threshold, and are best estimated by 

considering detection thresholds for stimuli that closely match the functional size of the 

summation unit (i.e. excluding any extraneous noise). In this chapter we have suggested 

that, rather than there being just one fixed-size spatial summation unit in the dark-adapted 

fovea, area-threshold relations are consistent with independent combination across 

multiple-sized units (at least for stimuli smaller than ~4-10ˈ diameter).  Table 6.2 lists the 

estimated number of effective noise events per cone per second (including post-receptoral 

noise that is also effectively Poisson in nature) for each stimulus size used in these 

experiments. These estimations are based on the assumptions that there is a unit the same 

size as each stimulus, spatial uncertainty is inversely proportional to stimulus size when 

the zone of spatial uncertainty is fixed at ~40ˈ diameter, cone quantum efficiency ranges 

from 0.11 to 0.35 (as reported in Donner, 1992), the number of cones per unit area is 

derived from Curcio, Sloan, Kalina & Hendrickson, 1990 (100,000 to 324,000 

cones/mm
2
) assuming 0.288 millimeters per degree, and a temporal integration window 

of 100 ms in dark-adapted cone vision. 
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Retinal 

stimulus 

diameter 

(arcmin) 

Threshold 

(corneal 

photons) 

Stimulus 

isom.’s 

at retina 

Spatial 

uncertainty 

Total 

noise 

summed 

with 

stimulus 

Cones per 

stimulus 

area 

Noise 

events 

per cone 

per 

second 

0.5 266 29-93 2800-22000 30-390 1-3 100-3900 

1.0 314 35-110 800-6200 47-621 3-7 67-2070 

1.9 389 43-136 200-1700 83-1191 7-23 36-1701 

4.1 442 49-155 40-400 127-1999 30-99 13-666 

9.9 771 85-270 8-60 528-7704 177-575 9-435 
Table 6.2. Estimates of detection parameters in the dark-adapted fovea assuming that cone quantum 
efficiency ranges from 0.11 to 0.35, the number of cones per unit area is derived from Curcio, Sloan, Kalina 
and Hendrickson, 1990, a conversion of 0.288 millimeters per degree, and a temporal integration window of 
100 ms. It is also assumed here that spatial uncertainty is inversely proportional to stimulus area within a 
fixed zone of uncertainty ~27-76' in diameter, and that each of the stimuli are effectively matched by a unit. 

 

 

The estimates of effective cone noise above are essentially upper bounds, even when 

not knowing the exact size of the multiple-sized units, because whether the stimulus is 

larger or smaller than the summation unit the amount of noise per cone will only be 

overestimated. The fact that the smaller units have larger psychophysical estimates of per 

cone noise may be due to differences in spatial averaging and noise gain after the 

photoreceptors but before the site of the detection decision. As alluded to above, the 

difference in per cone noise estimates also includes effectively Poisson noise added post-

receptorally (i.e. after spatial averaging across cones has occurred). More specifically, 

even if the same amount of Poisson noise is added after spatial averaging within the 

different size units, per cone noise estimates will be larger for smaller units with spatial 

averaging across fewer cones. In this case psychophysical estimates of receptor dark 

noise are expected to be no larger (and possibly smaller) than the estimates for the largest 

units (13-666 and 9-435 noise events per cone per second for 4.1' and 9.9' diameters, 
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respectively), where the receptoral to post-receptoral noise ratio is expected to be highest. 

The different dark noise estimates for the different size units reported in table 6.2 could 

be used towards estimating bounds on receptor versus post-receptor noise. For example, 

if the amount of noise per cone is assumed to remain constant irrespective of detection 

unit size, and the added post-receptoral noise is also assumed to be relatively constant 

irrespective of detection unit size, then by apportioning the estimated total noise summed 

with each stimulus size (column 4 in Table 6.2) with these two constraints in mind we 

find that the amount of dark noise per cone per second ranges from ~44-142. In this case 

the number of noise events added post-receptorally during the temporal integration 

window ranges from ~50-600, where both receptoral and post-receptor ranges are based 

on the range of the number of cones estimated to be encompassed by each different size 

unit. This estimated range is still lower than physiologic estimates of dark noise at the 

receptor (~3800 noise events per cone per second; Schneeweis & Schnapf, 1999).  

6.5. Conclusions 

Detection data for stimuli up to ~4-10ˈ diameter are consistent with a strategy where 

signals are independently combined across summation units of multiple sizes; however 

the shallowness of the area-threshold function implies 1. Sub-optimal signal combination 

or 2. greater effective per cone ‘dark noise’ for smaller summation units. This latter case, 

greater per cone ‘dark noise’ for smaller units, suggests that noise estimates include 

effectively Poisson noise added after spatial averaging within the different sized units, 

and that the relative balance of post-receptoral to receptoral noise, on a per cone basis, is 

higher for smaller than for larger stimuli. 
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Data for stimuli larger than 4-10ˈ are consistent with at least four strategies: 

independent detection across fixed-sized summation units with and without spatial 

uncertainty, optimal combination across multiple-sized units larger than 4-10ꞌ, and 

optimal stimulus-matched summation with uncertainty. Current data favor independent 

combination across units 4-10ˈ in diameter or optimal combination across multiple-sized 

units larger than 4-10ꞌ within a larger zone of spatial uncertainty. Current results suggest 

at least two different size units; however more work is needed to adequately constrain 

detection behavior in this regime and to quantify the number of different size units. 

While our data indicate some flexibility in the spatial extent of summation (relative 

to the multiple-sized units) they do not exclude a minimum extent of summation of up to 

~2-3 cones. More data are required to determine whether the visual system can adopt an 

independent cone strategy when stimuli are smaller than this, e.g. data collected 

somewhat eccentric to fixation where cones and cone spacing are relatively larger than 

the same adaptive optics corrected stimuli. More work is also necessary to determine if 

multiple-size units are active in the light-adapted fovea, and to investigate the similarities 

and differences between mechanisms in the light-and dark-adapted states. 

Psychophysical estimates of receptor dark noise are expected to be no larger (and 

possibly smaller) than the estimates for the largest units, where the receptoral to post-

receptoral noise ratio is expected to be highest. Under the assumption that the largest 

detection unit is between 4 and 10' in diameter, estimates of cone dark noise range from 

9-666 noise events per cone per second.  
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Chapter 7 - Summary and General Discussion 
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The main goal of this dissertation was to develop a better understanding of the 

detection strategy in the dark-adapted fovea. The investigations we report contribute 

directly to the understanding of spatial vision and how optimally the visual system uses 

cone responses to photon catches to decide on the presence of a stimulus in different 

conditions. Although detection in cone vision is often modeled as optimal, we discuss 

limitations to optimality that effect detection performance. Additionally, and more 

indirectly, these investigations contribute to an understanding of perception at or near 

detection threshold, the regime necessary for probing the contribution of the least number 

of cones to detection and perception. By understanding the extent of cone contributions to 

detection and perception we are able to refine psychophysical estimates of cone dark 

noise and the signal to noise ratio, values that inform models of appearance in cone 

vision. To address these issues in this dissertation we discussed three main experiments 

and two significant methodological issues. The major outcomes of these experiments and 

methodological investigations will be summarized and followed by a discussion 

synthesizing the various components of the dissertation. 

In Chapter 2 we began our investigation into the detection strategy in the dark 

adapted fovea by evaluating one of the fundamental components of the detection strategy, 

the absolute detection threshold (i.e. the minimum number of photons necessary to just 

detect a visual stimulus), and whether thresholds are limited solely by Poisson noise (i.e. 

quantum noise events such as spontaneous photopigment isomerization). If cone 

thresholds are limited solely by Poisson noise then, as has been shown in rod vision 

(Sakitt, 1972), cone thresholds are expected to be reducible by using more lenient 

detection criteria than have typically been used in previous investigations. We found on 
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average across five subjects that with the use of more lenient detection criteria absolute 

threshold in cone vision was ~2/3
rds 

lower than in at least one prior study with a similarly 

optimized experimental setup (Marriott, 1963). However, we also found that cone 

thresholds were not as low as a function of detection criterion as expected based on a 

Poisson noise-limited model of detection. Rather cone threshold behavior was well 

described by a model of detection limited by uncertainty, an inability to know exactly 

where or when to expect a stimulus that negatively impacts thresholds, and/or a nonlinear 

relationship between the photoreceptor response and signal strength (nonlinear 

transduction as discussed by Nachmias & Kocher, 1978).  Here uncertainty and nonlinear 

transduction both impact detection threshold in a similar manner and, given the likely 

presence of some uncertainty in the detection of small brief stimuli, we henceforth 

describe these limitations in context of uncertainty. Overall, results indicated that cone 

thresholds cannot be described as being limited solely by Poisson noise, informing 

detection models in the remainder of our work. 

Table 7.1 (reprinted in part from Table 2.5) shows that given our average threshold 

findings and by including uncertainty as a limiting factor we were able to make more 

refined estimates of psychophysical dark noise than could be made based on prior work. 

Table 7.1 shows that the amount of uncertainty incorporated into our estimates of dark 

noise was 1000 (log uncertainty of 3) based on an average across subjects. Prior to our 

investigations into the strategy and extent of spatial summation in the dark-adapted fovea 

we made these dark-noise estimates based on two summation strategies commonly used 

to describe detection in cone vision, stimulus-matched spatial summation and 

independent cone contributions to detection (i.e. no summation). Estimates of dark noise 
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were 14-180 noise events per cone per second in the first summation scenario and 5-52 in 

the second scenario. Both of these psychophysical estimates were far below prior 

physiological estimates (~3800 noise events per cone per second; Schneeweis & Schnapf, 

1999) and, at the least suggest the need to revisit dark noise estimates when even more is 

known about the extent and strategy for spatial summation. 

 

Parameter Cones 

Threshold at most lenient criterion 
(photons at the cornea) 

203 ± 38 

Total photons absorbed (S) 22-71 

Photons absorbed per receptor 2-5 

Total noise events summed with the 
stimulus (N) 

23-253 (P) 
7-73 (I) 

Noise events
 
per receptor per 

second (dark noise) 
17-180 (P) 

5-52 (I) 

S/N at absolute threshold 















 photonsnoisestimulus

photonsstimulus  3.3 – 3.9 (P) 

S/N per receptor  























1

1

)( recphotonsnoisestimulus

recphotonsstimulus  0.9 – 1.1 (P) 
1.1 – 1.6 (I) 

Previous psychophysical estimates of 
dark noise, (noise events per receptor 

per second) 

112* 
10-100** 

Previous physiological estimates of 
dark noise (noise events per receptor 

per second) 
3800

††
 

Log Uncertainty (Log(M/K)) 3.0 

Table 7.1. Estimates of cone detection parameters. P and I refer to estimates for either complete spatial 

summation (cone pooling) across the dimensions of the stimulus or independent cone detection. Uncertainty 
values were obtained from fits to aggregate subject data as described in the Section 2.4.2. Stimulus size, 
cone density, and quantum efficiency used in these calculations are provided in the text. For the noise 
calculations we assumed that noise is pooled over 100 msec, and over the spatial extent of the stimulus (2’ 
estimated to encompass 14 cones). *Donner, 1992; **Barlow, 1958; 

††
Schneeweis & Schnapf, 1999, 

Parameters are arranged from least (top) to most (bottom) required assumptions.  For example, total 
photons absorbed and S/N per receptor both require an assumed quantum efficiency range, but the latter 
also requires assumptions about summation time and area, and uncertainty - all assumptions are described 
in Chapter 2. 

 

Before we investigated the extent of spatial summation in the dark-adapted fovea 

with adaptive-optics-corrected stimuli (as has only previously been reported in the light-
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adapted state – Dalimier & Dainty, 2010), we sought to better understand the strategy for 

spatial summation and the extent that it is an optimal strategy. That is, in an ideal visual 

system the most advantageous manner of detection is a stimulus-matched strategy, which 

by definition is described by the need to know and use information about the stimulus 

(e.g. size in our case) to maximize the odds of detection.  

Using conventional optics stimuli of different sizes presented either in blocks or 

randomly interleaved we compared both detection thresholds and appearance when 

stimulus size information was (blocked sizes) or was not (intermixed sizes) available to 

determine to what extent subjects use stimulus information to optimize detection. We 

found that subjects use a strategy more limited than stimulus-matching. Arguably the 

most limited and simplistic strategy (and generally the most inefficient) is detection by 

independently acting cone receptors (i.e. detection occurs when any receptor exceeds 

criterion and need not be limited by knowing the exact location or timing). We found that 

neither detection nor appearance data were consistent with this limited strategy, and we 

were able to narrow down the potential candidates to two: fixed-size summation units ~8-

14ꞌ diameter (16-28 units of cone spacing) within a larger zone of spatial uncertainty, and 

multiple-sized units monitored simultaneously. The former strategy is only slightly less 

limited than the pure independent cone strategy as subjects monitor somewhat larger 

summation units (albeit potentially trading off some resolution for signal summation over 

a larger area) within a fixed retinal area. The latter strategy is considerably more efficient 

if performed optimally (about as efficient as a stimulus-matched strategy given some 

spatial uncertainty), but results suggested that if detection was mediated by combining 

responses from different size units it was done so sub-optimally.  
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In these investigations into detection as a function of stimulus size we expected that 

we could also evaluate detection uncertainty in the context of stimulus size. That is, if 

uncertainty in detection of our small spot stimuli is largely spatial in origin, as suggested 

in Chapter 2, then uncertainty ought to change as a function of stimulus size (larger 

stimuli reduce spatial uncertainty). Results of the two most practiced subjects, for whom 

uncertainty was expected to be most accurately estimated, were found to be consistent 

with a role for spatial uncertainty. Uncertainty estimates as a function of stimulus size 

were consistent with a zone of spatial uncertainty of ~40' in diameter (as described in 

Chapter 6, section 6.3.4). The role for spatial uncertainty in detection of different size 

stimuli is important as it generally impacts the area-threshold function by negatively 

impacting thresholds for smaller stimuli more than larger stimuli (i.e. shallower slope on 

threshold versus area plots). Uncertainty can also make it more difficult to reliably 

describe individual, stimulus-relevant cone responses. For example, uncertainty increases 

the signal to noise ratio relative to detection without uncertainty, and increases the 

likelihood that visual responses will be driven by cone or unit responses that are not 

associated with stimulus photon absorptions. 

In this initial investigation into the strategy for spatial summation in the dark-adapted 

fovea the concurrent collection of detection and appearance data also proved informative. 

From Chapter 3 we learned that color appearance information contributes to the detection 

of small, monochromatic spot stimuli, apparently facilitating detection for 3 of 4 subjects 

when instructions were to report color appearance as well as detection certainty. If 

detection and appearance rely on the same mechanisms, then color appearance as a 

function of stimulus size should provide insight into the detection strategy. For example, 
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considering a large-size fixed summation unit or multiple-sized units, the former is the 

most straightforward and parsimonious summation strategy. In this case it is expected 

that color appearance for stimuli no larger than the size of the fixed-size unit will be 

similar. However, both color appearance data and size discrimination data for stimuli 

smaller than ~8-14' in diameter (~16-28 units of cone spacing in diameter) varied with 

stimulus size. Although this can be described as a violation of ideal Ricco’s behavior 

within an area of complete spatial summation (e.g. Sakitt, 1971; Kincaid, Blackwell and 

Kristofferson; Matin, 1975; Zuidema, Gresnigt, Bouman and Koenderink, 1978; 

Cornsweet and Yellott, 1985), appearance results also were consistent with multiple-sized 

units contributing to both detection and perception. That is, for our subjects color reports 

for some stimuli smaller than 8ˈ to 14ˈ in diameter were significantly different from color 

reports for stimuli this size or larger (in both Chapters 5 and 6), suggesting the potential 

for smaller units, and potentially accounting for our detection and perception results 

without needing to assume violations of Ricco’s law of complete spatial summation.  

Our goals in Chapter 6 were in part extensions of the investigations into the 

optimality of spatial summation in Chapter 5. We sought a better understanding of both 

the strategy and extent of spatial summation, at least given that we were not able to 

differentiate the strategy of spatial summation in the prior chapter due to the limitations 

of the data. By incorporating smaller, adaptive optics corrected stimuli we sought to also 

determine the impact of the granularity of the foveal cone mosaic on detection. However, 

we first verified the impact of an 820 nm salient red adaptive optics correcting beacon on 

color reports (Chapter 4), where the beacon when fixated or displaced in the visual field 

was found to bias color reports relative to the beacon absent condition. After some 



226 
 

methodological investigations we found that by using a subjectively dimmer, longer 

wavelength correcting beacon (980 nm), masked by the fixation target, and limited in 

duration and timing by a shutter, we were able to obtain unbiased color reports in 

conjunction with adaptive optics correction. 

The five different stimulus sizes used in the adaptive optics spatial summation study 

reported in Chapter 6 overlapped with those of Chapter 5, and some of the same subjects 

returned so that data could be compiled to some extent between the experiments of 

Chapters 5 and 6. We found that area-threshold data were on average not consistent with 

the less efficient fixed-size summation unit strategy, at least for stimuli larger than our 

smallest stimulus (~0.5' or 1 cone diameter retinal full width at half maximum). Data 

were more consistent with the multiple-size unit strategy that has commonly been used to 

describe contrast detection and discrimination for periodic and aperiodic stimuli (e.g. 

Wilson & Bergen, 1979; Watson & Robson, 1981; Watson, 1982; Wilson, McFarlane & 

Phillips, 1983; Wilson & Gelb, 1984), and even the potential for size-tuned mechanisms 

in vision (Pantle & Sekular, 1968; Thomas & Kerr, 1971; Thomas & Shimamura, 1974). 

However, data did not support optimal combination across the independent, multiple-

sized units, where both noise and detection criteria are expected to relate linearly to unit 

size. That is, area-threshold results for stimuli 0.3 to 10ˈ suggest either that smaller 

detecting units are noisier than larger units relative to their size and the number of cones 

they encompass, or that detection criteria are stricter for the smaller units than the larger 

units.  

In their investigations of the characteristics of the different contrast detection units 

both Wilson & Bergen (1979) and Watson & Robson (1981) found that generally the 
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smaller units exhibited characteristics of the parvocellular pathway and the larger units 

exhibited characteristics of the magnocellular pathway. If it is indeed the case that the 

different size detection units represent the magnocellular and parvocellular pathways in 

some way, then the implications merit review, especially in light of our appearance and 

detection data.  First, given the association between the parvocellular and magnocellular 

pathways and the chromatic and luminance characteristics ascribed to them (as reviewed 

in Kaplan, 2002), appearance results in our dual-judgment studies suggest the presence 

and activity of both luminance and chromatic mechanisms at detection threshold in the 

dark-adapted fovea. Second, given that color appearance and detection reports did not 

interfere with each other, as described in Chapter 3, the results suggest also that these two 

pathways are independent and do not recruit competing mechanisms. These results were 

consistent with previous investigations into the presence and independence of luminance 

and chromatic mechanisms at detection threshold (e.g., see Lee et al., 2011; Chaparro, 

Stromeyer, Kronauer & Eskew, 1993; Mullen & Losada, 1994; Mullen & Sankeralli, 

1999). However, independence of relatively larger magnocellular units and smaller 

parvocellular units also suggests that larger stimuli should appear relatively less 

chromatic, and for our subjects this is not necessarily the case (see color data in Appendix 

B). The fact that color responses for large stimuli are not necessarily less chromatic than 

for small stimuli may be explained by the finding that some magnocellular cells show 

chromatic activity (Derrington, Krauskopf, & Lennie, 1984), or by the possibility that 

detection and appearance are relatively independent and do not always depend on the 

same neural pathways. 
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Along with the implications from the results of the presence of and independence 

between both magnocellular and parvocellular detection units (potentially more than one 

unit size within each category), is the implication for the ability to isolate the responses of 

single cones, even with the use of stimuli no larger than a cone. That is, tiny stimuli 

presented to a single cone are likely to be detected by only that cone if the detecting unit 

is no larger than a single cone, so that if one wanted to investigate single cone responses 

one must know something about the sizes of the different detecting units and the chance 

that tiny stimuli will be detected by units larger than a single cone. In Chapter 5 we use 

Krauskopf’s (1978) analysis of detection by independent cones to show that appearance 

reports for our largest stimulus were not driven by independent cones. In this case it 

suggests that even if a unit the size of an individual cone exists it does not appear to 

mediate appearance for larger stimuli (and area-threshold data indicate that such a unit 

does not mediate detection). Area-threshold data do however suggest the presence of a 

unit at least as small as ~2-3 cones, suggesting that for stimuli this size or smaller 

detection may be mediated by as few cones. However, analysis by Hofer, Singer, and 

Williams (2005) suggests that even with some summation across cones more than one 

cone is likely to participate in detection of tiny stimuli. This suggests that until further 

evidence of a single cone unit is found, it may be necessary to go to greater lengths to 

elicit and analyze responses of single cones, e.g. isolation of a single cone type by 

spectral sensitivity and further isolation of a single cone response by targeting cones of 

that one type surrounded entirely by cones of the less sensitive type. This is reasonable 

with adaptive optics near fixation, but requires that cone types be mapped and stimulus 

location within the mapped mosaic be known. Unfortunately, limitations to the reliable 
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acquisition of single cone responses still exist. For example, given the need for dim, 

threshold stimuli and limitations imposed by spatial uncertainty the possibility remains 

for confusing signal related responses with the responses induced by noise in cones 

unrelated to the signal.   

Finally, we have modeled detection by multiple-sized units as a binning paradigm 

that suggests correlation of noise. Our model also assumed consistent detection criteria, 

in terms of overall signal to noise ratio, irrespective of the size of the detection unit. It is 

clear that this model is too ideal and does not do a good job of explaining the actual area-

threshold curves obtained (i.e. actual curves are shallower than ideal curve). One 

possibility is that detection by these units is not limited only by cone dark noise (or an 

effective dark noise that is the same on a per cone basis for all units sizes) and spatial 

uncertainty. For example, if noise were added after summation across all of the cones 

within a unit, then a disproportionally larger amount of noise might be added to smaller, 

perhaps parvocellular, units. This would be the case even if the same amount of noise 

were added to each unit irrespective of size, as the post-receptoral noise to cone ratio 

would be larger for the smallest units with the fewest number of cones. In this case 

estimates of cone dark noise for the largest units, those with the greatest receptor to post-

receptor noise ratio, are expected to more closely reflect true cone dark noise levels. The 

estimated ranges if the largest units are as small as ~4' diameter or as large as ~10' 

diameter are 13-666 and 9-435 noise events per cone per second (see Table 6.2). These 

estimates are at least five to ten times lower than more direct physiological estimates 

(~3800 noise events per cone per second; Schneeweis & Schnapf, 1999). Our 

investigations do not resolve this discrepancy, which may reflect in part the difficulty in 
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direct physiological estimates of cone dark noise. Another possible explanation for the 

suboptimal combination across multiple-sized units, an explanation that does not 

necessarily require late added noise, is that the visual system may not optimally adjust the 

detection criterion as a function of size (i.e. smaller units use relatively higher criteria).  

This latter case suggests the possibility for more complex detection strategies than 

modeled here, and the need for more modeling and investigation into the efficacy of the 

simpler multiple unit model. 

 

Conclusions 

Our earliest investigations into the absolute threshold of cone vision in the dark-

adapted fovea revealed thresholds over 0.4 log units lower than previously reported (212 

± 21 versus 606 ± 126 in Marriott, 1963) due to our use of more lenient detection criteria. 

Cone thresholds, unlike rod thresholds, were not found to be limited solely by Poisson 

noise, but were described well by a detection model incorporating uncertainty. These 

results suggested that at least for tiny stimuli detection cannot be modeled as if limited 

solely by Poisson noise. 

Both detection and appearance results as a function of stimulus size revealed that 

subjects do not use either a stimulus-matching detection strategy, or a less efficient 

independent cone strategy; where both strategies have commonly been used in the past to 

describe and model foveal cone detection. Results were, however, consistent with 

independent combination across multiple-sized detection units within a larger zone of 

uncertainty, however they were not consistent with optimal combination across such 
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units. Based on uncertainty estimates for our two most practiced subjects this zone of 

uncertainty was estimated to be ~40ˈ in diameter. 
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Appendix A - Cone and rod absolute threshold rating data  

Table A.1. reprinted from the appendix of Koenig DE, Hofer HJ (2011). The absolute 

threshold of cone vision. Journal of Vision, 11(1):21, 1-24. 
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A.1. Absolute cone threshold ratings usage for 5 subjects 

Subject 6724 - Ratings - Absolute Sensitivity, 1 

Intensity Photons Total 1 2 3 4 5 6 

Blank 5 240 75 81 59 24 1 0 

Weak 210 241 38 47 63 76 17 0 

Medium 251 239 20 31 43 93 40 12 

Strong 292 240 10 21 23 90 66 30 

Subject 6724 - Ratings - Absolute Sensitivity , 2 

Intensity Photons Total 1 2 3 4 5 6 

Blank 5 241 156 71 10 3 1 0 

Weak 210 239 101 48 36 34 19 1 

Medium 251 240 61 34 38 73 26 8 

Strong 292 240 28 14 40 61 74 23 

Subject 6724 - Ratings - Absolute Sensitivity , 3 

Intensity Photons Total 1 2 3 4 5 6 

Blank 5 239 167 49 21 2 0 0 

Weak 210 235 62 59 46 54 13 1 

Medium 251 251 44 36 46 73 45 7 

Strong 292 235 9 11 28 85 80 22 

Subject 6724 - Ratings - Absolute Sensitivity , 4 

Intensity Photons Total 1 2 3 4 5 6 

Blank 5 365 220 42 77 26 0 0 

Weak 229 362 112 29 114 104 3 0 

Medium 339 364 81 24 84 149 26 0 

Strong 431 369 16 5 32 182 134 0 

Subject 6724 - Ratings - Absolute Sensitivity , 5 

Intensity Photons Total 1 2 3 4 5 6 

Blank 5 151 108 14 24 5 0 0 

Weak 229 150 84 8 43 14 1 0 

Medium 364 128 36 7 27 47 11 0 

Strong 477 171 23 10 37 74 27 0 

Subject 6724 - Ratings - Absolute Sensitivity , 6 

Intensity Photons Total 1 2 3 4 5 6 
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Blank 4 179 119 40 19 1 0 0 

Weak 157 197 72 33 83 8 1 0 

Medium 202 159 20 12 90 34 3 0 

Strong 263 185 6 4 53 109 13 0 

Subject 9254 - Ratings - Absolute Sensitivity  

Intensity Photons* Total 1 2 3 4 5 6 

Blank 5 136 73 36 23 4 0 0 

Weak 153 139 45 27 30 35 2 0 

Medium 208 157 23 14 10 72 33 5 

Strong 249 134 4 5 12 53 45 15 

Subject 5258 - Ratings - Absolute Sensitivity  

Intensity Photons* Total 1 2 3 4 5 6 

Blank 5 207 173 17 13 4 0 0 

Weak 193 193 122 26 9 26 8 2 

Medium 231 208 106 15 11 36 33 7 

Strong 269 192 66 17 14 38 41 16 

Subject 8497 - Ratings - Absolute Sensitivity 

Intensity Photons* Total 1 2 3 4 5 6 

Blank 7 203 138 40 22 3 0 0 

Weak 654 203 98 51 29 20 5 0 

Medium 1055 192 60 28 42 51 11 0 

Strong 1344 202 15 22 38 101 26 0 

Subject 2751 - Ratings - Absolute Sensitivity 

Intensity Photons* Total 1 2 3 4 5 6 

Blank 10 62 58 3 0 1 0 0 

Weak 276 62 15 7 6 32 2 0 

Medium 402 64 9 0 6 37 12 0 

Strong 503 60 0 0 2 32 26 0 

Subject 6724 - Ratings - Threshold Elevating Background 

Intensity Photons Total 1 2 3 4 5 6 

Blank 37 119 73 12 18 14 2 0 

Weak 2393 135 34 11 24 52 14 0 

Medium 3275 119 11 3 8 47 50 0 

Strong 4362 127 3 1 2 27 94 0 

Subject 6724 - Ratings - Threshold Elevating Background 
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Intensity Photons* Total 1 2 3 4 5 6 

Blank 37 179 118 28 32 1 0 0 

Weak 1141 174 89 24 53 8 0 0 

Medium 1727 167 33 15 90 29 0 0 

Strong 2393 176 9 6 66 83 12 0 

Table A.1. The total trial counts and number of stimuli placed in each rating category are shown for each 
stimulus type (blank, weak, medium and strong) for each subject.  Also shown are either the absolute or 
relative (blue italics) stimulus energy measurements reported as photons at the cornea.  An asterisk (*) in 

the photons column indicates values after a correction for estimated light loss due to reflections from 
antireflection coated spectacle lenses (1%, subjects 9254 and 8497) or trial lenses (8%, subjects 5258 and 
2751). Trials with reported ratings of ‘1’ were judged as definitely not seen and trials with reported ratings of 
2 to 6 were judged to be seen with increasing confidence. In general the ratings '2' and '3' were used when 
the subject was uncertain as to whether or not the stimulus was seen and ratings of '4', '5', or '6' reflected 
subjectively increasing brightness. Non-zero blank intensities are reported because the method used to 
control the illumination through the pinhole directed some residual light even on the darkest setting. The 
values reported, generally at least 2.5 log units lower that the lowest stimulus values used, are upper 
estimates on the maximum light at the cornea during blank presentations, the real values possibly being less 
due to uncertainties in accurately measuring the stimulus intensities at the lowest light levels.  These non-
zero blank values were used in fitting subjects’ frequency of seeing curves and interpolating thresholds, but 
false positive rates were left uncorrected since the required correction was insignificantly small compared 
with the inherent uncertainty in the data. 
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A.2. Absolute rod threshold ratings usage for 4 subjects  

Subject 6724 – Ratings – Absolute Sensitivity 1 

Intensity Photons Total 1 2 3 4 5 

Blank 0 401 316 85 58 5 0 

Weak 55 242 162 80 128 18 3 

Medium 71 186 113 73 155 85 16 

Strong 97 92 47 45 143 160 38 

Subject 6724 – Ratings – Absolute Sensitivity 2 

Intensity Photons Total 1 2 3 4 5 

Blank 0 220 157 63 98 7 1 

Weak 41 70 40 30 181 57 3 

Medium 60 30 21 9 170 122 20 

Strong 81 7 2 5 91 183 60 

Subject 9254 – Ratings – Absolute Sensitivity 1 

Intensity Photons Total 1 2 3 4 5 

Blank 0 335 228 107 21 0 0 

Weak 61 340 186 154 115 12 1 

Medium 106 129 46 83 243 72 2 

Strong 171 21 3 18 117 203 26 

Subject 5258 – Ratings – Absolute Sensitivity 1 

Intensity Photons Total 1 2 3 4 5 

Blank 0 274 241 33 5 0 0 

Weak 35 156 107 49 112 16 0 

Medium 55 78 48 30 165 59 0 

Strong 76 14 6 8 160 116 3 

Subject 5258 – Ratings – Absolute Sensitivity 2 

Intensity Photons Total 1 2 3 4 5 

Blank 0 327 152 175 102 22 2 

Weak 25 252 129 123 121 37 6 

Medium 61 164 74 90 141 121 24 

Strong 106 35 12 23 61 229 133 
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Subject 8497 – Ratings – Absolute Sensitivity 1 

Intensity Photons Total 1 2 3 4 5 

Blank 0 273 187 86 11 0 0 

Weak 42 151 59 92 170 23 3 

Medium 57 58 17 41 189 87 9 

Strong 79 9 1 8 134 135 28 

Table A.2. Raw rod absolute threshold ratings data, the results of which are reported in Chapter 2 Section 
2.3.4.1. The total trial counts and number of stimuli placed in each rating category are shown for each 
stimulus type (blank, weak, medium and strong) for each subject.  Also shown are the stimulus energy 
measurements reported as photons at the cornea.  Trials with reported ratings of ‘1’ were judged as 
definitely not seen and trials with reported ratings of 2 to 5 were judged to be seen with increasing 
confidence. In general the ratings '2' and '3' were used when the subject was uncertain as to whether or not 
the stimulus was seen and ratings of '4', or '5' reflected subjectively increasing brightness.  
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Appendix B - Color ratings data as a function of stimulus size 
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B.1. Color ratings results for 4 subjects and 4 stimulus sizes for stimuli presented 

with conventional optics (Chapter 5) 

 

Figure B.1.1 (A and B) shows the raw color reporting data as a function of stimulus 

size for each subject participating in the conventional optics spatial summation study 

reported in Chapter 5. Data shown include all seen trials rated ‘3’ or higher on detection 

certainty, and no false positives. For subjects 6724, 9254, 5258, and 2465 the number of 

seen trials for reach stimulus size range from 400-600, 250-400, 150-200, and 200-250, 

respectively (combining across the blocked and intermixed stimulus size conditions); 

where individual points on the plot often represent a number of seen trials rated similarly. 

Subjects 6724, 9254, and 5258 are practiced psychophysical observers, while subjects 

5258 and 2465 were generally naïve to the intent of the study. Data are shown on 

Uniform Appearance Diagrams (Abramov, Gordon, & Chan, 2009) after arcsine 

transform for uniform variance. On the UAD yellow-blue is reported on the abscissa, 

green-red is reported on the ordinate, white is at the origin and more saturated color 

reports fall furthest from the origin. 

The stimulus was monochromatic at 550 nm (40 nm bandwidth), and the raw ratings 

show the distribution of color appearance ratings as a function of size. For example, for 

this relatively green stimulus the distributions are heavily represented in the upper left 

quadrant (combining blue and green), and lower right quadrant (combining red and 

yellow) for the smaller stimuli, but are more heavily represented in the upper left 

quadrant (combining blue and green), and upper right quadrant (combining green and 

yellow) for the larger stimuli. This change in distribution represents a tendency towards 

veridical color for larger stimuli that has previously been reported in the literature 
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(Abramov, Gordon, and Chan, 1991; Pitts, Troup, Volbrecht, Nerger, 2005; Abramov and 

Gordon, 2009). In Figure 5.1.1.B it can also be seen that data for the least practiced 

subject, subject 2465 (right column), show the same general trends, albeit with tendency 

to use less fine gradations of color (see also the averaged color data of Figure 5.1.2.B, 

bottom row). For comparison, in the uppermost plots (1.7' diameter stimuli) average color 

ratings are shown for 3 subjects (6724, 9254, and 5258) for large 1.5° monochromatic 

spot stimuli representing red (632 nm), yellow (580 nm), green (550 nm), and blue (490 

nm), with data points colored accordingly. Here error bars are 1 standard error and are 

often smaller than the data points. 
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Figure B.1.1.A. Raw color ratings data as a function of stimulus size for 2 of 4 subjects participating in the 
conventional optics spatial summation study described in Chapter 5 (black dots). Described further in text 
above. Data point densities reflect frequency of ratings usage. 
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Figure B.1.1.B. Raw color ratings data as a function of stimulus size for 2 of 4 subjects participating in the 
conventional optics spatial summation study described in Chapter 5 (black dots). Described further in text 
above. Data point densities reflect frequency of ratings usage. 
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Figure B.1.2 (A and B) below shows the average percentage of ratings in each color 

category (left column) and average color ratings (right column) after arcsine 

transformation for uniform variance as a function of stimulus size for each subject 

participating in the conventional optics spatial summation study reported in Chapter 5. 

The data included are described for figure B.1.1 above. Color reports are variable across 

subjects, but generally are less red and/or more green for larger stimuli, reflecting a 

tendency to truer color reports for larger stimuli also found in prior investigations 

(Abramov, Gordon, and Chan, 1991; Pitts, Troup, Volbrecht, Nerger, 2005; Abramov and 

Gordon, 2009). The change in color saturation (100% minus percent white on the bar 

plots, or distance from origin on the UADs) as a function of stimulus size varies across 

subjects. For subjects 6724 and 2465 saturation increases with increasing stimulus size, 

for subject 5258 saturation decreases somewhat with increasing stimulus size, and for 

subject 9254 the change is more variable. Change in apparent saturation may in some 

cases reflect change in appearance with stimulus size, but also likely reflects changes in 

relative stimulus intensities and even subjective detection criteria between stimulus sizes 

(as described in Chapter 3, section 3.3.5). 
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Figure B.1.2.A. Average color reporting data for two of the four subjects participating in the conventional 
optics spatial summation study reported in Chapter 5 (subjects 6724 and 9254, top and bottom row, 
respectively). In the left column are their mean color ratings (red, yellow, green, blue and white) for each 
stimulus size studied. In the right column are mean color ratings as a function of size (i.e. smaller stimuli are 
represented by smaller data points), where yellow-blue is reported on the abscissa, green-red is reported on 
the ordinate, white is at the origin and more saturated color reports fall closer to the dashed diagonals. Error 
bars, at times no larger than the data points, are one standard error of the mean.  
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Figure B.1.2.B. Average color reporting data for two of the four subjects participating in the conventional 
optics spatial summation study reported in Chapter 5 (subjects 6724 and 9254, top and bottom row, 
respectively). In the left column are their mean color ratings (red, yellow, green, blue and white) for each 
stimulus size studied. In the right column are mean color ratings as a function of size (i.e. smaller stimuli are 
represented by smaller data points), where yellow-blue is reported on the abscissa, green-red is reported on 
the ordinate, white is at the origin and more saturated color reports fall closer to the dashed diagonals. Error 
bars, at times no larger than the data points, are one standard error of the mean.  
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B.2. Color ratings results for 5 subjects and 5 stimulus sizes for stimuli presented 

with adaptive optics (Chapter 6) 

 

Figure B.2.1 (A and B) shows the raw color reporting data after arcsine 

transformation for uniform variance on Uniform Appearance Diagrams (Abramov, 

Gordon, & Chan, 2009) as a function of stimulus size for each subject participating in the 

adaptive optics spatial summation study reported in Chapter 6. Data shown include all 

seen trials rated ‘3’ or higher on detection certainty, and no false positives. For subjects 

6724, 9254, 5258, 2751, and 1149 the number of seen trials for reach stimulus size range 

from 100-200, 100-200, 100-200, and 40-60, respectively; where individual points on the 

plot often represent a number of seen trials rated similarly. Subjects 6724, 9254, 5258, 

and 2751 were practiced psychophysical observers, while subjects 5258, 2751, and 1149 

were naïve to the purposes of the study. Data are shown on Uniform Appearance 

Diagrams (Abramov, Gordon, & Chan, 2009) after arcsine transform for uniform 

variance. On the UAD yellow-blue is reported on the abscissa, green-red is reported on 

the ordinate, white is at the origin and more saturated color reports fall furthest from the 

origin. 

The stimulus was monochromatic at 550 nm (40 nm bandwidth), and the raw ratings 

show the distribution of color appearance ratings as a function of size. For example, for 

this relatively green stimulus the distributions are heavily represented in the upper left 

quadrant (combining blue and green), and lower right quadrant (combining red and 

yellow) for the smaller stimuli, but are more heavily represented in the upper left 

quadrant (combining blue and green), and upper right quadrant (combining green and 

yellow) for the larger stimuli. This change in distribution represents a tendency towards 
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veridical color for larger stimuli that has previously been reported in the literature 

(Abramov, Gordon, and Chan, 1991; Pitts, Troup, Volbrecht, Nerger, 2005; Abramov and 

Gordon, 2009). In Figure 5.2.1.B it can also be seen that data for the subjects least 

practiced at color reporting, subjects 2751 (left column) 1149 (right column) show some 

of the same general trends, albeit with a tendency to use less fine gradations of color (see 

also the averaged color data of Figure 5.2.2.B). For comparison, in the uppermost plots 

(0.3' diameter stimuli) average color ratings are shown for 3 subjects (6724, 9254, and 

5258) for large 1.5° monochromatic spot stimuli representing red (632 nm), yellow (580 

nm), green (550 nm), and blue (490 nm), with data points colored accordingly. Here error 

bars are 1 standard error and are often smaller than the data points. 
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Figure B.2.1.A. Raw color ratings data as a function of stimulus size for 3 of 5 subjects participating in the 
adaptive optics spatial summation study described in Chapter 6 (black dots). Described further in text above. 
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Figure B.2.1.B. Raw color ratings data as a function of stimulus size for 2 of 5 subjects participating in the 
adaptive optics spatial summation study described in Chapter 6 (black dots). Described further in text above. 
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Figure B.2.2 (A and B) below shows the average percentage of ratings in each color 

category (left column) and average color ratings (right column) after arcsine 

transformation for uniform variance as a function of stimulus size for each subject 

participating in the adaptive optics spatial summation study reported in Chapter 6. The 

data included are described for figure B.2.1 above. Color reports are variable across 

subjects, but generally are less red and/or more green for larger stimuli, reflecting a 

tendency to truer color reports for larger stimuli also found in prior investigations 

(Abramov, Gordon, and Chan, 1991; Pitts, Troup, Volbrecht, Nerger, 2005; Abramov and 

Gordon, 2009). The change in color saturation (100% minus percent white on the bar 

plots, or distance from origin on the UADs) as a function of stimulus size varies across 

subjects. Change in apparent saturation may in some cases reflect change in appearance 

with stimulus size, but also likely reflects changes in relative stimulus intensities and 

even subjective detection criteria between stimulus sizes (as described in Chapter 3, 

section 3.3.5). It is, therefore, not necessarily surprising that the three subjects who also 

participated in the conventional optics spatial summation study (subjects 6724, 9254, and 

5258) do not show the exact same trends in both the conventional optics and adaptive 

optics studies. There were also fewer seen trials as a function of stimulus size in the 

adaptive optics study, and more trials under the same condition may be necessary to 

discern a trend. 
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Figure B.2.2.A. Average color reporting data for three of the five subjects participating in the adaptive optics 
spatial summation study reported in Chapter 6 (subjects 6724, 9254, and 5258, top, middle, and bottom row, 
respectively). In the right column are mean color ratings as a function of size (i.e. smaller stimuli are 
represented by smaller data points), where yellow-blue is reported on the abscissa, green-red is reported on 
the ordinate, white is at the origin and more saturated color reports fall closer to the dashed diagonals. Error 
bars, at times no larger than the data points, are one standard error of the mean. 
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Figure B.2.2.B. Average color reporting data for two of the five subjects participating in the adaptive optics 
spatial summation study reported in Chapter 6 (subjects 2751 and 1149, top and bottom row, respectively). 
In the left column are their mean color ratings (red, yellow, green, blue and white) for each stimulus size 
studied. In the right column are mean color ratings as a function of size (i.e. smaller stimuli are represented 
by smaller data points), where yellow-blue is reported on the abscissa, green-red is reported on the ordinate, 
white is at the origin and more saturated color reports fall closer to the dashed diagonals. Error bars, at 
times no larger than the data points, are one standard error of the mean. 
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B.3. Color ratings for 3 subjects and 6 stimulus sizes, conventional and adaptive 

optics data combined (i.e. 3 subjects participating in the experiments described in 

Chapters 5 & 6) 

 

Figure B.3.1 shows the raw color reporting data after arcsine transformation for 

uniform variance on Uniform Appearance Diagrams (Abramov, Gordon, & Chan, 2009) 

as a function of stimulus size for each subject who participated in both the conventional 

and adaptive optics spatial summation studies reported in Chapters 5 and 6. Data shown 

include all seen trials rated ‘3’ or higher on detection certainty, and no false positives, in 

the conventional (red data points) and adaptive optics (black data points) studies. For 

subjects 6724, 9254, and 5258 the total number of seen trials for each stimulus size 

ranges from 500-800, 350-600, and 250-400, respectively; where individual points on the 

plot often represent a number of seen trials rated similarly. Data are shown on Uniform 

Appearance Diagrams (Abramov, Gordon, & Chan, 2009) after arcsine transform for 

uniform variance. On the UAD yellow-blue is reported on the abscissa, green-red is 

reported on the ordinate, white is at the origin and more saturated color reports fall 

furthest from the origin. 

The stimulus was monochromatic at 550 nm (40 nm bandwidth), and the raw ratings 

show the distribution of color appearance ratings as a function of size. For example, for 

this relatively green stimulus the distributions are heavily represented in the upper left 

quadrant (combining blue and green), and lower right quadrant (combining red and 

yellow) for the smaller stimuli, but are more heavily represented in the upper left 

quadrant (combining blue and green), and upper right quadrant (combining green and 

yellow) for the larger stimuli (especially subjects 6724 and 9254). This change in 
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distribution represents a tendency towards veridical color for larger stimuli that has 

previously been reported in the literature (Abramov, Gordon, and Chan, 1991; Pitts, 

Troup, Volbrecht, Nerger, 2005; Abramov and Gordon, 2009).  

 

 

Figure B.3.1. Raw color ratings data as a function of stimulus size for the 3 stimulus sizes used in, and the 3 
subjects who participated in both the adaptive optics (shown as black dots) and conventional optics (shown 
as red dots) spatial summation studies described in Chapters 5 and  6; where data from both studies are 
provided on one plot for comparison. Described further in text above. Data point densities reflect frequency 
of ratings usage. 
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Figure B.3.2 below shows the average percentage of ratings in each color category 

(left column) and average color ratings (right column) after arcsine transformation for 

uniform variance as a function of stimulus size for each subject who participated in both 

the conventional and adaptive optics spatial summation studies reported in Chapters 5 

and 6. The data included are described for figure B.3.1 above. Color reports are variable 

across subjects. One subject (6724) tended to rate larger stimuli less red and/or more 

green, reflecting a tendency to truer color reports for larger stimuli also found in prior 

investigations (Abramov, Gordon, and Chan, 1991; Pitts, Troup, Volbrecht, Nerger, 

2005; Abramov and Gordon, 2009), while subjects 9254 and 5258 maintained somewhat 

more similar ratios of red and green ratings across the stimulus sizes. The red and green 

ratings distributions for large stimuli for at least one of the latter subjects (9254) may 

reflect the tendency to incorporate into the color ratings subtle intra-stimulus, spatial 

variations in color. The extent to which between subject variability in color ratings for 

even large stimuli may reflect the packing and arrangement of the different cone types 

was not investigated here, but is expected to become a point of focus as more color 

ratings subjects also undergo retinal imaging and as psychophysical and imaging results 

are tied into color appearance models. 
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Figure B.3.2. Average color reporting data for the 3 subjects who participated in both the conventional and 
adaptive optics spatial summation studies reported in Chapters 5 and 6 (subjects 6724, 9254, and 5258, top, 
middle, and bottom row, respectively). In the left column are their mean color ratings (red, yellow, green, 
blue and white) for each stimulus size studied. In the right column are mean color ratings as a function of 
size (i.e. smaller stimuli are represented by smaller data points), where yellow-blue is reported on the 
abscissa, green-red is reported on the ordinate, white is at the origin and more saturated color reports fall 
closer to the dashed diagonals. Error bars, at times no larger than the data points, are one standard error of 
the mean.  
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B.4. Assessment of the stability of color ratings for 550 nm adaptive and 

conventional optics spot stimuli across multiple days 

We have shown that color ratings, including the saturation component, depend in 

part on stimulus intensity, subjective detection criterion, and stimulus size. Here, using 

subject 6724 as an example, we look at how the variability across multiple sessions 

(days) compares to the variability within sessions. Subject 6724 participated in multiple 

sessions under both the conventional and adaptive optics conditions. Detection thresholds 

and color appearance were measured for 1.7’, 4.1’, and 9.9’ diameter, 550 nm stimuli 

with both conventional and adaptive optics. Figure B.4.1 shows mean color rating 

differences in the yellow-blue and green-red directions for the three stimulus sizes over 

two conventional and two adaptive optics sessions. Variability in either direction ranged 

from about 0.5 to 1.0 units out of 10 units possible in any one direction. Color ratings 

represented in this manner (x and y Cartesian coordinates) conflate saturation and hue, 

and can be transformed into a saturation vector and hue angle component (polar 

coordinates) to more directly evaluate hue and saturation. The Cartesian color rating 

difference coordinates (yellow-blue and green-red) and the transformed polar coordinates 

(saturation and hue angle) are shown in Table B.4.1. When assessed as polar coordinates 

it can be seen that saturation alone varies by about 1 rating unit (out of a maximum of 10 

units given our rating scale), and variability in hue angle ranges from about 5° to 20°. 

Subject 6724 had relatively extensive color rating practice with 580 nm point stimuli 

(Chapters 3 and 4) before rating different size 550 nm stimuli (Chapters 5 and 6), and the 

extent of variability reported here is expected to therefore be reflective of a practiced 

subject. 
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Figure B.4.1. Comparison across days of the mean color rating differences in the yellow-blue and green-red 
directions for 1.7’, 4.1’, and 9.9’ diameter, 550 nm, conventional (two sessions) and adaptive optics (two 
sessions) stimuli for subject 6724. Error bars are one standard error of the mean. Yellow-blue and green-red 
values (as x and y coordinates) conflate saturation and hue, however evaluation of the same data in polar 
coordinates allows more direct analysis of saturation and hue (i.e. saturation ranging from 0-10, and hue 
angle ranging from 0-360°; see Table B.4.1 below). When hue is expressed as an angle it can be seen to 
vary relatively little across days (mean hue angles for 1.7’, 4.1’, and 9.9’ diameter stimuli are 158±24°, 
145±5°, and 138±5°, respectively; mean±standard deviation across days). The elapsed time between the 
first conventional optics and the last adaptive optics sessions is about 8 months. 
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 1.7’ diameter 4.1’ diameter 9.9’ diameter 

 y-b g-r y-b g-r y-b g-r 

CO 1 -2.92 2.01 -3.51 3.02 -3.98 4.05 

CO 2 -2.75 1.72 -2.00 1.36 -3.34 3.05 

AO 1 -1.25 -0.30 -2.29 1.50 -2.86 1.95 

AO 2 -1.99 1.38 -1.66 0.95 -2.95 2.87 

mean -2.23 1.20 -2.36 1.71 -3.28 2.98 

st. dev. 0.76 1.03 0.81 0.91 0.51 0.86 

 1.7’ diameter 4.1’ diameter 9.9’ diameter 

 saturation hue angle 
(degrees) 

saturation hue angle 
(degrees) 

saturation hue angle 
(degrees) 

CO 1 3.54 145.47 4.63 139.23 5.68 134.53 

CO 2 3.24 147.90 2.41 145.83 4.52 137.65 

AO 1 1.29 193.45 2.73 146.79 3.46 145.78 

AO 2 2.43 145.23 1.91 150.29 4.12 135.82 

mean 2.62 158.01 2.92 145.53 4.44 138.45 

st. dev. 1.01 23.66 1.19 4.62 0.93 5.05 
Table B.4.1. Comparison across days of mean color rating differences in the yellow-blue and green-red 
directions (Cartesian values from the Uniform Appearance Diagrams in Figure B.4.1), and mean saturation 
vector magnitude and hue angle (polar values) for 1.7’, 4.1’, and 9.9’ diameter, 550 nm, conventional and 
adaptive optics stimuli for subject 6724. Variability in mean color rating differences ranges from 0.5 to 1.0 
rating units out of a maximum of 10 units in any one direction. Yellow-blue and green-red values (as x and y 
coordinates) conflate saturation and hue, where evaluation of the same data in polar coordinates (rows 11-
14) allows more direct analysis of saturation and hue (saturation ranging from 0-10, hue angle ranging from 
0-360°). Saturation varies by ~1 rating unit over these 4 sessions, and variability in hue angle ranges from 
~5-20°, where the larger amount of variability may be due in part to the fact that the mean color ratings for 
the 1.7’ diameter stimulus in the first adaptive optics session are based on a relatively small number of 
ratings. The elapsed time between the first conventional optics and the last adaptive optics sessions is about 
8 months. CO 1, CO 2, AO 1, and AO 2 refer to the first and second sessions with conventional and 
adaptive optics, where results with conventional optics are reported in Chapter 5 and results with adaptive 
optics are reported in Chapter 6. 
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Appendix C - Modeling detection in the dark adapted fovea with and 

without realistic retinal mosaic parameters 
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C.1. General model assumptions 

We modeled detection of simple luminance increments (uniform or Gaussian spots) 

analytically with the following assumptions: 

1. The subject generally has imperfect knowledge of the stimulus during detection and so 

monitors a total number of channels (M, assumed to be independent and non-

overlapping) that include stimulus relevant (K) and stimulus irrelevant (M-K) 

channels. Uncertainty in detection can be expressed as the total number of channels to 

the number of stimulus relevant channels (M/K), and in the case where the subject is 

not impacted by uncertainty M/K = 1. 

2. The probability of light or photon absorption in cones follows a Poisson process, i.e. 

the probability of a given number of photons being absorbed within a fixed interval 

and area is described by the Poisson function:  

 ( )  
      

  
                                                                                                              (C.1.1)  

Where k is the actual and 𝜆 is the mean or expected number of photons absorbed, and e 

is the base of the natural logarithm. In a Poisson process the variance in the photons 

absorbed is equal to the mean. 

3. Signal transduction can be effectively modeled as a linear process (see Chapter 2, 

Section 2.4.1 for a limited treatment of the effects of non-linear transduction). 

4. Signal independent, intrinsic noise impacting detection, like signal dependent noise, is 

expressible as a Poisson process, where the potential impact of spontaneous 

photopigment isomerization on detection was suggested early (Denton & Pirenne, 

1954; Barlow, 1956) and is supported by physiological reports of the sources of 
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intrinsic photoreceptor noise (Baylor, Nunn & Schnapf, 1984). Following Barlow 

(1956) we call such intrinsic noise present in a dark field ‘dark noise’. 

5. Photon events (noise or signal) are summed within an individual ‘channel’ and signals 

are combined independently across channels in determining whether a stimulus is 

seen.  In the first case, summation within a channel, signal and noise events are 

summed completely and linearly (see Chapter 2, Section 2.4.1. for a limited treatment 

of general nonlinear summation), and the channel ‘detects’ if that sum exceeds the 

response criterion, C. Criterion here refers to the number of photons per channel 

necessary for detection at a given criterion level (false positive rate). In the second 

case, independent combination across channels, information from each channel is 

maintained up until the point of the decision for seeing, and the decision for seeing is 

commonly described by a max operator as follows: 

 

            [        (  )           (  )]                                                 (C.1.2)      

 

Where k and m-k are the stimulus relevant and stimulus irrelevant channels, ri and rj 

are the ith and jth responses of those channels.  In other words, when channels are 

treated independently the stimulus is seen if the response in at least one channel 

(stimulus relevant or irrelevant) exceeds criterion (C). 

 

C.2. Analytic model of detection 

In the general model of detection governed by Poisson statistics given detection 

uncertainty the overall probability of detection is given by one minus the probability of 
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not detecting with any of the relevant or irrelevant channels and can be expressed 

analytically as:  

K

s

KM

n PPseenP )1()1(1)(         (C.2.1) 

Where Ps is the probability that the combination of signal and noise exceeds the 

subjective criterion, C, in any one of the signal-relevant channels (i.e. independent 

combination): 

 





Cj

NSj

s jeNSCnsPP !/)( )(      (C.2.2) 

And Pn is the probability that noise in any one of the irrelevant channels exceeds 

subjective criterion:  







Cj

Nj

n jeNCnPP !/)(      (C.2.3) 

In Equations C.2.2 and C.2.3 S and N are average isomerization and noise events, s and n 

are actual signal and noise values which vary from trial to trial as a result of quantum 

fluctuations, and the right side of both equations describes complete summation within a 

channel. 

 Equations C.2.1-C.2.3 are used to describe detection in both the analytic mathematical 

model of detection of large stimuli and the Monte Carlo model incorporating realistic 

mosaic parameters for detection of stimuli approaching the size of individual 

photoreceptors described in section C.4.  
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C.2.1. Analytical model parameters 

NChannel – the dark noise per channel in units of isomerizations. 

Nav – vector of average stimulus intensities in units of total photons at the cornea, and 

chosen to span the psychometric function given a range of detection criteria.  

Criteria – vector of detection criteria (events per channel) generating detection over a 

broad range of false positive rates. 

M – total number of channels (stimulus relevant and stimulus irrelevant) contributing to 

detection. 

K – total number of channels encompassed by the stimulus (stimulus relevant channels). 

Ps – the probability that the number of signal and noise events in a stimulus relevant (K) 

channel exceeds detection criterion (Equation C.2.2). 

Pn – the probability that the number of noise events in a stimulus irrelevant channel (M-

K) exceeds the detection criterion (Equation C.2.3). 

percentSeen – a resultant matrix of percent seeing at any given signal intensity; i.e. the 

probability (expressed as a percentage) that signal or noise events from any stimulus 

relevant or irrelevant channel will exceed detection criterion (Equation C.1.1 resultant as 

percentage).   

errorRate – a resultant matrix of false positive rates at any given detection criterion, i.e. 

the probability (expressed as a percentage) that noise from any stimulus relevant or 

irrelevant channel will exceed detection criterion.  
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C.2.2. Analytical Model outline 

1. For stimulus relevant channels a Poisson random number of signal and noise events is 

generated assuming (Nav/K)+N as the mean. 

2. For stimulus irrelevant channels (detection in the face of uncertainty, M/K > 1) a 

Poisson number of noise events is generated assuming N per channel as mean noise. 

3. Channel responses are combined independently across stimulus relevant and/or 

irrelevant channels (max operator), where probabilities of seeing at each intensity and 

criterion are determined according to Equation C.2.1. 

4. Probabilities of seeing are corrected for nonzero false positive rates (‘seeing’ on blank 

trials) according to the following equation (as used also on psychophysical data):  
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                     (C.2.4) 

Where p(S|s)* is the percent seen adjusted for the nonzero false positive rate, and 

p(S|s) and p(S|n) are the measured seen and false positive rates, respectively.  

5. After correcting for nonzero false positive rates threshold is determined by 

interpolating frequency of seeing curves at the 50% seeing level, where threshold can 

then be evaluated as a function of false positive rate for varying amounts of 

uncertainty. 

 

C.2.3. Using the analytic detection model within realistic parameter ranges to evaluate 

the impact of uncertainty on detection threshold versus criterion for detection 

The following general scenarios (fixed stimulus size) were evaluated over a range of 

~10 to 3000 dark noise events per cone per second, where this range corresponds loosely 
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to lower psychophysical (~10-110 dark noise events per cone per second; Barlow, 1958; 

Donner, 1992) and higher physiological (~3800 dark noise events per cone per second; 

Scheeweis and Schnapf, 2000) estimates of cone dark noise. More specific evaluations of 

threshold change as a function of stimulus size and spatial summation strategy are 

discussed in section C.2.5. 

1. Threshold change with increasing false positive rate (noise per channel held 

constant) - Figure C.1. shows that threshold changes nonlinearly as a function of 

false positive rate for any given amount of uncertainty (M/K), where overall 

threshold is more elevated and less responsive to the false positive rate as 

uncertainty increases. The shape of these functions is not dependent on the 

number of stimulus relevant channels (K), just on the amount of uncertainty (i.e. 

the ratio of total channels monitored to the number of stimulus relevant channels, 

M/K). For example, the curves for M = K = 1 and M = K = 1000 are expected to 

look the same as the amount of uncertainty is the same in both cases, M/K = 1.  

2. Threshold change with increasing noise per channel does not depend on the false 

positive rate – with no uncertainty (M = K ≥ 1, and M/K = 1) threshold changes 

as the square root of the change in the amount of noise per channel, where the 

slope of threshold change as a function of noise equals 0.5 on a log-log plot 

(DeVries-Rose law). This change does not depend on either the false positive rate 

or on whether or not there is more than one stimulus relevant channel (K > 1).  

3. Threshold change with increasing noise per channel does depend slightly on the 

amount of uncertainty – with uncertainty (M > K ≥ 1, and M/K > 1) threshold 

change with increasing noise per channel changes as slightly less than the square 
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root of the change in noise per channel, where the slope on a log-log plot 

decreases slightly from 0.5 as uncertainty increases (e.g. there is a 0.013 decrease 

in slope between a minimum uncertainty of 1 and an uncertainty of 100000). It is 

suspected that some of this change in slope may be attributed to rounding errors 

with increasingly large exponentials as uncertainty increases (see Equation C.2.1). 

4. Use of the relationship between threshold, noise, and uncertainty – once these 

relationships are known psychophysical estimates of the total amount of dark 

noise impacting detection can be made. For example, in Chapter 2 we estimate the 

total amount of dark noise at detection threshold given the average threshold and 

amount of uncertainty across observers, and assuming a range of quantum 

efficiencies (proportion of corneal photons contributing to detection). Because the 

extent and strategy of dark-adapted detection thresholds were not well defined we 

calculated cone noise based on two commonly assumed detection strategies: 

complete spatial summation over an area matched to the stimulus and independent 

cone contributions to detection. In chapters 5 and 6 we found that neither of these 

summation strategies adequately describe detection of luminance increments in 

the dark-adapted fovea and considered cone noise based on independent 

combination across multiple-sized units. 
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Figure C.1. Log threshold plotted as a function of the false positive rate shows ideal behavior with no 
uncertainty present (log M/K = 0), and non-ideal behavior in cases of increasing uncertainty (log M/K = 1, 2, 
3, 4, and 5). Overall, threshold is elevated and less responsive to changes in the false positive rate as 
uncertainty increases. 

 

C.2.4. Modeling expected threshold change as a function of stimulus size and 

comparing across strategies at fixed criteria and noise level (analytic model except as 

noted) 

1. Optimal, stimulus-matched spatial summation without uncertainty (the optimal 

summation strategy if the size and location of a stimulus is known) – the only channel 

is a stimulus relevant channel (M = K = 1), and summation is complete within this 

channel. The size of the channel is matched to the size of the stimulus, i.e. the number 

of cones in the channel increases with a corresponding increase in intrinsic noise. 

2. Optimal, stimulus-matched spatial summation within a larger, fixed area of spatial 

uncertainty (the optimal summation strategy if the size, but not location, of a stimulus 

is known) – channel size is still matched to expected stimulus size, however as 
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location is not known, in addition to the one stimulus relevant channel (K = 1), there 

are a number of stimulus irrelevant channels (M-K) with this number decreasing with 

expected stimulus size. That is, the zone of spatial uncertainty is a multiple of the 

stimulus size. As the size of the stimulus increases to fill the zone of spatial 

uncertainty the amount of spatial uncertainty approaches zero. Summation is 

complete within each channel and independent across channels. 

3. Fixed zone of complete spatial summation, without uncertainty (stimulus size and 

location are known and only the responses of relevant units are monitored) 

a. Stimulus smaller than or equal to summation area – there is only one stimulus 

relevant channel (K = 1) that is fixed in size, and the stimulus is no larger than 

the fixed summation area. There is no uncertainty, so M = K = 1. 

b. Stimulus larger than summation area – there are multiple stimulus relevant 

channels (K > 1), where the exact number depends on the size of the stimulus 

relative to the fixed summation area. There is no uncertainty so no additional 

channels are monitored and M = K.  Note that this scenario requires 

knowledge of stimulus size and location to avoid including signal from 

irrelevant channels. 

4. Fixed zone of complete spatial summation within larger zone of spatial attention (i.e. 

a fixed total number of channels, M, is monitored) 

a. Stimulus smaller than or equal to summation area – there is only one stimulus 

relevant channel (K = 1) that is fixed in size, and the stimulus is no larger than 

the fixed summation area. Since there is uncertainty K = 1 but M > K. 
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b. Stimulus larger than summation area but smaller than zone of spatial attention 

– there are multiple stimulus relevant channels (K > 1), where the exact 

number depends on the size of the stimulus relative to the fixed summation 

area. The number of stimulus relevant channels approaches the total number 

of monitored channels (K→M) as stimulus size increases, and spatial 

uncertainty, M/K, approaches 1. 

c. Stimulus larger than summation area and fixed zone of attention – in this case 

M = K = constant, and information outside of zone of attention is not used. No 

part of this strategy (a, b, or c) requires a priori knowledge of either stimulus 

size or location. 

d. Stimulus larger than summation area and fixed zone of attention – it is also 

possible that in this case only stimulus relevant channels are used (i.e. similar 

to scenario 3 above). 

5. Independent cones, no uncertainty - a specific case of strategy 3, where the individual 

channel size is a single cone and only the cones underlying the stimulus are 

considered.  Note that this scenario requires a priori knowledge of stimulus size and 

location. 

6. Independent cones, with uncertainty - a specific case of strategy 4, where the 

individual channel size is a single cone and some fixed number of cones, within some 

fixed zone of uncertainty, are considered regardless of stimulus size.  This scenario 

does not require a priori knowledge of stimulus or location. 

7. Multiple-sized fixed summation units combined independently within a fixed 

attention window – different size detection units, corresponding to different size 
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spatial channels, are spatially overlapping and monitored in parallel (the response 

distributions of the different size channels are not independent). Spatial uncertainty in 

this scenario is zero for stimuli larger than the attention window, and is inversely 

related to the size of the detecting unit for stimuli smaller than the attention window. 

This is an advantageous strategy if stimulus size and location are not known. Because 

the response distributions of the different size units are not independent, there is no 

simple analytic model of this strategy. This summation strategy and the Monte-Carlo 

model of this strategy are described in detail in section C.3 below.  

 

 

C.2.5. Behavior of spatial summation models with realistic parameter ranges 

The following spatial summation strategies were evaluated over a range of parameter 

values:  6-110 dark noise events per cone per temporal integration window, 1% to 30% 

false positive rates. The 1% and 30% false positive rates correspond loosely to subjects’ 

performance on ‘yes-no’ and two-alternative, forced-choice tasks (see Chapter 2, Results 

section), and the dark noise range corresponds to low and high estimates in foveal cone 

vision (see Chapter 2, Discussion section). Table C.1 below lists area-threshold curve 

slopes for each simulated strategy, and whether or not each strategy is contingent on 

expected stimulus size. 

1. Stimulus-matched spatial summation without uncertainty - as expected, threshold 

increases as the square root of the stimulus area when spatial summation occurs 

over the extent of the stimulus, and there is no uncertainty as to where or when 

the stimulus occurred (Piper’s law is upheld and area-threshold curve slope = 0.5 
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on log-log plot). Here M = K = 1, the size of the spatial summation unit increases 

with the stimulus, and the amount of noise summed with the stimulus increases in 

proportion to stimulus area. This relationship holds true regardless of the false 

positive rate at which the model data are analyzed.  

2. Stimulus-matched spatial summation within fixed zone of spatial attention -

threshold increases as less than the square root of the stimulus area when spatial 

summation occurs over the exact spatial extent of the stimulus, but there is 

uncertainty as to exactly where the stimulus will occur. The subject has a fixed 

size attention window, and within this window the amount of spatial uncertainty 

varies inversely with stimulus area. The area-threshold curve slope was found to 

depend on the amount of noise per unit and the false positive rate assumed 

(shallower slopes with decreasing noise and increasing false positive rate). Within 

the ranges provided changing the amount of noise generally changed the slope by 

less than 5%, but changing the false positive rate changed the slope by up to 

~30%. Slopes ranged from ~0.25 assuming low noise and high false positive rate, 

to ~0.4 assuming high noise and low false positive rate (compared to a slope 0.5 

with optimal summation and no uncertainty). Figure C.2 shows that for small 

stimuli there is a large difference in detection threshold in the stimulus-matched 

summation strategy between when uncertainty is or is not present (up to 0.3 log 

units in this example with a spatial zone of uncertainty 100 times larger than the 

smallest unit). Increasing the size of the fixed zone of spatial uncertainty from 100 

to 1000 times the size of the smallest unit increases uncertainty uniformly for 

each summation unit. For example, for summation units of relative size 1, 4, 20, 
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and 100 with relative spatial uncertainties equal to 100, 25, 5, and 1, increasing 

the size of the zone of spatial uncertainty increases uncertainty in each unit by the 

same amount; where a ten-fold increase in zone of spatial uncertainty leads to 

relative uncertainties of these same units of 1000, 250, 50 and 10. In this case the 

slope of the area-threshold curve steepens slightly at a 5% false positive rate and, 

because of the nonlinear relationship between uncertainty, threshold and false 

positive rate (see Figure C.1), the steepening is greater when thresholds are 

estimated at higher false positive rates. It is worth pointing out that modeling 

suggests that this slight steepening with increased spatial uncertainty was the rule 

for each of the summation strategies described below incorporating spatial 

uncertainty, and likely reflects the tendency for the impact of uncertainty on 

threshold to increase somewhat more slowly than the relationship between 

uncertainty and stimulus size. 
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Figure C.2. Comparison of stimulus matched spatial summation when both size and location of the stimulus 
are known exactly (black) and when size is known excactly, but not location (spatial uncertainty, grey). In the 
latter case the zone of spatial uncertainty is fixed at 22' diameter, so that the amount of uncertainty 
increases in proportion to inverse stimulus area for smaller stimuli. The sizes marked 1, and 2 refer to 0.5' 
(single cone), and 22' diameter. False positive rate and cone noise were the same in each modeled scenario 
(5%, and 10 noise events per cone per temporal integration window). 

 

3. Fixed-size summation area without uncertainty-  

a. As expected, when the stimulus is smaller than the fixed summation area 

threshold is constant and the area-threshold curve slope is zero.  

b. When the stimulus is larger than the fixed summation area independent 

combination across summation units occurs over the extent of the stimulus 

(M = K ≥ 1, as M and K increase proportionally with stimulus size). In 

this case both the size and location of the stimulus are known and only the 

relevant detection units are used. The area-threshold curve slope was 

found to depend on the amount of noise per channel and the false positive 

rate assumed in the manner described above. Slopes ranged from ~0.7 
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assuming low noise and high false positive rate to ~0.9 assuming high 

noise and low false positive rate. Here, for the area-threshold curve slope 

to become 1 (threshold proportional to stimulus area) the amount of noise 

contributing to detection must be constant and independent of stimulus 

size. This is not the case when the number of channels monitored 

increases with the stimulus area. Figure C.3A shows that for stimuli larger 

than the fixed-size summation area detection threshold approaches 

optimal, stimulus matched behavior at the size of the fixed summation 

area (green dashed), but is much higher for larger stimuli.  

4. Fixed-size summation area with larger, fixed zone of spatial attention –  

a. As expected, when the stimulus is smaller than the fixed summation area 

threshold and the amount of spatial uncertainty are constant and the area-

threshold slope is zero.  

b. When the stimulus is larger than the fixed summation area, but smaller 

than the zone of attention, independent combination across summation 

units occurs over the zone of attention. The number of stimulus relevant 

channels increases (K→M) and the number of stimulus irrelevant channels 

decreases to zero as the stimulus approaches the size of the attention 

window. The area-threshold curve slope was found to depend on the 

amount of noise and the false positive rate assumed in the manner 

described above. Slopes ranged from ~0.6 assuming low noise and high 

false positive rate to ~0.8 assuming high noise and low false positive rate. 

Figure C.3A shows that for stimuli smaller than the zone of attention and 
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larger than the fixed-size summation area detection thresholds for smaller 

stimuli are comparable to the stimulus-matched strategy with uncertainty, 

although much higher than the stimulus-matched strategy with or without 

uncertainty for larger stimuli (blue dashed). 

c. As expected, when the stimulus is larger than both the fixed summation 

area and attention window (and information outside of the attention 

window cannot be used, and the amount of noise contributing to detection 

remains constant) threshold increases in proportion to stimulus area (area-

threshold curve slope equals 1).  

d. On the other hand it is possible that for stimuli larger than both the fixed 

summation area and attention window only relevant units are used, which 

is contingent on knowing stimulus size (i.e. scenario 3 above, slope ~0.7-

0.9). 

5. Independent cone detection without uncertainty – a specific case of strategy 3 

with similar slopes and dependence on assumed noise and false positive rate. 

Figure C.3B compares detection thresholds with stimulus-matched strategies to 

independent cone contributions to detection without uncertainty (green dot-

dashed). 

6. Independent cone detection with fixed zone of spatial attention – a specific case 

of strategy 4 with the same slopes and dependence on assumed noise and false 

positive rate. Figure C.3B compares detection thresholds with stimulus-matched 

strategies to independent cone contributions to detection within a larger zone of 



277 
 

attention (spatial uncertainty inversely proportional to stimulus area, blue dot-

dashed). 

 

 

Figure C.3. Comparison of stimulus-matched spatial summation to fixed-size spatial summation units 
combined independently. A) Optimal, stimulus-matched summation with (grey) and without (black) 
uncertainty versus independent detection units without uncertainty (only relevant channels used, green 
dashed) and independent units with uncertainty (inversely proportional to area and zero at log stimulus area 
2, blue dashed). In this case the smallest independent unit is 2' diameter. B) Optimal, stimulus-matched 
summation with and without uncertainty versus independent cones without uncertainty (only relevant cones 
used, green dot-dashed) and independent cones with uncertainty (inversely proportional to area and zero at 
22' diameter, blue dot-dashed). The sizes marked 1, 2, and 3 refer to 0.5' (single cone), 2', and 22' diameter. 
False positive rate and cone noise were the same in each modeled scenario (5%, and 10 noise events per 
cone per temporal integration window).  
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7. Multiple-sized fixed summation units combined independently – when performed 

optimally (intrinsic noise of each unit is linearly related to its size, and the 

criterion for detection is similar across units) the area-threshold slope was found 

to depend on the amount of dark noise and false positive rate assumed (shallower 

for less noise and higher false positive rate). Slopes ranged from ~0.3 assuming 

low noise and high false positive rate to ~0.4 assuming high noise and low false 

positive rate. As this strategy was modeled with a Monte Carlo model, both the 

strategy and the model are discussed in detail in the next section. Figure C.4 

shows when combining independently (in an optimal manner) across multiple-

sized summation units detection thresholds are almost indistinguishable from 

thresholds given a stimulus-matched summation strategy in the face of spatial 

uncertainty (red dashed line, modeled at 5% false positive rate and a maximum 

spatial uncertainty of 100). This was found to hold true with a higher false 

positive rate (30%) and a higher maximum spatial uncertainty (M/K = 4000).  
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Figure C.4. Comparison of stimulus-matched spatial summation to multiple-sized detection units. A) Optimal, 
stimulus-matched summation with (black) and without (grey) uncertainty versus multiple-sized summation 
units combined independently (red dashed). The sizes marked 1, 2, and 3 refer to 0.5' (single cone), 2', and 
22' diameter. False positive rate and cone noise were the same in each modeled scenario (5%, and 10 
noise events per cone per temporal integration window), and as in Figure C.2 above. The fact that the red 
dashed and grey lines are not parallel is presumably because of the greater chance of a larger unit detecting 
a smaller stimulus than a small unit detecting a large stimulus. 
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Detection Strategy Contingent on 
expected stimulus 

size? 

Expected slope 

8. Stimulus-matched spatial summation 
without uncertainty 

Yes 0.5 

9. Stimulus-matched spatial summation 
with fixed zone of spatial uncertainty 

Yes 0.25 to 0.4 

10. Fixed-size summation area without 
uncertainty 

Yes† 0* 
0.7 to 0.9** 

11. Fixed-size summation area with fixed 
zone of spatial uncertainty 

No 0* 
0.6 to 0.8** 

1*** 

12. Independent cone detection without 
uncertainty 

Yes 0.7 to 0.9** 

13. Independent cone detection with fixed 
zone of spatial uncertainty 

No 0* 
0.6 to 0.8** 

1*** 

14. Multiple-sized summation units No 0* 
0.3 to 0.4 

0.7 to 1*** 
Table C.1. List of detection strategies modeled, arbitrarily numbered 1 to 7 to correspond to the outline in 
section C.2.5. The middle column reports whether or not detection in each strategy is contingent on knowing 
and using expected stimulus size, and the rightmost column reports expected slope estimated from 
analytical modeling (strategies 1-6) or Monte Carlo modeling (strategy 7) as described in detail in Appendix 
C). * Refers to stimuli smaller than the fixed-size summation area or smallest of the multiple-sized units, ** 
refers to stimuli larger than the fixed-size summation area (strategies 3-6) but smaller than the zone of 
uncertainty (strategies 4 and 6), and *** refers to stimuli larger than the fixed-sized summation area and 
zone of uncertainty or largest of the multiple-sized units. † Whether or not strategy 3 is contingent on 
expected stimulus size depends on whether stimulus information outside of the fixed summation area is 
used or not.  

 

C.2.6. General observations on the optimality of summation models 

Figures C.2-C.4 and Table C.1 above show the relative performance of the various 

summation models considered. From the performance of each of the models described we 

can make some general observations about the overall and conditional optimality of the 

models: 
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1. The best or most optimal strategy is stimulus-matched summation, where this 

remains true whether or not there is uncertainty present (Figures C.2-C.4). This 

strategy also out performs one in which the summation area is increased to the 

size of the zone of uncertainty.  

2. Fixed size summation does worse than stimulus matched summation, except when 

the stimulus size matches the fixed area of summation (Figure C.3A).  

3. Independent cone contributions to detection (i.e. the smallest fixed-size 

summation area) does even worse than larger fixed-size summation unless the 

stimuli are the same size or smaller than individual cones, which remains true 

whether or not uncertainty is present (Figure C.3B). 

4. As can be seen, the optimal spatial summation strategies require knowledge and 

use of stimulus size. However, independent combination across multiple-sized 

units has some of the advantages of stimulus-matched pooling without knowledge 

of stimulus size and the need to flexibly alter the size of the summation area 

(Figure C.4). In fact, when Lombrozo, Judson and MacLeod (2005) describe 

flexible spatial averaging in contrast perception they posit multiple-sized 

receptive fields as a possible mechanism. 

 

C.2.7 Validation of analytic model 

1. Independent verification of results in separate program – the validity of the results 

in the analytic model run in Matlab was assessed by also independently running 

some scenarios using equations C.2.1 to C.2.3 in Excel (2010), where the 

poisson.dist function was used to generate Poisson cumulative distribution 
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functions. For example, using noise events per channel of 5 and 100, and 

uncertainty parameters M = K = 1, M = 10 and K = 1, and M = 30 and K = 3 

(where M equals total channels monitored and K equals relevant channels, and 

values were arbitrarily chosen to simulate different amounts of uncertainty, M/K) 

no difference was found between Matlab and Excel results. 

2. Evaluation of frequency of seeing curves (percent seen as a function of stimulus 

photons) – care was taken to evaluate simulated frequency of seeing data at non-

asymptotic values (i.e. between 1 and 99% seen) to avoid spurious output. 

 

C.3. Monte-Carlo model of detection: Multiple-sized summation units 

It is physiologically plausible that some number of different size summation units are 

monitored and combine independently for detection. For example, given the existence of 

the magno- and parvocellular pathways in cone vision (Polyak, 1941; Rodieck, 

Binmoeller, & Dineen, 1985; Curcio & Allen, 1990; Kolb, Linberg, & Fisher, 1992), it is 

possible that both contribute to detection of luminance increments. Further, if detection of 

simple luminance increments at absolute threshold draws on some of the same 

mechanisms as contrast detection for aperiodic and grating stimuli, then it is possible that 

four or more spatial channels contribute to detection (Bergen, Wilson & Cowan, 1979; 

Wilson & Bergen, 1979).  This type of detection strategy is advantageous when stimulus 

size is not known, and if implemented optimally it can perform nearly as well as 

strategies with summation matched to stimulus size given spatial uncertainty (see Figure 

C.4). 
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The channels of a multiple channel detection mechanism are expected to be spatially 

overlapping, that is drawing from some of the same photoreceptor responses. This 

interdependence cannot be modeled analytically, but can be modeled assuming a binning 

mechanism. Here we describe a model where the responses are binned iteratively as a 

function of unit size (from smallest to largest bin or unit) using Matlab’s accumarray 

function. For example, if the relative unit sizes to be modeled are 1, 4, 20, and 100, then 

binning occurs iteratively with 100 bins of 1 unit response, 25 bins of 4 unit responses, 5 

bins of 20 unit responses, and 1 bin of 100 unit responses. This is a simple example of 

binning where the bin sizes of each larger unit are integer multiples of the smaller units. 

Using Matlab’s modulus function (mod) it was possible to expand this simple model, 

including unit sizes that were not necessarily integer multiples of each other.  

In the multiple channel model the number of stimulus relevant and irrelevant 

channels of a given size depends on the relationship between the size of that unit and the 

size of the stimulus and zone of spatial uncertainty (M ≥ K ≥ 1 for any given unit size). 

Table C.2 provides an example of the relationship between unit size, stimulus size, and 

spatial uncertainty for a case where there are four arbitrarily chosen unit sizes (1, 4, 20, 

and 100), the stimulus matches the next to smallest unit size (4), and the zone of spatial 

uncertainty is fixed and equal to the largest unit size (100). Because the response 

distributions of the different size units are not independent and there is no simple analytic 

model of this strategy, a binning mechanism based Monte-Carlo model of this detection 

strategy is described in Sections C.3.1 and C.3.2 below. 
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Relative unit size 

(arbitrarily chosen) 

Total number of 

channels (M) 

Number of relevant 

channels (K) 

Relative spatial 

uncertainty (M/K) 

1 100 4 25 

4 25 1 25 

20 5 1 5 

100 1 1 1 
Table C.2. Multiple-sized fixed summation units (1, 4, 20, and 100). Example of the relationship between 
summation unit size, stimulus size and spatial uncertainty when the stimulus has a fixed size of 4 units and 
the zone of spatial uncertainty a fixed size of 100 units. Note that in a fixed zone of spatial uncertainty the 
relative amount of spatial uncertainty is inversely proportional to stimulus size (rightmost column).  

 

C.3.1. Monte Carlo model parameters:  Multiple-sized summation units 

Ncone – the dark noise per cone, n, in units of isomerizations. 

Nconesum – the number of cones pooled in the smallest summation unit. 

Stimsizeunits – stimulus size in terms of the smallest summation unit, where the stimulus 

size is a multiple of the smallest unit.  

Nunitsum – a vector of relative summation unit sizes to be modeled (1, 4, 20, and 100 in 

the example above). 

SpatialUncertCones – spatial zone of uncertainty in terms of the number of cones in 

integer multiples of the number of cones in the smallest summation unit. For example, if 

the smallest summation unit encompasses 30 cones, then the next unit size (4) will 

encompass four times as many cones (120). If the zone of spatial uncertainty is 100 times 

larger than the smallest summation unit, then the zone of spatial uncertainty will 

encompass 100 times as many cones (3000 in this example). Note that the population of 

cones in the larger unit includes those cones encompassed by the smaller unit. 

Criteria – the criteria for seeing, C, at a given criterion level (false positive rate) in units 

of photons. Here criterion is expressed as the criterion number of signal or noise events 
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per cone necessary for detection, determined by dividing the criterion for seeing of a unit 

by the number of cones per unit. 

M – total number of the smallest channels (stimulus relevant and stimulus irrelevant) 

before binning. As the binning mechanism model iterates through each summation unit 

size this number changes accordingly (see Table C.2 for an example). 

K – total number of stimulus relevant channels (channels encompassed by the stimulus) 

before binning. As the binning mechanism model iterates through each summation unit 

size this number changes accordingly (see Table C.2 for an example). 

Nav – vector of average stimulus intensities, s, in units of total stimulus photons at the 

cornea, chosen to span the psychometric function for channel sizes after binning.   

trialsperIntensity – the number of trial iterations at each intensity value.  

 

C.3.2. Monte Carlo model outline: Multiple-sized summation units 

1. For each trial and stimulus intensity, cone dark noise and signal events are summed 

(stimulus relevant channel). A Poisson random number of signal and noise events is 

generated for each stimulus relevant channel assuming the original sum of events as 

the mean. 

2. If uncertainty is present, (stimulus irrelevant channels present) a Poisson number of 

noise events is independently generated for each irrelevant channel assuming Ncone 

(dark noise per cone) times the number of cones in the channel as mean noise. 

3. Binning of channel responses for each summation unit size occurs as described 

above. 
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4. The total number of signal and noise events in each summation unit and at each 

intensity is compared to the criterion for detection, where setting the criterion for 

detection in the multiple channel model is described in the next section below. On 

any given trial the stimulus is seen if the response of any unit (stimulus relevant or 

irrelevant) exceeds the criterion for detection, i.e. independent combination across 

units where detection is governed by a max operator as described in Section C.1 (Eq. 

C.1.2).   

5.  The ratio of the number of trials at each intensity exceeding criterion in at least one 

unit to the total number of trials at each intensity determines the intensity specific 

probability of seeing. 

6. Probabilities of seeing are corrected for nonzero false positive rates (‘seeing’ on blank 

trials) according to Equation C.2.4. 

7. After correcting for nonzero false positive rates the frequency of seeing data are fit 

with a Weibull function using a nonlinear least squares method (nlinfit function in 

Matlab), providing estimates of the threshold at 50% seeing and the slope of the 

psychometric function (local slope at 50% seeing). The 95% confidence intervals for 

threshold and slope are also estimated using the nlparci function in Matlab. 

 

C.3.3. Validation of the multiple-sized summation unit model and investigation of 

model behavior with realistic parameter ranges 

The following scenarios were evaluated over a range of parameter values: 6-110 

quantum noise events per cone, and ~1% to 30% false positive rate. When modeling 

multiple-sized summation units combining independently, the detection criterion for each 
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of the individual units were matched as nearly as possible (e.g. criteria producing false 

positive rates of ~1%) before the responses of all units were allowed to combine for 

detection. This was assumed to be a reasonable strategy as no systematic tendency for 

criterion to depend on stimulus size was evident in the data. The final false positive rate 

in the full model was higher than each of the individual false positive rates (e.g. final 

false positive rate ~5-7% in this case, which corresponds to the analysis of the subjects’ 

data at the 5% false positive rate).  

1. Comparison of the Monte Carlo model to the analytic model - performance in the 

Monte Carlo model was compared to the analytic model in the case of only one 

unit contributing to detection. As expected, when evaluated at the same false 

positive rate (5%) and the same amount of noise per channel the slope of the area-

threshold curves and the detection thresholds were effectively the same in the 

stimulus-matched summation conditions and the fixed-size summation unit 

conditions, with and without spatial uncertainty (Figure C.5). These scenarios 

were chosen to compare across models for both stimulus-matched and fixed 

summation, and for the presence and absence of uncertainty. 
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Figure C.5. Comparison of performance between analytic model and multiple-sized unit Monte Carlo model 
when the latter is constrained to only one active unit. When the same stimulus sizes, noise per cone (10) 
and false positive rates (~5%) are assumed thresholds and area-threshold slopes of the two model types are 
indistinguishably different for stimulus-matched summation scenarios with (grey) and without (black) 
uncertainty, and fixed-size summation with (blue) and without (green) uncertainty. Lines (solid for stimulus-
matched scenarios and dashed for fixed summation units) correspond to analytical models and data points 
to Monte Carlo models. Fixed-size summation area in these test cases is log stimulus area equals zero, and 
the area of the fixed zone of uncertainty is a relative diameter of 11 (corresponding to ~22' diameter in 
figures C.2 to C.4 above). Here, stimuli are equal to or larger than the fixed-size summation area (relative 
diameter of 1, or ~2' diameter). 

 

2. Evaluation of the binning procedure – as the binning procedure sets this model 

apart from the analytic model, binned output of channel responses was evaluated 

to verify performance. Table C.3 illustrates binning across summation units of 

three (arbitrary) relative sizes (1, 2, and 6) for one trial at each of 5 intensities 

(including blanks – Intensity 1). In this example the stimulus is the size of one 

small unit. There is, therefore, one small stimulus relevant unit and 5 small 

stimulus irrelevant units, 1 medium stimulus relevant unit and 2 medium stimulus 
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irrelevant units, and 1 large stimulus relevant unit. Uncertainty then equals 6, 3, 

and 1 for the small, medium and large unit sizes. Note that row 1 in the bin of 2 is 

the sum of rows 1 and 2 in the bin of 1, row 2 in the bin of 2 is the sum of rows 3 

and 4 in the bin of 1, etc. In this way binning in more realistic simulations can be 

evaluated given the stimulus size and the expected number of stimulus relevant 

and stimulus irrelevant channels. 

3. Model behavior with realistic parameter ranges - when detection was modeled as 

independent combination across 4-9 different sized detection units  (4 units were 

stimulus-matched, 3 units were added about equidistant between the 4 stimulus-

matched units (7 units total), and two more units were roughly equally smaller or 

larger than the smallest and largest of the 4 stimulus-matched units (9 units total)) 

the slope of the area-threshold curve was found to be impacted by the false 

positive rate and amount of noise per cone assumed (shallower slopes with higher 

false positive rates and less noise). For example, slopes ranged from ~0.3 

assuming low noise and high false positive rate, to ~0.4 assuming high noise and 

low false positive rate (see Table C.1 above). Assuming the same false positive 

rate (~10%), maximum spatial uncertainty (M/K = 100), and noise events per 

cone per temporal integration window (6), the difference in slopes given 4 or 9 

different sized units was negligible. Thresholds were ~0.03 log units higher for 4 

active units than for 9 (including a 2-3% increase in false positive rate when the 

number of units was increased from 4 to 9). Finally, when only two or three units 

were active models suggest that area-threshold curve is not necessarily 

monotonically linear, and the shape (including any segment slopes) depends 
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strongly on the size of the units relative to the stimulus sizes and how 

symmetrically the units sample the different stimulus sizes. Models also show that 

the area-threshold curve flattens for stimuli the same size as and smaller than the 

smallest of the multiple-sized units, suggesting that if psychophysical data do not 

show a flattening for smaller stimuli there should be a summation unit at least as 

small as the smallest stimulus. 

 

 

 Intensity 1 Intensity 2 Intensity 3 Intensity 4 Intensity 5 

Bin of 1 16 45 73 99 143 

Bin of 1 22 11 15 21 18 

Bin of 1 26 17 15 17 23 

Bin of 1 20 21 14 18 27 

Bin of 1 18 25 11 15 17 

Bin of 1 15 15 17 23 20 

Bin of 2 38 56 88 120 161 

Bin of 2 46 38 29 35 50 

Bin of 2 33 40 28 38 37 

Bin of 6 117 134 145 193 248 
Table C.3. Example of binning across three bin sizes (summation units of sizes 1, 2, and 6), for 5 stimulus 
intensities. In this example the smallest unit sums over 3 cones with an average dark noise of 6 per cone. 
The stimulus is the size of one small unit, thus there is 1 small stimulus relevant and 5 small stimulus 
irrelevant units, 1 medium stimulus relevant and 2 medium stimulus irrelevant units, and 1 large stimulus 
relevant unit, for uncertainties of 6, 3, and 1 for the small, medium and large units; stimulus relevant units 
are in bold type. The values in the first six rows are generated from a Poisson function given the average 
signal plus noise or noise only values per unit and intensity. 

 

C.4. Monte Carlo model of detection: Realistic retinal mosaic parameters 

The variation in spatial sensitivity of the cone mosaic (i.e. the loss of light between 

cones) increases the variability in the number of photons absorbed by the retinal mosaic 

beyond that expected by the quantum nature of light alone. This variability is negligible 

for large stimuli but becomes increasingly more important when stimuli approach the 

scale of the underlying retinal receptors. To accurately model the impact of this 
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variability on detection it is necessary to extend the detection model to include realistic 

photoreceptor locations and cone aperture functions. Because realistic cone mosaic 

parameters cannot be incorporated into an analytic model we use the Monte Carlo 

method. The Monte Carlo model outlined below is based on one described in Hofer, 

Singer and Williams (2005). 

 

C.4.1. Monte Carlo model parameters: Realistic retinal mosaic parameters 

Ncone – the dark noise per cone in units of isomerizations. 

coneAperture – the full width at half maximum of the Gaussian cone aperture function in 

units of cone spacing (0.615 cone spacing; Qi, 1996), where the average cone spacing is 

calculated for each mosaic in advance. 

flashSize – the diameter in arcminutes of the circular spot stimulus. 

gaussBlur – the full width at half maximum in arcminutes of the Gaussian blur function 

convolved with flashSize. For uncorrected aberrations and stimuli viewed through a 2 

mm artificial pupil the full width at half maximum of the author’s point spread function 

(~1′) was used as an estimate of blur. The full width at half maximum of the Gaussian-

blur function after correction for aberrations (~0.4′) was estimated from real residual 

aberration data from 5 subjects calculated over a 6 mm pupil after closed-loop adaptive 

optics correction. More specifically, the aberrations corrected Gaussian blur function for 

each subject was estimated in two ways: the average of Zernike coefficients through the 

10
th

 radial order for 8-15 sets of residual Zernike coefficients (expected to underestimate 

the extent of the blur function), and the time averaged point spread function for 8-15 

aberration corrected point spread functions (expected to overestimate the extent of the 
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Gaussian blur function). The average of these two methods was taken for each subject 

and averaged across subjects.  

sumRadius – the radius of the summation area in units of arcminutes. 

arcminperPixel – the scale factor for the retinal mosaic and stimulus in units of 

arcminutes per pixel, used to convert arcminute dimensions to pixel dimensions, where 

the scale factor used assumed average foveal cone spacing of 0.5 arcminutes. 

locations – the number of random stimulus locations sampled on the retinal mosaic. 

hits – the number of stimulus trials at each location. 

totalnumHits – the total number of trials at each stimulus intensity (locations*hits). 

stimulusPhotons – vector of 4-6 stimulus intensities in units of photons at the retina, 

where intensities were chosen to sample the psychometric function between 0 and 100% 

relatively evenly. 

Criteria – the criteria for seeing per cone, i.e. criteria per summation unit was divided by 

the average number of cones per summation unit. 

Uncertainty – the amount of uncertainty (M/K), where M is the total number of channels 

monitored (stimulus relevant and irrelevant) and K is the number of relevant channels. 

RChannels – the number of stimulus relevant channels monitored (K). Where K > 1 

modeling assumed that the stimulus area was an integer multiple of the summation unit 

area. The number of cones per additional relevant channel is determined by using the 

cone locations file to take an average over each stimulus location of the number of cones 

per summation area.  

TChannels – the total number of channels monitored (RChannels*Uncertainty, K*M/K). 
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IChannels – the number of stimulus irrelevant channels monitored (TChannels-

RChannels, or M-K). When IChannels is greater than zero the subject is assumed to 

monitor for detection an area larger than the stimulus, and responses from different 

irrelevant channels combine independently (max operator). Where (M-K) > 0 modeling 

assumed that the area of spatial uncertainty was an integer multiple of the summation unit 

area. The number of cones per irrelevant channel is determined by using the cone 

locations file to take an average over each stimulus location of the number of cones per 

summation area. 

 

C.4.2. Monte Carlo model outline: Realistic retinal mosaic parameters 

1. A cone mosaic file containing realistic cone locations is located (x and y coordinates 

and labels for long, middle or short wavelength sensitive cone types in three columns 

– x coordinate, y coordinate, and label, respectively).   

2. Locations for presenting the retinal stimulus within this range are chosen randomly 

beforehand and stored in an array (xylocFile), taking care that the edge of the 

stimulus does not exceed the bounds of the mosaic (buffer). The size of the buffer is 

set in advance after assessment of stimulus dimensions in pixels. 

3. The spot stimulus is generated by converting between arcminutes and pixels and 

creating a uniform disc with a diameter specified by the size of the stimulus 

(flashSize). 

4. The retinal stimulus is generated by convolving the spot stimulus with the Gaussian 

equivalent (gaussBlur) of the author’s point spread function for a 2 mm pupil (~1′ full 

width half maximum, conventional optics viewing with uncorrected aberrations), or 
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with the Gaussian equivalent of the adaptive optics corrected point spread function 

for a 6 mm pupil (~0.4′ on average for five subjects).  

5. The retinal stimulus is convolved with the Gaussian cone aperture function to 

generate a matrix of the effective light distribution (photoncatchArray).  For each 

stimulus ‘trial’ the x and y locations for stimulus sampling is specified in columns 1 

and 2 of the pregenerated random locations file (xylocFile). On each trial the photon 

catch array is centered at the stimulus location, and the photon catch of each cone 

encompassed by the stimulus is determined relative to their radial distance from the 

center of this array. 

6. For each stimulus trial location, the location and number of cones encompassed by 

the stimulus is determined by counting and including all cones whose centers lie 

within the stimulus radius distance from the center of the stimulus. For very tiny 

stimuli this means zero cones on some trials. For uniform spot stimuli radius refers to 

full radius. For Gaussian stimuli additional simulations showed that detection 

threshold was minimized when summing over ~90% of the area under the curve (i.e. 

Gaussian sigma ≈ 1.65), and this was subsequently incorporated into the model.  

7. For each stimulus trial location, the number of cones encompassed by the summation 

area (when different from the stimulus area) is determined by counting and including 

all cones whose centers lie within the summation area’s radius distance from the 

center of the summation area (i.e. summation area centered on stimulus location). As 

above, this means that for very tiny summation areas there were zero cones on some 

trials. 
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8. For each cone encompassed by the stimulus (or summation area if larger than the 

stimulus), and for each designated stimulus intensity, cone dark noise and effective 

photon absorption are summed. A Poisson random number of signal and noise events 

for that cone is generated assuming the original sum of events as the mean. 

9. When the zone of uncertainty and/or the stimulus is larger than an individual 

summation unit, the number of cones encompassed by the summation unit, averaged 

across trials, is used to determine the amount of noise in each additional stimulus 

relevant or irrelevant unit (as discussed with the definition of the stimulus relevant 

(RChannels) and stimulus irrelevant (IChannels) channels above). A Poisson random 

number of signal and noise events is generated for each channel. 

10. Responses from each cone on each trial are stored in a matrix that is used to track 

individual cone responses exceeding detection criterion (independent cones) or for 

summing over cone responses and determining frequencies of seeing at each 

intensity, and subsequent thresholds, as follows:   

a. Assuming independent cone contributions to detection there is no summation 

across cones, and detection on any trial occurs if the number of signal and/or 

noise events in any cone exceeds criterion. 

b. Assuming summation over the size of the stimulus, or the specified 

summation area if different from the stimulus area, signal and noise events are 

summed and detection on any trial occurs if this sum exceeds criterion.  

11. When additional stimulus relevant channels (stimulus larger than summation area) or 

irrelevant channels (stimulus smaller than zone of spatial uncertainty) are present, 
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channel responses are combined independently (max operator). In this case the 

frequency of seeing is also dependent on the number of additional channels present. 

12. After correcting for nonzero false positive rates (Equation C.2.4) the frequency of 

seeing data are fit with a Weibull function using a nonlinear least squares method 

(nlinfit function in Matlab), providing estimates of the threshold at 50% seeing and 

the slope of the psychometric function (local slope at 50% seeing). The 95% 

confidence intervals for threshold and slope are also estimated using the nlparci 

function in Matlab. 

 

C.4.3. Validation of the Monte Carlo detection model with realistic retinal mosaic 

parameters by comparing detection of stimuli large enough to not be impacted by the 

granularity of the retinal mosaic to detection in the simple analytic detection model 

1. Comparison to expected behavior assuming stimulus-matched summation - as 

expected, with realistic cone locations and cone aperture functions incorporated 

into the detection model threshold was found to increase as about the square root 

of the stimulus area when summation occurred over the extent of the stimulus 

(Piper’s law; see Figure C.6). Here again, the extent of the stimulus is defined as 

the full diameter for uniform stimuli or ~90% of the area under the curve of 

Gaussian stimuli.  Because there is more variability in area-threshold slope in the 

Monte Carlo model than in the simple analytic detection model, thresholds 

reported in Figure C.6 are average of 5 runs.  Assuming the same number of 

cones per stimulus, the same noise per cone and analyzing at the same false 

positive rate (5%) the thresholds and slope of the area-threshold curve are 
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effectively the same. In this test case stimuli were large enough (between 2'and 8' 

in diameter) that the impact of the retinal mosaic was not dependent on stimulus 

size, the false positive rate was ~5%, and the number of noise events per cone per 

temporal integration window was 10. 

 

Figure C.6. Comparison of stimulus-matched spatial summation performance between the analytic model 
(black line) and the Monte Carlo model with realistic retinal mosaic parameters (red circles). Modeling in 
both cases was performed at the same quantum efficiency (corneal photons reaching the retina, noise per 
cone (10) and false positive rate (5%). Thresholds determined with the Monte Carlo model are averaged 
over 5 runs per stimulus size, with error bars no larger than the data points. 

 

2. Comparison to expected behavior assuming detection of stimuli smaller than a 

fixed summation area - as expected, for stimuli smaller than a fixed summation 

area threshold was not dependent on stimulus size (Ricco’s law) and the area 

threshold curve had a slope of zero. In this test case stimuli were large enough 

(between 2'and 8' in diameter) that detection was not significantly impacted by the 
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granularity of the retinal mosaic, the false positive rate was ~5%, and the number 

of noise events per cone per temporal integration window was 10. 

3. Detection of a stimulus of fixed size without uncertainty (M = K ≥ 1, M/K = 1) 

was noise limited, and the change in threshold as a function of false positive rate 

was as predicted by the analytical model of detection with no uncertainty (log 

uncertainty equals zero in Figure C.7 below). In this test case stimuli were large 

enough (between 2'and 8' in diameter) that detection was not significantly 

impacted by the granularity of the retinal mosaic, the false positive rate was ~5%, 

and the number of noise events per cone per temporal integration window was 10. 

4. For detection of a stimulus of fixed size with uncertainty (M > K, M/K > 1) the 

change in threshold as a function of false positive rate was as predicted by the 

analytical model of detection (see Figure C.1 above); verified at uncertainties of 

1, 10, 100, and 1000 (see Figure C.7 below). 
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Figure C.7. Comparison of Monte Carlo simulations with realistic retinal mosaic parameters to analytic 
simulations assuming 4 levels of uncertainty (1 = 10

0
, blue; 10 = 10

1
, green; 100 = 10

2
, yellow; and 1000 = 

10
3
, red). Solid curves equal the analytically derived models of uncertainty based on equations C.2.1 to 

C.2.3. 

 

C.4.4. Validation of the Monte Carlo detection model (Case 2) for detection of tiny 

stimuli approaching or smaller than individual cones 

1. Detection of tiny stimuli was initially evaluated at a range of Gaussian cone 

aperture function sizes with full width at half maximum of 0.4 to 0.7 cone 

spacing. Simulations revealed that the rate of increase in the standard deviation of 

the number of photons absorbed was very similar within this range (see Figure 

C.8), suggesting a similar impact on detection thresholds for smaller stimuli. A 

Gaussian cone aperture function with full width at half maximum of 0.615 (Qi, 

1996) was used in the following scenarios.  
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2. The results of these simulations (Figure C.8) indicate that as long as the retinal 

stimulus has a full width at half height greater than ~2 cone diameters the 

variance in the number of photons absorbed will be essentially the same as 

expected from a purely Poisson process. In chapter 2 we used a foveal cone 

stimulus with a full width at half height of ~1ꞌ on the retina (~2ꞌ full width), this is 

2-3 foveal cone diameters and large enough that the effects of discrete sampling 

and spatial sensitivity variation in the cone mosaic can be safely ignored.  These 

simulations demonstrated that the use of Equation C.2.2 remains valid at the 

spatial scale of our conventional optics stimuli viewed through a 2 mm pupil. 

 

 

Figure C.8. Standard deviation of photons absorbed (no detection model assumed) for Gaussian spot stimuli 
as a function of size. As the full width at half maximum of Gaussian spot stimuli approaches and becomes 
smaller than ~1 unit of cone spacing the standard deviation of the number of photons absorbed begins to 
increase exponentially. A) Change in standard deviation of photons absorbed is shown for assumed 
Gaussian cone aperture function full widths at half maximum of 0.4 (blue), 0.5 (green), 0.6 (yellow), and 0.7 
(red) cone spacing. As trial-to-trial variability in stimulus photons was modeled as Poisson, the black arrows 
indicate the square root of the mean photons absorbed for large stimuli for each of the 4 cone aperture 
functions. B) Overlapping the curves for the 0.4 (blue) and 0.7 (red) cone aperture functions reveals 
relatively little difference in the rate of change. 
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3. To reduce the potential for undersampling of stimulus information for stimuli that 

are tiny relative to the simulated retinal mosaic a factor was introduced which 

effectively magnified the retinal mosaic (multiplying x and y cone locations by an 

integer greater than one), while maintaining the same relative scale between 

stimulus and retina (i.e. average cone spacing was kept at 0.5′ with appropriate 

scaling of simulated stimuli). For large stimuli detection thresholds with and 

without magnification of the simulated retina were found to be similar.  

4. The average cone spacing was ~9 pixels without magnification, and a 

magnification factor of 3 was most commonly used. This magnification factor 

allowed for an average cone spacing of ~27 pixels. With average cone spacing 

specified as 0.5′ this magnification factor provided for about 0.019 arcminutes per 

pixel. 
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Appendix D - Further modeling of scenarios impacting photon 

absorption and threshold behavior  

Reprinted from: Koenig DE, Hofer HJ (2011). The absolute threshold of cone vision. 

Journal of Vision, 11(1):21, 1-24. 
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D.1. The impact of accommodative fluctuations 

Fluctuations in accommodation could impact detection behavior if they cause either 

a decrease in the number of photons absorbed or increase in the variability of the number 

of photons absorbed.  We assessed the potential impact of accommodative fluctuations by 

performing Monte Carlo simulations, similar to those described in Appendix C.4 with 

realistically varying estimates of the stimulus profile obtained from wavefront sensor 

measurements. Wavefront sensing over a 6 mm pupil was used to measure short (within 

trial) and long term variability in accommodation and higher order aberrations for two 

subjects (subjects 6724 and 9254, who were 39 and 34 years of age, respectively), under 

conditions similar to those employed during the cone threshold experiment.  The range of 

accommodative change was found to be similar in both subjects. We calculated time-

resolved point spread functions (PSFs) for a 2 mm pupil from the measured wave 

aberrations, and then convolved these PSFs with the known stimulus profile to obtain 

estimates of the retinal stimulus profile and its variation from trial to trial.   

The mean and variance of the number of photons absorbed for 1500 trials that 

included random presentation of the individual retinal stimulus profiles was compared 

with that using the average profile.  The mean number of photons absorbed varied by no 

more than ~0.4%, and the variance was on average only ~2% higher for the individual 

retinal stimulus profiles than with the average profile.  These results suggest that 

fluctuations in accommodation and optical quality during the experiment had a negligible 

impact on the number and variability of photons absorbed across trials. 
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D.2. Cascaded noise, Signal quantization, and Criterion variability 

We also explored whether any of several other alternative explanations could 

account for the limited cone threshold reduction observed in Chapter 2 when our subjects 

used increasingly more lenient response criteria without requiring the additional 

assumption of either nonlinearly responding channels or uncertainty. These included: 

multiple sources of noise acting in series, signal quantization, and uncertainty in the use 

of the subjective response criterion. 

D.2.1. Cascaded noise 

Monte Carlo simulations indicated that the relationship between threshold and the 

false positive rate in a linear system limited only by Poisson noise (as described by 

Equations C.2.2 and C.2.3), remains unchanged even with the addition of multiple, 

cascaded sources of Poisson noise (see Figure D.1), as might be the case if there are 

multiple sources of quantum noise in the visual system relevant to the detection task. This 

is true regardless of the nature of summation across channels. 

D.2.2. Signal quantization 

We also used Monte Carlo simulation to investigate the potential effect of signal 

compression and quantization on threshold behavior, in an otherwise linear system 

limited only by Poisson noise, both alone and in combination with multiple cascaded 

noise sources. This, too, was found not to affect the shape of the theoretical noise-limited 

relationship between detection threshold and the false positive rate, as shown in Figure 

D.1. 
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D.2.3. Criterion uncertainty 

In signal detection theory the signal strength and the strength of the perceptual 

response are assumed to vary randomly, usually in a Poisson fashion.  Generally though, 

the value of the subjective response criterion is assumed to be constant.  In reality it is 

unlikely that the subjective criterion is constant even within trials (Nachmias & Kocher, 

1970; Wickelgren, 1968).  We used Monte Carlo simulation to investigate the impact of 

criterion uncertainty on threshold behavior by allowing the value of C in Equations C.2.2 

and C.2.3 to vary randomly from trial to trial in a Poisson manner. We found that 

criterion uncertainty has no impact on the expected relationship between detection 

threshold and the false positive rate in a Poisson noise-limited system (see Figure D.1).  

 

 

Figure D.1.  Modeling of cascaded noise sources (squares), signal compression and quantization 
(diamonds), and subjective criterion uncertainty (triangles) reveals how they do not change the expected 
behavior for Poisson noise-limited detection processes (control (circles) and solid curve). Error bars are SD 
of log threshold for 5 simulated runs at 300 trials each for each scenario.  
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From these simulations we conclude that none of these factors – multiple sources of 

cascaded noise, signal quantization and compression, or subjective criterion uncertainty - 

can explain the limit on threshold reduction described in detail in Chapter 2. 
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Appendix E – Statistical analysis of non-normally distributed color 

rating data 

Uniform Appearance Diagrams shown in Chapters 3-5, and Appendix B reveal that 

raw color ratings data do not necessarily have unimodal or normal distributions. The raw 

color ratings data often violate the assumption of normality necessary for typical 

statistical analysis of central tendency and dispersion parameters, and testing based on the 

hypothesized differences in these parameters across experimental conditions. Several 

nonparametric methods of statistical analysis are available: compositional data analysis, 

Pearson’s chi-square (χ
2
) analysis, and resampling methods such as permutation testing. 

Although our color ratings data is compositional in nature (i.e. closed data expressible as 

the ratio of component hues, and with a constant sum), two factors limit the applicability 

of compositional data analysis in our case: non-independence and zero components. The 

first factor refers to the fact that the color ratings are not independent of each other (i.e. 

on any given trial the ratio of red (yellow) is inversely related to the ratio of green (blue)), 

given the opponent nature of color vision. In the second case frequent zero components 

are problematic for the typical logratio analysis of compositional data. Further insight 

might reveal compositional data analysis to be viable, where consultation was sought 

through University of Houston’s Texas Institute for Measurement, Evaluation, and 

Statistics department and could be continued as needed. Chi-square analysis is generally 

applicable to our categorical data, however interpretation of the results for more than just 

two categories is not always straightforward. In Chapter 4 we used chi-square analysis to 

investigate specifically whether differences in the distribution of color ratings across the 
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five hue categories existed between when the wavefront beacon was present or absent 

during color naming. This analysis provides insight into the distribution of ratings across 

categories regardless of the ratings magnitudes or means. Compositional data analysis 

may also still be a viable option in our case, but it remains relatively complex method of 

analysis. To compare whether mean ratings are similar across conditions we have found 

permutation testing (a distribution free resampling method) to be a relatively simple and 

reliable method, and describe here how it has been applied in our case. 

In our permutation tests we are testing the null hypothesis, H0, that changing the 

experimental conditions (color of fixation target, etc.) or stimulus characteristics (e.g. 

size) has no effect on the distribution of the color ratings. Based on the null hypothesis 

we assume that the raw color ratings taken under the conditions to be compared come 

from the same distribution. To test our null hypothesis we randomly reassign color 

ratings between the groups of ratings in the two conditions to be compared (see Good, 

2006; Hesterberg, Moore, Monaghan, Clipson, & Epstein, 2007) without changing any of 

the measured ratings. That is, for groups A and B with sample sizes nA and nB, the 

ratings of both groups are combined and then randomly divvied into two new groups of 

size nA and nB. If group AB is the combination of groups A and B, and the groups are 

relatively small, an exact permutation test can be performed by running all permutations 

of A (or B) chosen without replacement from AB. If the groups are large (i.e. a large 

number of possible permutations), then the number of permutations can be capped, where 

the number of permutations determines the significance level at which the null hypothesis 

can be reliably tested. 
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One of the parameters for our color ratings that we would like to test is the mean, 

with the null hypothesis that there is no significant difference between the means in the 

different conditions. In each iteration of our permutation test described above we 

calculate the means of our new A and B groups, and the difference between these means. 

A large number of iterations in this manner yields a permutation distribution of the 

difference in means to which we can compare our actual difference. For example, Figure 

E.1 shows permutation distributions created in Matlab for some of subjects 6724’s and 

8191’s color ratings data reported in Chapter 4, where in the former case the actual 

difference between mean green-red color ratings when the 980nm wavefront beacon was 

present or absent is not significant and in the latter case the actual difference is 

significant. The two-tailed p-values are determined from these permutation distributions 

as the number of permuted mean differences greater in magnitude than the actual mean 

difference. In the case of subject 8191 (bottom panel in Figure E.1) 44 of the 10000 

resamples had values at least as large as the actual mean difference, so the estimated p-

value is 44/10000, or 0.0044. As a further example, p-values for the difference between 

mean green-red and yellow-blue color ratings when the 980nm wavefront beacon was 

present or absent are reported for subjects 6724 and 8191 in Table E.1, where the 

permutation test p-values are compared to p-values derived from z-tests. The p-values 

derived from the parametric z-tests and the non-parametric permutation tests are found to 

be similar. 
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Figure E.1. Top) Permuted difference between subject 6724’s mean green-red ratings when 980nm IR 
beacon is present or absent, actual difference (0.08) is not significant (p-value = 0.81). Bottom) Permuted 
differences between subject 8191’s mean green-red ratings when 980nm IR beacon is present or absent, 
actual difference (2.56) is significant (p-value = 0.004), where the magnitude of the actual mean difference 
falls at the tails of the permutation distribution (black arrows). 
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 Subject 6724 Subject 8191 

 μA-μB z-test 

p-value 

Perm. 

p-value 

μA-μB z-test 

p-value 

Perm. 

p-value 

green-red 0.076 0.810 0.809 2.557 0.003 0.004 

yellow-blue 0.020 0.949 0.950 1.026 0.017 0.019 
Table E.1. Comparison of p-values for the test of the hypothesis that the differences between mean green-
red and yellow-blue color ratings, when the red IR beacon is present or absent, are not significantly different 
from zero (μA-μB = 0). The results of the test of significance (p-values) are similar in the parametric z-tests 
and the non-parametric permutation tests. The z-test and permutation test derived p-values are similar in the 

cases where actual difference between means are small and not significant (subject 6724 green-red and 
yellow-blue mean differences between beacon present and absent conditions), and when the actual 
differences between means are large and significant (subject 8191 green-red and yellow-blue mean 
differences between beacon present and absent conditions).   
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Appendix F – Subject participation 

 

Subject ID 
Number 

Absolute 
Threshold 

(Chapter 2) 

Dual 
Judgment 

(Chapter 3) 

Fixation Bias 
Experiment 1 
(Chapter 4) 

Fixation Bias 
Experiment 2 
(Chapter 4) 

Spatial 
Summation 
(Chapter 5) 

Spatial 
Summation 
(Chapter 6) 

6724 X X   X X X 

9254 X X X X X X 

5258 X   X X X 

2751 X   X X   X  

6262 X     X 

8497 X           

1346   X     

8191   X   X     

9663  X      

1149           X 

2465         X   

7761     X       

1292     X       

Table F.1. Here X’s mark subject participation as a function of the studies outlined in each chapter (columns 
2-7). Four digit subject identification numbers (column 1) are randomly assigned for anonymity. Subjects 
6724 and 9254 are the author and his research advisor. 
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