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O P T I C S

Focusing on color: How the eye chooses which 
wavelength to see best
Benjamin M. Chin1*†, Martin S. Banks1, Derek Nankivil2, Austin Roorda1, Emily A. Cooper1,3

Humans can see in exquisite detail despite the fact that the eyes’ optics can only focus light at a single wavelength 
at a time. It remains an open question what wavelength is brought into best focus by the human eye. Here, we 
investigate this question. We used a custom optical apparatus to measure the eye’s focusing response (accommo-
dation) to a range of stimuli with different wavelength compositions. We then developed a biologically informed 
model of the measured responses. Conventional wisdom holds that accommodation works to maximize visual 
acuity, but our findings suggest otherwise. Rather, our results support alternative lines of evidence that accom-
modation is guided by chromatic mechanisms that maximize signal quality in a color-opponent channel. Our re-
sults challenge prevailing views of oculomotor control and can inform therapeutic interventions for slowing the 
development and progression of myopia.

INTRODUCTION
To achieve clear vision, the human visual system adjusts the power 
of the lens within the eye. This process is called accommodation, 
and it enables the visual system to bring objects at different distances 
into best focus on the retina (Fig. 1A). The eyes accommodate auto-
matically thousands of times a day (1). For example, if a person 
reads a street sign and then glances at their phone, the eyes adjust 
focus from far to near in a few hundred milliseconds (2, 3).

Objects in the natural environment, however, can almost never 
be focused perfectly because visible light consists of many wave-
lengths. Each wavelength refracts differently through the eye’s op-
tics, like the wavelength-dependent refraction through a prism. As a 
consequence, short wavelengths are brought into focus closer to the 
lens, and long wavelengths are brought into focus farther from the 
lens (Fig. 1B). Because the light-sensitive retina is at a fixed distance 
behind the lens, the retinal images of natural objects often contain 
substantial amounts of polychromatic blur caused by this so-called 
longitudinal chromatic aberration (LCA).

Figure 1B illustrates the retinal image of a white letter “E” and the 
polychromatic blur when the eye brings different wavelengths of the 
visible spectrum into focus: long wavelengths (red), midrange wave-
lengths (green/yellow), or short wavelengths (blue). It is not known 
which response illustrated in the figure best represents the focusing 
response made by the human visual system, nor what mechanism 
determines this response.

The prevailing theory has been that the visual system accommo-
dates so as to maximize overall luminance contrast, or image quali-
ty, in the retinal image (4–9). This strategy makes sense because it 
should maximize visual acuity for the fixated target (10, 11). Lumi-
nance, which is the standard measure of visible light intensity, is a 
weighted sum across visible wavelengths, with middle wavelengths 
(greenish yellow) receiving the greatest weight (12). Consistent with 
this theory of accommodation, an early study suggested that when 

people view a stimulus illuminated with white light, the wavelength 
in best focus falls near the peak of the luminous intensity sensitivity 
for a range of distances (13).

However, recent studies have challenged this theory. Finch et al. 
(14), for example, reported that luminous intensity alone is a poor 
predictor of accommodative responses to stimuli consisting of mix-
tures of two colors. In addition, several other studies found that poly-
chromatic blur elicited consistent accommodative responses that 
cannot be explained by luminance-based mechanisms (15–17). 
These observations motivate the need to test the luminance-contrast 
theory and to consider alternative models that are sensitive to the 
chromatic properties of the stimulus as well.

An understanding of how different wavelengths are focused by 
the human eye is also relevant for clinical applications that aim to 
minimize the progression of myopia (nearsightedness). Rates of myo-
pia are increasing rapidly worldwide, suggesting environmental in-
fluences (18, 19). This increase is a serious concern because myopic 
eyes are at greater risk for sight-threatening conditions later in life 
(20). One theory of myopia development states that myopigenic eye 
growth is triggered when image content is habitually focused behind 
the retina (21–23). Recent research suggests, preliminarily, that it may 
be possible to manipulate this eye-growth signal by altering the 
wavelength composition of stimuli (24–27). However, such treat-
ments should be informed by an understanding of which wave-
lengths are generally focused in everyday environments.

Here, we report oculomotor and perceptual measurements that 
enabled us to identify the wavelength that the human visual system 
brings into best focus for a range of stimuli consisting of different 
light spectra and presented at different distances. We then use these 
results to understand potential neural mechanisms driving accom-
modation. Contrary to prevailing theory, the results suggest that ac-
commodative responses are not well explained by a mechanism that 
maximizes the quality of the luminance information in the retinal 
image. They are better explained by a mechanism that maximizes a 
color-opponent signal, supporting converging lines of evidence for 
a key role of chromatic mechanisms in accommodative control. Last, 
we modeled and tested the predicted effects of this putative color-
opponent mechanism on acuity. We discuss the implications of this 
mechanism for the role of chromatic information in accommoda-
tive control and emerging clinical interventions.
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RESULTS
Measuring the wavelength in best focus
We used a custom optical apparatus to measure the wavelength in 
best focus (Fig. 2A). The apparatus allowed us to present stimuli with 
particular wavelength compositions at different optical distances. 
Stimuli were presented on a calibrated organic light-emitting diode 
(OLED) display with narrowband red, green, and blue primaries. A 
focus-tunable lens enabled precise and rapid control over the optical 
distance of the stimulus without changing size at the retina.

While the observer focused on the stimulus, a Shack-Hartmann 
wavefront sensor measured the eye’s defocus and other aberrations. 
The sensor sends a 875-nm collimated beam into the eye and then 
measures the distortions in the wavefront coming back out. From 
the wavefront distortions, we compute equivalent defocus and re-
port it in units of diopters (D), which is distance in inverse meters. 
For example, a defocus measurement of −2 D indicates that the eye’s 
optical power would bring 875-nm light into focus when emitted or 
reflected by a stimulus 2 D (0.5 m) away.

However, such a measurement indicates defocus only at the non-
visible wavelength of the laser. To determine the visible wavelength 
that is in best focus for each observer, we also estimated a function 
describing the relative defocus of the retinal image as a function of 
wavelength (their LCA curve) (Fig. 2B). This measurement reflects 
the LCA of the observer’s eye and also includes a small amount 
of LCA inherent to the display system (see Materials and Methods). 
From any given defocus measurement at 875 nm, this curve allowed 
us to estimate the amount of defocus at all visible wavelengths on 
the fovea. We could then solve for the wavelength in best focus at the 
true stimulus distance. An example is provided in Fig. 2B: 3.5 D 
is the stimulus distance, and 483 nm is the estimated wavelength in 
best focus. We repeated the process with colored stimuli at different 
distances to identify which wavelength was in best focus for each of 

the stimuli. That is, we determined which scenario from Fig. 1B was 
most consistent with our observers’ accommodative responses.

The wavelength in best focus varies with both stimulus 
distance and color
We measured the wavelength in best focus in eight observers with 
normal vision. As illustrated in Fig. 2A, stimuli were three small 
lowercase letters presented foveally. The stimuli were presented at 
distances of 29, 40, or 67 cm (i.e., 3.5, 2.5, or 1.5 D). Observers were 
simply asked to bring the letters into focus. To maximize the ef-
fects of chromatic aberration on retinal image quality, we used stimuli 
with light spectra dominated by long and short visible wavelengths 
because these have maximal differences in the LCA curve. The stim-
uli had varying amounts of relative luminance at these wavelengths 
(red-blue ratio). Half of the stimuli had no additional energy at the 
peak of the luminous efficiency function (no green), and half had a 
constant level of energy at this peak (some green). In a series of tri-
als, the stimuli were presented in randomized order with repeated 
measures for each unique combination of distance and light spectra. 
We then computed the wavelength in best focus on each trial from 
the time-averaged defocus measurements as described above. Re-
sponses were averaged across repeats for each observer and then aver-
aged across all observers.

There were two clear patterns in the observers’ accommodative 
responses (Fig. 3). First, the average wavelength in best focus across 
observers tended to be longer for the farthest distance (1.5 D) and 
shorter for the nearest distance (3.5 D). This is consistent with 
the so-called “lags and leads” of accommodation, which describe 
the fact that accommodative gain as a function of distance is often 
less than one [e.g., (13, 28, 29)]. These lags and leads are thought 
to occur because accommodation is biased toward a default dis-
tance, or “set point” and deviations from this set point are penalized 
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Fig. 1. Accommodation and retinal image focus. (A) To focus on objects at different distances, the thickness, and therefore the optical power, of the crystalline lens 
changes. To focus far, the ciliary body relaxes, the lens thins, and its power decreases. To focus near, the ciliary body contracts, the lens thickens, and its power increases. 
(B) When light from a white E passes through the eye’s optics, short wavelengths are brought into focus closer to the lens and long wavelengths farther from the lens. To 
focus on longer wavelengths, the lens must increase its optical power; to focus on shorter wavelengths, the lens must decrease its power. From top to bottom, we illustrate 
the retinal images when the eye focuses on long, midrange, or short wavelengths in the visible spectrum, respectively.
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(30, 31). Overall, the magnitude of the difference between the lag 
and lead of our closest and farthest stimuli, respectively (typically 
expressed in diopters), was consistent with expected measurements 
from prior work [0.53 ± 0.14 D; e.g., (29)].

Across all distances, we also consistently observed that the wave-
length in best focus changed with the light spectrum: It shifted toward 
longer wavelengths as the red-blue ratio increased, consistent with pre-
vious work (14). This pattern occurred whether the green primary 
was absent (Fig. 3A) or present (Fig. 3B). To test for significance of 
these effects, we ran a linear mixed effects model with stimulus spec-
trum (red-blue ratio) and distance as independent variables and with 

separate intercept terms for each observer. The effect of stimulus color 
was significant for both stimulus types [no green: t(4,116) = 3.45, 
P < 0.001; some green: t(4,116) = 3.20, P = 0.002]. The effect of opti-
cal distance was also significant [no green: t(2,116) = 10.4, P < 0.001; 
some green: t(2,116) = 12.3, P < 0.001]. There were no significant inter-
actions [no green: t(8,116) = 1.05, P = 0.29); some green: t(8,116) = 0.61, 
P = 0.54].

Modeling how wavelength in focus affects the retinal image
We investigated how three potential mechanisms could account 
for this accommodative behavior. Specifically, we built a bio-optical 
model for each observer to simulate the effects of wavelength in fo-
cus on the retinal image for the stimuli in our experiment (32). The 
model’s architecture is shown in Fig. 4A. Bitmaps representing each 
of the stimuli, along with display calibration measurements, were 
used to generate radiance maps of the patterned light entering 
the eye for a set of densely sampled wavelengths. Each observer’s 
LCA and wavefront measurements were used to generate unique 
point spread functions (PSFs) for each wavelength. The radiance 
maps were convolved with these PSFs to determine the input to 
the photoreceptors.

The stimuli were presented in the fovea where there are three pho-
toreceptor types (cones) sensitive to long (L), medium (M), and short 
(S) ranges of visible wavelengths. Activations of L, M, and S cones are 
combined into three neural channels, or pathways, that roughly cor-
respond to linear combinations of these activations (33). We thus 
asserted these three possible channels for modeling the signal that 
drives accommodation, each specified as a different weighted linear 
combination of the cone mosaics. The L+M channel maps closely to 
stimulus luminance (34). The others are two color-opponent channels: 
red-green (L−M) and blue-yellow (L+M)−S. Note that our results 
are the same if the ordering of blue-yellow color opponency is re-
versed, so we use the (L+M)−S ordering for blue-yellow for ease of 
comparison with the luminance channel at later stages.
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Fig. 2. Experimental apparatus and method for determining wavelength in focus. (A) The stimulus was presented on a high-resolution organic light-emitting diode 
(OLED) display with narrowband primaries modulating the spectral composition in the visible range (purple lines). An optical relay and focus-tunable lens were used to 
rapidly change the optical distance of the display without changing the size at the retina. Accommodation was measured in infrared (875 nm, red lines) by a Shack-
Hartmann wavefront sensor that recorded the full wavefront aberrations of the observer’s eye (represented by the point spread function in the left circle), including the 
defocus aberration (point spread function in the right circle) at this wavelength. (B) The LCA curve (black line) specifies the relative defocus between any two wavelengths 
of light. Given an individual participant’s LCA curve, if defocus at one wavelength is known (875 nm, dashed red line), defocus at all other wavelengths can be inferred. The 
wavelength in focus is the wavelength that is conjugate to the stimulus: For a stimulus located X diopters from the eye, the wavelength in focus is the wavelength for 
which defocus is −X D. In this example, X is 3.5 D, and the wavelength in best focus is 483 nm.
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Fig. 3. Estimates of the wavelength in best focus for different stimulus light 
spectra and distances. Conditions are ordered left to right according to the ratio 
between the red and blue display primaries. (A) Results for stimuli with no energy 
in the green primary. (B) Results for stimuli with the green primary set to a fixed 
luminance. In both panels, error bars represent 95% confidence intervals, and filled 
symbols indicate the mean across observers. Arrows indicate peak wavelengths of 
the red, green, and blue display primaries. Response differences between the three 
distances reflect the nonunity gain of accommodation as a function of distance. In 
units of diopters, our participants had a mean gain of 0.74 ± 0.07. Individual values 
for each participant are shown in table S1.
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We created “channel images” simulating the signal in each of 
these channels for each stimulus. For the S-cone image, we included 
a central circular region 0.3° in diameter without S-cone activity to 
represent the S-cone–free zone of the human fovea (35, 36). Signal 
quality was then quantified by computing the cross-correlation be-
tween each channel image and the original stimulus bitmap (37–39). 
This approach, like other approaches to quantifying retinal image 
quality (e.g., Strehl and visual Strehl) takes into account all aberra-
tions of the eye (40). However, the cross-correlation approach also 

takes into account the spatial properties of the stimulus that the 
other metrics do not. To generate predictions of accommodative re-
sponse for each stimulus and observer, we iterated over a range of 
simulated focused wavelengths until we found the one that maxi-
mized signal quality. This process was repeated for each of the three 
neural channels, producing three different model predictions. Each 
optimization included three to four free parameters capturing in-
dividual variation in the relative weighting of the cone classes and 
distance-dependent biases in accommodation (i.e., lags and leads).
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Fig. 4. Schematic of bio-optical model of accommodation and evaluation of fits. (A) The stimulus bitmap was converted to a radiance map sampled across visible 
wavelengths. The result was then convolved with the appropriate point spread function at each wavelength determined by each observer’s optical aberrations. The result-
ing images underwent a weighted sum with weights determined by the spectral sensitivity profiles of each cone photoreceptor type (L, M, and S). The cone responses 
next underwent an additional weighted sum simulating three neural channels [L+M, L−M, or (L+M)−S]. Last, the channel image as well as the original bitmap were band-
pass filtered (to match the spatial frequency sensitivity of accommodation) and cross-correlated with one another. For each channel, the peak value of the aforemen-
tioned cross-correlation metric is maximized when a specific wavelength is brought into focus. This constitutes the model prediction, which was determined along with 
a set of free parameters for each observer. See Materials and Methods for full details. (B) The wavelength in best focus, averaged across observers, is plotted as a function 
of the red-blue ratio. Data points are the observed responses as in Fig. 3. Lines are the averaged model fits. The two left panels show the luminance channel, and the right 
two show the color-opponent channels (yellow = blue-yellow channel, green = red-green channel). (C) Relative likelihood of the best-fitting color-opponent models 
compared to the best-fitting luminance model. Likelihood values were derived from the difference in Akaike information criterion between the pairs of models. Dots 
represent values for individual participants and are also shown in table S2.

D
ow

nloaded from
 https://w

w
w

.science.org on A
pril 01, 2026



Chin et al., Sci. Adv. 12, eaea5693 (2026)     1 April 2026

S c i e n c e  A d v a n c e s  |  R e s e arc   h  A r t i c l e

5 of 16

A color-opponent mechanism best explains the responses
The standard theory of accommodation control posits that the vi-
sual system accommodates to maximize the quality of the retinal 
image in terms of luminance (4–9). Such a mechanism would be 
optimal for maximizing visual acuity for the stimulus, because 
visual acuity is primarily determined by luminance contrast (10, 11). 
The fits for the luminance channel model, averaged across observ-
ers, are shown in Fig. 4B (left, black lines) together with the average 
responses. The best-focused wavelength for this model varied more 
with red-blue ratio than the measured responses. Specifically, the 
model predicted that the peak wavelength of the red primary would 
be brought into focus when the red primary had higher luminous 
intensity and that the peak wavelength of the blue primary would be 
in focus when the blue primary had higher luminous intensity 
(assuming no lags and leads). In other words, the luminance model 
predicts a larger effect of red-blue ratio on accommodation than 
we observed. This finding is consistent with the results reported by 
Finch et al. (14).

Inspired by previous work showing chromatic effects on accom-
modation, we next investigated the predictions of color-opponent 
mechanisms. The results are shown in the right panels of Fig. 4B 
(yellow lines and green lines). Both color-opponent models provid-
ed a better fit to the data because they make smaller changes in re-
sponse to changes in red-blue ratio than the luminance model did. 
Hence, both models outperformed the luminance-based model for 
all observers (Fig. 4C). For six observers, the blue-yellow mechanism 
was the best fit, and for two, the red-green mechanism was best.

These results suggest that accommodation does not necessarily 
maximize the quality of the luminance information in the retinal 
image. Instead, our data are more consistent with maximizing signal 
quality based on color-opponency. In the next section, we examine 
the ability of the color-opponent channel model to account for per-
formance on a visual acuity task.

Model evaluation on independent measurements of acuity
A luminance-based mechanism for driving accommodation should 
maximize visual acuity because acuity is primarily determined by 
luminance contrast (10, 11). Thus, our modeling results raise the 
possibility that accommodation might not always maximize visual 
acuity for the fixated stimulus. To investigate this, we had the same 
group of observers perform an acuity test and examined how well 
their performance maximized acuity.

In this task, we presented a fixation target at a fixed optical dis-
tance (40 cm, 2.5 D). The red-blue ratio was always one-to-one. 
After observers indicated that they had focused the target, it was 
removed and a square wave grating was presented very briefly. The 
grating had the same red-blue ratio as the fixation target but could 
appear at different distances from the target (28) (Fig. 5A). The grat-
ing was flashed too briefly for it to trigger an accommodative re-
sponse. Observers indicated whether the grating was clockwise or 
counterclockwise from vertical. Performance was indexed by pro-
portion correct in the orientation-discrimination task. If observers 
accommodated to maximize visual acuity for stimuli at the distance 
of the fixation target, then the best performance in the orientation 
task should occur when the grating and fixation target are at the 
same distance. Because the stimuli consisted of two primaries with 
quite different wavelengths, one might expect to observe two dis-
tances at which acuity was higher than at other distances: one peak 
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corresponding to having the red primary in focus and another to 
having the blue primary in focus.

There were notable individual differences in the distance at which 
best performance occurred. These differences likely derive from dif-
ferences in both monochromatic and chromatic aberrations, since 
both types of aberration can affect acuity and are known to vary 
across individuals. Example performance is shown in Fig. 5B for two 
observers with qualitatively different patterns (circular markers). 
One observer appeared to maximize performance when the grating 
probe and the accommodative stimuli were at approximately the 
same distance (S8), while the other observer appeared to maximize 
their performance when the grating was closer than the fixation tar-
get (S6). Overall, four observers achieved best performance and thus 
maximized acuity at the fixation stimulus distance, while the other 
four observers did so at a different distance (Fig. 5C, ratio of the 
filled circles and stars in Fig. 5B). To assess the robustness of these 
results, we bootstrapped each participant’s response data (see Mate-
rials and Methods for details) and determined the probability that 
acuity was maximized at the fixation distance. For the four partici-
pants with ratios near 1 in Fig. 5C, this probability was high (37 to 
100%), while for the other four participants, this probability was low 
(0.2 to 10%).

We next examined whether the individual differences that we ob-
served in the acuity experiment could be explained by performance 
in the first (accommodation) experiment. To do so, we built an ideal 
observer model of the acuity task. For each real observer, we first 
generated the predicted retinal images cast by the acuity probe (the 
grating) in the two orientations. These images were created from the 
individually measured aberrations and fitted accommodative re-
sponse to a red-blue ratio stimulus of 1 at 2.5 D derived from the first 
experiment. To make an ideal observer prediction, we then com-
puted the predicted d-prime for these retinal image pairs on the ba-
sis of a template matching model with a single overall efficiency 
parameter (41, 42). Separate predictions were made for the best 
color-opponent model per observer in the first experiment and for 
the luminance model (dashed lines in Fig. 5B represent the color 
model). In Fig. 5D, the model predictions for the distance at which 
best performance should occur are plotted against the true best dis-
tances for all observers for the color-opponent model (filled circles) and 
for the luminance model (unfilled circles). For the color-opponent 
model, the root mean square (RMS) error between the predictions 
and the acuity data was 0.38 D, and the correlation ( ρc ) between them 
was 0.34 (P = 0.41). These values indicated a qualitatively smaller 
prediction error than the luminance model [RMS error: 0.46 D, t(7) = 
1.30, P = 0.24], which also had a lower correlation with the data 
( ρl = −0.13, P = 0.76). Preliminarily, these models appear to align 
with some observers’ performance better than others, which may 
reflect inaccuracies in the predicted retinal image, variation in peo-
ple’s accommodative behavior across tasks, or other higher-level dif-
ferences in task performance. Hence, this final analysis provides 
initial evidence—but not yet conclusive evidence—that acuity as well 
as accommodative responses may be explained by a color-opponent 
neural channel.

DISCUSSION
The clarity of human vision is limited by the eye’s chromatic aberra-
tions. These aberrations shape the quality of the retinal image, intro-
ducing blur at nonfocused wavelengths. Despite the loss of image 

quality from this polychromatic blur, the target of focus tends to 
appear subjectively sharp, highlighting the differences between the 
retinal images and the ultimate percept (43–46). For example, se-
lectively blurring chromatic information in natural scenes has unex-
pectedly little effect on perceived sharpness (47–49). At the same 
time, there is compelling evidence that the visual system uses this 
polychromatic blur to support visual function (15–17). In this study, 
we find evidence for a color-opponent mechanism that uses this blur 
to determine which wavelength is brought into best focus.

The influence of a color-opponent mechanism on the wavelength 
in best focus is plausible given existing evidence that the visual sys-
tem uses polychromatic blur in retinal images—that is, the colorful 
fringes seen in the images in Fig. 1B—as a directional cue for driv-
ing dynamics in accommodation. In particular, accommodative 
responses to stimuli that are moving in depth are impaired when 
these color fringes are eliminated (50, 51) and aided when they are 
simulated (15, 16). Theories of how the visual system uses these 
color fringes typically invoke the notion of a comparison between 
contrast at short wavelengths and long wavelengths (16, 52). Color 
opponency mechanisms, known to underlie two of the three cardi-
nal visual channels, are a natural fit for such a purpose (33). In es-
sence, we propose that the accommodative response maximizes a 
signal indicating the amount of chromatic contrast created by LCA.

Signals from both blue-yellow and red-green opponent mech-
anisms explained our data well, and we do not heavily favor one 
color-opponent model over the other on the basis of our data. Spe-
cifically, six observers were better fit with a blue-yellow model, and 
the other two were better fit with a red-green model. We do, how-
ever, speculate that S cones provide a particularly useful signal 
because the effect of chromatic aberration is greatest at short wave-
lengths. Although S-cone responses appear too sluggish to support 
rapid accommodative responses, they are known to contribute dur-
ing accommodation to static stimuli (53) such as those used in our 
experiments. Involvement of S cones is also consistent with empiri-
cal findings that accommodative sensitivity peaks for relatively low 
spatial frequencies (54, 55). The spatial frequencies at which peak 
accommodative sensitivity occurs (3 to 4 cycles/deg) are in between 
the peak of the contrast sensitivity function for S cones [<1 cycle/
deg; (56, 57)] and the peak of the luminance contrast sensitivity func-
tion (3 to 6 cycles/deg). Thus, the involvement of an S-cone signal 
provides an appealing potential explanation for why accommoda-
tive responses are biased toward lower spatial frequencies: Perhaps 
accommodative contrast sensitivity reflects a compromise between 
the sensitivity of two poles of a blue-yellow channel.

In Fig. 6, we aim to illustrate an intuition for the effects of this 
putative mechanism on accommodative behavior and defocus. In 
brief, because of differences in the retinal images between S cones 
and L/M cones, the blue-yellow color-opponent model penalizes ac-
commodative behavior that brings shorter wavelengths into focus. 
For an example observer, Fig. 6A shows the signal quality as a function 
of simulated wavelength in focus for three stimulus red-blue ratios, 
based on the luminance model (top) and blue-yellow opponency model 
(bottom). While the wavelengths associated with best quality are simi-
lar for redder stimuli (red-blue ratio = four-to-one and one-to-one), 
the blue-yellow opponency mechanism predicts longer wavelengths 
in focus when the stimulus is quite blue (red-blue ratio = one-
to-four). Figure 6B shows the retinal signal quality for a single “a” 
in our stimulus with a high red-blue ratio of four-to-one, as esti-
mated for luminance alone (L+M), S cones alone (−S), and blue-yellow 
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opponency [plotted as (L+M)−S]. The quality of the “a” is visually 
best for both luminance and blue-yellow mechanisms when ~616 nm 
is in focus. However, the results diverge for a bluish “a” (red-blue 
ratio of one-to-four; Fig. 6C). For the luminance model, the bluish letter 
is best quality when the dominant wavelength is in focus (~468 nm). 
However, for the blue-yellow opponency model, this strategy will 
simultaneously maximize signal quality of the S-cone output and 
L+M output, therefore reducing signal quality when the difference 
(L+M)−S is computed. Hence, for the blue-yellow opponency model, 
a better compromise can be obtained when middle wavelengths 
are placed into focus; this yields a relatively sharp L+M image 
while maintaining a blurry opponent S-cone image. The blue-yellow 
mechanism avoids focusing on blue light as compared to the lumi-
nance mechanism.

Note that the effect of accommodative lags and leads will be to 
shift the selected wavelength in focus toward a shorter or longer 
wavelength along the curves in Fig. 6A. The fact that these curves 
tend to be shallow near their peaks suggests that modest lags and 

leads, like those observed in our study, may not markedly reduce 
signal quality. The existence and cause of lags and leads remain a 
topic of debate (28), but regardless, they indicate that the wavelength 
in best focus is dependent on both the stimulus light spectrum and 
the stimulus distance. Despite these differences, the relative effects 
of light spectrum in our data were remarkably similar at each stim-
ulus distance, suggesting that these effects are consistent across a 
range of experiences. Lags and leads can also be described in terms 
of a single accommodative gain: a multiplicative scaling factor that 
relates the actual accommodative response to the accommodative 
demand of the stimulus. We wondered whether applying a realistic 
accommodative gain factor might meaningfully improve the fit 
of the luminance model, which otherwise predicts a larger overall 
range of responses than we observed empirically (Fig. 4B). Since ac-
commodative demand is defined by the amount of defocus aberra-
tion required to form a sharp image, the same gain factor should 
apply whether the change in demand arises from stimulus distance 
or from the spectral composition of the stimulus. However, when we 
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Fig. 6. Outputs of the luminance and blue-yellow color-opponent mechanisms for an example observer. (A) Signal quality in the luminance channel (top) and blue-
yellow opponent channel (bottom) as a function of wavelength is shown for three stimuli varying in their red-blue ratio. Arrows indicate the predicted wavelength in focus 
for each stimulus. (B) For a stimulus with a high red-blue ratio, we show color maps of channel response for an L+M channel, an S-only channel (mapped to negative 
values), and an (L+M)−S channel. Focusing a long wavelength of 616 nm maximizes signal quality in both the L+M and (L+M)−S channels (red boxes). (C) For a stimulus 
with a low red-blue ratio, focusing a short wavelength of 468 nm (bottom row) maximizes signal quality in the L+M channel, but signal quality in the combined (L+M)−S 
channel will be poor. Best signal quality in the (L+M)−S channel is instead obtained when a middle wavelength of 552 nm is in focus. (D) A subset of the data from 
Finch et al. (14) are replotted, showing relative accommodation for different ratios of red versus green LEDs (left) and red versus blue LEDs (right). Solid lines indicate ac-
commodation required to focus the peak wavelength of each primary assuming the average human LCA function. Their data indicate a bias away from blue, consistent 
with a blue-yellow opponent mechanism.
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applied our empirically measured gain (0.74 ± 0.07) to the luminance 
model predictions, the predicted response range (0.74 + 0.20) re-
mained much larger than that observed in our data (0.32 ± 0.12). 
We conclude that conventional lags and leads are not large enough 
to bring the luminance model into alignment with the responses 
observed to changes in stimulus color.

Our results and model also provide an alternative interpretation 
of recent work from Finch et al. (14), which examined accommoda-
tive responses to mixed pairs of narrowband light-emitting diodes 
(LEDs). Finch et al. (14) also found that accommodative power var-
ies smoothly with the proportion of long/short wavelengths but 
did not report the wavelength in best focus. They provisionally ex-
plained their data with a model that maximizes luminance image 
contrast at a single low spatial frequency (2 or 4 cycles/deg). How-
ever, that model predicted larger variation in responses than were 
observed in the data. To ensure that we were not overlooking al-
ternative plausible models, we nonetheless reran our simulations 
incorporating their proposed band-pass luminance model. The 
resulting mean likelihood ratios with models based on both color-
opponent channels still robustly favored a color-opponent model 
(fig. S1). The observed pattern of responses in the data of Finch et al. 
(14) contains a signature of a blue-yellow signal–based model: Shorter 
wavelengths tend not to be brought into focus (see Fig. 6D for an 
example of their data with this property). Thus, we conclude that the 
color-opponency model potentially provides a more economical ac-
count for accommodative responses in both studies.

Our signal quality metric (the maximum normalized cross-
correlation between the encoded image and the stimulus image) was 
chosen to ensure that the model reflects the spatial structure of 
the stimulus. This approach effectively performs a form of template 
matching, with the original stimulus image serving as the template. 
While it is uncertain whether the visual system has direct access to 
such a template, this seems plausible for familiar stimuli like letters. 
That is, the observer might infer the sharp-edged font of the true 
stimulus. Moreover, template-matching models have been shown to 
capture human performance in other visual tasks, including target 
detection and discrimination (38, 41, 42). Our main conclusions 
remain unchanged when using an alternative image-quality metric 
that does not take the stimulus spatial properties into account (the 
Strehl ratio; see fig. S2). We also note that metrics like Strehl or 
visual Strehl assume that the visual system has access to the eye’s 
PSF—an assumption that is itself not guaranteed. Thus, determin-
ing which internal representation best reflects the input used by 
the visual system for optimizing focus, and other visual tasks, re-
mains an open question. However, the conclusions of the current 
analysis do not depend on the specific assumptions made about 
this representation.

There are several important caveats and open questions raised by 
this work. First, we measured accommodation under monocular 
viewing. Under natural binocular viewing, accommodative responses 
are neurally coupled to binocular eye movements (vergences), which 
may alter the wavelength in focus. Second, our stimuli necessarily 
relied on the three narrowband peaks of our display primaries rather 
than the broadband spectra reflected by natural surfaces (58). Al-
though confirming generalization to arbitrary spectra will require 
future work, the broadband nature of natural light has an important 
implication for retinal image quality. When natural surfaces reflect 
substantial energy near the middle visible wavelengths, accommo-
dating between red and blue (as observed for many of our stimuli) 

will tend to yield relatively good retinal image quality. Thus, even if 
luminance image quality is not explicitly optimized when determin-
ing the wavelength in focus, it may frequently be preserved during 
natural vision. Third, our stimuli were all small, foveally present-
ed, and contained a single light spectrum. During natural vision, the 
visual system will receive stimuli across the visual field with spatial 
variation in color and will need to integrate this information across 
space to determine the best accommodative response. For example, 
it is known that stimulation of peripheral vision can drive accom-
modation in addition to the foveal stimulation used in our study 
(59–61). Relatively less, however, is known about accommodative 
responses to mixtures of colors and different spatial patterns, which 
warrants future investigation. Even if the wavelength in best focus 
does change with these additional viewing parameters, understand-
ing the mechanism governing the influence of chromatic contrast on 
its own can help us work toward a multimodal model of all the cues 
that lead to accommodative responses.

Last, we want to highlight the potential translational relevance of 
these results for emerging eye care research. The incidence of myo-
pia is increasing rapidly, which suggests that environmental changes 
in our society are an important cause (18, 19). Both wavelength-
dependent blur and “near work”—which refers to focusing on con-
tent in the peripersonal space, as during reading or hand-held device 
use—are thought to exacerbate the risk for developing myopia 
(24, 62–69). In our study, the stimulus associated with the shortest 
wavelength in focus was the nearest, bluest stimulus (Fig. 3). This 
is important because when shorter wavelengths are in focus on the 
retina, this generates hyperopic defocus that is hypothesized to trig-
ger the eye growth that leads to myopia (21–23). Recently proposed 
myopia mitigation strategies that use chromatic filtering may there-
fore function by shifting the wavelength in focus back toward longer 
wavelengths, particularly during near work (24–27). Our data and 
modeling can help us understand quantitatively how different ways 
of filtering chromatic content affect retinal defocus by enabling 
researchers and engineers to estimate the wavelength in focus for 
a given stimulus, rather than assuming it is always the same middle 
wavelength. It is also possible that the accommodative behavior 
determining wavelength in best focus differs between myopes and 
nonmyopes (our sample was not sufficient to test this and contained 
no high myopes) Together, these observations highlight the need to 
consider the full spectral distribution of lighting encountered in the 
everyday environment to understand potential effects of the envi-
ronment on eye growth.

MATERIALS AND METHODS
Observers
Eight adults (seven females, one male) between 18 and 30 years 
of age (mean: 24.75 ± 3.73 years) participated. All had normal or 
corrected-to-normal visual acuity and normal color vision. Observers 
requiring correction were all moderate myopes and wore contact 
lenses. Because the study entailed a demanding set of measurements 
and tasks, we used an extensive screening process. An additional 
nine individuals were recruited but did not pass this screening 
(described in more detail below). Three observers who passed the 
screening were excluded because of data quality issues: Two had large 
errors in their measured accommodation (up to ±2D from the stim-
ulus), and one had behavioral data that could not be reliably fitted 
for threshold estimation. Thus, in total 20 individuals were recruited, 
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11 completed the study, and 8 were included in the final dataset. All 
study procedures were approved by the Institutional Review Board 
at the University of California, Berkeley (Institutional Review Board 
Protocol ID: 2023-03-16136), and all research participants gave in-
formed consent.

Stimulus presentation and accommodation measurements
Stimuli were displayed using a custom apparatus (Fig. 2A) de-
scribed in detail by Roorda et al. (70). The apparatus has an active-
matrix OLED display panel with three narrowband primaries (peaks: 
red = 624 nm; green = 530 nm; blue = 460 nm; full width at half 
maximum: red = 43 nm; green = 24 nm; blue = 24 nm). Observers 
viewed this display through an optical relay system with an exit pu-
pil diameter of 4 mm that resulted in a circular field of view with a 
3° diameter and a pixel size of 0.23 arc min. The maximum lumi-
nance of the primaries viewed through the system was as follows: 
red = 1.4 cd/m2, green = 4.1 cd/m2, and blue = 0.4 cd/m2. The opti-
cal distance of the stimulus was adjusted with a focus-tunable lens 
(Model EL-10-30, Optotune, Dietikon, Switzerland) placed conjugate 
to the observer’s eye, allowing rapid changes between optical infinity 
and 20 cm (0 to 5 D) without changes in visual size at a response 
time of ~15 ms. We computed the system LCA using Zemax optical 
design software. The Zemax model of the system included the de-
tails of the Optotune lens, which were provided by the manufactur-
er. The estimated system LCA between the peaks of the red and blue 
display primaries was 0.3 D. Accommodative responses were mea-
sured by a Shack-Hartmann wavefront sensor incorporated into the 
optical path via a hot mirror, which recorded the eye’s wavefront 
aberrations at 875 nm at 30 Hz, sampled via a lenslet array with an 
effective separation of 200 μm (linear sampling density of five mea-
surements per millimeter). Each observer was fitted with a custom 
bite bar, which they used to precisely maintain eye position relative 
to the apparatus. All stimuli were presented, and measurements were 
taken with the right eye while the left eye was covered.

Measurement 1: Defocus at 875 nm for polychromatic 
stimuli at different distances
Trial structure
In a series of repeated trials, we measured the eye’s wavefront as ob-
servers viewed colored letters presented at different optical distanc-
es. Each trial had the following structure (Fig. 7A): Observers were 
instructed to focus on a three-letter stimulus spanning 1° wide end-
to-end (stroke width ~2 arc min) against a black background. They 
were given as much time as necessary to bring the stimulus into fo-
cus. They were instructed to press a button once the stimulus was in 
focus and to keep it in focus for the next 3 s. The button press initi-
ated a recording from the wavefront sensor for the 3-s period. Then, 
the stimulus disappeared for half a second before the next trial began.
Stimuli
The spectral composition of the stimulus was varied from trial to 
trial by manipulating the relative intensities of the three primaries, 
resulting in 12 possible combinations (Table 1). On a given trial, 
all letters had the same spectrum. These spectra contained different 
red-blue luminance ratios. For five of them, the red-blue ratio varied 
from 0.25 to 4.0 in five equal log-spaced steps while the green pri-
mary was set to zero (no green). To assess whether accommodative 
responses changed in the presence of middle wavelengths, we also 
included these same five red-blue ratios while setting the green 
primary to constant luminance (some green). We did not include 

conditions that were purely red or purely blue because our pilot testing 
found that in our system many naive observers could not accom-
modate accurately to narrowband stimuli with single peaks (51, 71). 
This limitation has been reported in previous work [but see (72) for 
a recent counterexample using an open-field stimulus presentation]. 
We also included two control stimuli: a stimulus with a flat spec-
trum across all primaries to assess wavelength in focus for compari-
son with previous work and a stimulus with a red-blue ratio of 1 and 
no green but with lower luminance to examine the effects of lumi-
nance on accommodation.

Each of these 12 spectra was presented at three different optical 
distances: 67 cm (1.5 D), 40 cm (2.5 D), and 29 cm (3.5 D), yielding 
36 conditions. There were six repeats per condition, for a total of 216 
trials. In each of the condition repeats, the stimulus pattern was one 
of six possible permutations of the lowercase letters “s,” “e,” or “a.” 
These letters were selected because they contain a range of line ori-
entations and lack ascenders or descenders. Trials were run in a ran-
domized block order, with each block consisting of nine trials of the 
same color with three repeats of each optical distance. Figure 7B 
shows some example measurements.

The optical properties of our apparatus and the intensity of the 
blue primary limited the luminances at the observer’s eye. Thus, to 
achieve the desired red-blue ratios, all of our stimuli had total lumi-
nances that were 1.2 cd/m2 or less. These low values would be a 
concern if accommodative performance was hampered by low lu-
minance. However, accommodative performance is relatively invari-
ant with changes in luminous intensity when luminance is ~0.5 cd/
m2 or greater (73). To check, we ran a control analysis, comparing 
measured defocus for a red-blue ratio of 1 at luminances of 0.8 
and 0.5 cd/m2; performance was not notably different between these 
two conditions [t(7) = 1.23, P = 0.26, higher luminance mean 
defocus = 2.44 ± 0.12 D, lower luminance mean defocus = 2.47 ±  
0.14 D]. Furthermore, our stimuli should occupy the rod-free zone 
of the retina because of their small size and foveal presentation, 
eliminating the possibility that sensitivity in any condition is driven 
by mesopic or scotopic sensitivity.
Performance screening
Before beginning the experiment, observers practiced bringing stim-
uli into focus in the experimental apparatus. They viewed a natural 
image that oscillated sinusoidally between 0 and 3.5 D and were 
asked to keep it in focus. Next, the screening task consisted of a se-
ries of trials in which the observer viewed the three-letter stimulus 
with each display primary at 0.40 cd/m2. The stimulus was random-
ly presented at 1.5, 2.5, or 3.5 D. After 3 s, the screen was blanked for 
100 ms, and a Landoldt “c” 5.75 arc min in width (between the 20/20 
and 20/25 rows on a Snellen chart) was flashed for 100 ms in one of 
four orientations. The task was to report the orientation. Because 
accommodation happens on a timescale much slower than 100 ms, 
and the stimulus contained energy across a range of visible wave-
lengths, the observer could only reliably answer correctly if they had 
accurately accommodated near the stimulus distance. Participants 
passed the screening if they made three or fewer errors over 30 trials. 
Five recruited individuals were excluded on this basis.
Wavefront analysis
We fit the measured wavefronts at each time point as a weighted 
sum of the first 65 Zernike polynomials, the standard orthogonal 
basis set (74). Specifically, an automated script was used to analyze 
the infrared camera images and extract the displacements of the 
wavefront sensor illuminant through the lenslets. We then found the 
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Fig. 7. Methods and example raw data for the measurements of defocus and LCA. (A) In the task for measuring defocus, observers accommodated to a three-letter 
stimulus and pressed a button to initiate the wavefront recording when the stimulus appeared in focus. Stimulus spectra are listed in Table 1. (B) Examples of continuous 
traces of the eye’s defocus recorded by the wavefront sensor at 875 nm for two stimulus conditions and two observers. Circular markers on the right represent means of 
the traces, and error bars represent SDs. (C) In the task used to measure LCA, observers viewed a three-letter stimulus at 2.5 D for 2 s before it briefly disappeared and a 
square wave grating was flashed. The observer indicated the orientation of the grating. The distance and color of the grating varied from trial to trial. (D) Example perfor-
mance data from the same two observers shown in (B). Each line shows the proportion correct for the red, green, or blue primary for each relative distance of the grating. 
Arrows indicate the estimated distance at which best performance was reached for each color. (E) LCA functions for all eight observers based on performance in the task 
in (C). Each data point corresponds to the negative of a best-performance distance [arrows in (D)]. For visualization, all functions have been shifted so their value at 875 nm 
is 2 D. In (D) and (E), error bars represent 95% confidence intervals.

Table 1. Luminances and red-blue ratios in the experiment. Each row indicates a stimulus condition, and columns show the luminance of the red, green, and 
blue primaries in candelas per square meter, the red-blue ratio, and the total luminance.

Red luminance (cd/
m2)

Green luminance (cd/
m2)

Blue luminance (cd/
m2)

Red-blue ratio Total luminance (cd/
m2)

No green

0.10 0.00 0.40 0.25 0.5

0.20 0.00 0.40 0.50 0.6

0.40 0.00 0.40 1.00 0.8

0.40 0.00 0.20 2.00 0.6

0.40 0.00 0.10 4.00 0.5

 Some green

0.10 0.20 0.40 0.25 0.7

0.20 0.20 0.40 0.50 0.8

0.40 0.20 0.40 1.00 1.0

0.40 0.20 0.20 2.00 0.8

0.40 0.20 0.10 4.00 0.7

 Control: Flat spectrum 0.40 0.40 0.40 1.00 1.2

 Control: Luminance 0.25 0.00 0.25 1.00 0.5
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wavefront function most consistent with these displacements. Coef-
ficients for each of the 65 Zernike polynomials were optimized by 
minimizing the RMS error.

The coefficient on the fifth Zernike polynomial indicates the de-
focus aberration at 875 nm, while the other coefficients capture the 
higher-order aberrations of the eye, such as astigmatism and spheri-
cal aberrations. For each observer in each trial, we averaged the fit-
ted fifth coefficient over all valid time points ( Z5 ) and obtained the 
average measured equivalent defocus at 875 nm in diopters ( ̂d875 ) 
using the following standard conversion

where u corresponds to the pupil diameter in millimeters. Although 
the participants’ pupils were always larger than 4 mm, we analyzed 
and computed the defocus over a fixed 4-mm subpupil since that 
corresponded to the diameter of the collimated light entering the 
observer’s eye from our apparatus. The full fitted wavefront over 
the 4-mm subpupil was used later in the retinal image modeling 
(see below).

We excluded data points on which the analysis software identi-
fied blinks or was unable to fit a wavefront to the image captured by 
the sensor. We also excluded trials in which the magnitude of esti-
mated measured defocus at 550 nm was more than ±2 D from 
the true stimulus distance. For these large deviations, all wavelengths 
within the visible spectrum (400 to 700 nm) are out of focus, sug-
gesting an erroneous measurement or that the observer did not suc-
ceed in bringing the stimulus into focus. These exclusions consisted 
of 10 of 1584 trials.

Measurement 2: Longitudinal chromatic aberrations
Task
Once average defocus at 875 nm was measured for each stimulus, 
we needed to characterize the LCA curve to solve for the visible 
wavelength in best focus (Fig. 2B). While average LCA curves are 
available in the literature (75), we decided that we should measure 
individual LCA curves because prior studies show substantial indi-
vidual variability [see the supplement of (76) for a summary of nine 
prior studies that measured LCA]. In a separate session, we estimat-
ed the relative defocus as a function of wavelength for each observer. 
We used a modified version of a task developed by Labhishetty et al. 
(28), which leverages the effects of defocus on acuity to measure 
points along each observer’s LCA curve (Fig. 7C). In practice, this 
measurement is very similar to those used for the final acuity task 
reported in the results (diagrammed in Fig. 5A). On each trial, ob-
servers began by fixating and accommodating to a three-letter stim-
ulus of the same size and pattern used in measurement 1. We used 
the balanced red-blue ratio stimulus with no green for consistency 
with measurement 3 (described below). This stimulus was always 
presented at an optical distance of 40 cm (2.5 D). After 2 s, the 
screen was blanked for 150 ms, during which the optical distance 
was changed randomly by 0, ±0.3, ±0.6, ±0.9, or ± 1.2 D. Then, a 
15-cycle/deg square wave grating was presented for 100 ms, followed 
by another 150-ms blank period before the word stimulus reappeared. 
The color of the grating was generated with a single primary: red, 
green, or blue. It was placed on a luminance pedestal of 0.20 cd/m2 
and a diameter of 1°. The grating orientation was 15° to the left or 
right of vertical. The observer reported the grating orientation, and 
each condition was repeated 50 times in a random order. Feedback 

was given after each trial. The brief presentation time of the grating 
ensured that observers did not change their accommodation to fo-
cus on it. Because of higher-order aberrations, the distance of best 
acuity can depend on the spatial frequencies and orientations con-
tained within the stimulus. Thus, we aimed to match these prop-
erties as closely as possible between the accommodative stimulus 
(three letters) and the probe (grating). Specifically, the half width 
of 1 cycle in the 15-cycle/deg square wave grating was approxi-
mately equal to the stroke of each letter in the three-letter stimulus. 
The critical part of the square wave stimulus is the difference be-
tween its two potential orientations. The letter stimuli had a large 
amplitude at 15 cycle/deg because of their stroke width. Thus, the 
difference spectrum in the grating test stimulus had the greatest 
amplitude at 15 cycle/deg where there was substantial energy in 
the spectrum of the letters.
Contrast calibration
Before starting the main measurements, we determined the grat-
ing contrast for each observer yielding 85% performance when each 
primary was in sharp focus. The calibration task was identical to the 
main task except the accommodative stimulus and the grating were 
always matched in color (red-red, green-green, and blue-blue), and 
the contrast of the grating was manipulated rather than the relative 
distance. Six contrast levels spanning 20 to 100% contrast were used, 
with 20 trials per contrast level. To estimate thresholds, a Weibull 
function was fit to the data using log-likelihood as the objective 
function. Four observers who had passed the screening for mea-
surement 1 were unable to reach 85% performance level for at least 
one of the three colors and were thus excluded from measurement 2. 
For the included observers, mean Michelson contrast thresholds 
for each color were 0.66 ± 0.14 for red, 0.63 ± 0.11 for green, and 
0.70 ± 0.14 for blue.
Analysis
For each observer and each primary peak wavelength 

(
λp

)
 , we fit 

spline functions (using not-a-knot end conditions via MATLAB’s 
interp1 function) to the proportion of the time they responded cor-
rectly as a function of the grating optical distance (Fig. 7D). For each 
primary peak wavelength, we defined the measured defocus ( ̂dp ) as 
the negative of the optical distance in diopters associated with the 
highest proportion correct on the spline. These three data points (
λp, d̂p

)
 were then used to constrain a fitted LCA curve. LCA curves 

were parameterized with a standard three-parameter equation that 
maps out the relationship between wavelength in nanometers (λ) 
and predicted defocus in diopters due to LCA 

[
d(λ)

]
 (75)

where a , b , and c are free parameters. Here, a and b describe the non-
linear mapping between wavelength and defocus, while c shifts the 
overall amount of defocus, depending on the accommodative state 
of the eye. Note that these LCA measurements necessarily will in-
clude the LCA inherent to the optical system (0.3 D between the 
peak wavelengths of the red and blue display primaries). We use the 
full behaviorally measured LCA so as to incorporate both the effects 
of the system and the eye’s optics, as is appropriate for accurately 
modeling the retinal image. The data and resulting fits for each ob-
server are plotted in Fig. 7E. For visualization, we have aligned each 
observer’s data by setting c such that there is 2 D of defocus at 875 nm 
to match Fig. 2B. While some individual measurements had relatively 

d̂875 = 4
√
3
�
2

u

�2

Z5 (1)

d(λ) = c −
a

λ − b
(2)
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high uncertainty (error bars), the average magnitude and variability 
of our LCA measurements are similar to values reported by others 
(70, 77–81).

Determining wavelength in best focus
As described in Results, for each observer and each stimulus condi-
tion, after we determined the average measured defocus at 875 nm 
( ̂d875 ), we then determined the unique value of c ( c′ ) such that the 
fitted LCA curve passed through the point (875, d̂875)

This allowed us to rewrite Eq. 2 to solve for the estimated wave-
length in best focus ̂λbest , that is, the wavelength with a defocus value 
corresponding to the stimulus distance ( dstim ) when the LCA curve 
passes through the measured defocus at 875 nm

As a reminder, we included stimuli with equal luminance in each 
primary as a control condition. Consistent with early studies of ac-
commodation (13), when observers accommodated to these stimuli, 
on average, the wavelength in best focus was 570.9 ± 14.0 nm for 
stimuli at 1.5 D, 527.8 ± 18.2 nm for stimuli at 2.5 D, and 499.0 ± 24.5 nm 
for stimuli at 3.5 D.

To test for significant differences between the wavelength in best 
focus as a function of red-blue ratio, we ran a generalized linear 
mixed model with wavelength in focus as the dependent variable. 
Optical distance, red-blue ratio, and their interaction were the re-
gressors. A separate intercept was modeled for each observer. For 
the “no green” conditions, coefficient estimates were as follows: 
40.60 ± 3.91 for optical distance, 17.19 ± 4.98 for red-blue ratio, and 
2.00 ± 1.90 for their interaction. The estimate of the fixed-effects 
intercept was 630.64 ± 13.07 and the SD associated with the random 
effects was 22.77. For the “some green” conditions, coefficient esti-
mates were as follows: 35.24 ± 2.85 for optical distance, 11.65 ± 3.64 
for red-blue ratio, and 0.85 ± 1.38 for their interaction. The estimate 
of the fixed-effects intercept was 608.91 ± 11.30 and the SD associ-
ated with the random effects was 23.89. Tests of significance are re-
ported in Results.

Retinal image modeling
Retinal image modeling was done with the aid of the ISETBIO tool-
box (see Fig. 4A) (32). First, we computed a discretely sampled radi-
ance map of the on-display stimulus 

[
Istim

(
x, y, λ

)]
 , where x and y 

denote spatial locations in arc minutes sampled in steps of 0.23 arc 
min (angles subtended by each display pixel when viewed in our ap-
paratus) and λ is sampled in steps of 4 nm from 380 to 780 nm. For 
each observer and stimulus, we then simulated the radiance pattern 
falling on the retina 

[
Ir
(
x, y, λ

)]
 via two-dimensional (2D) convolu-

tion of the stimulus radiance map at each wavelength with the full 
PSF 

[
PSF

(
x, y, λ

)]
 of the eye at that wavelength

Here, Ir
(
x, y, λ

)
 denotes the full map at a single wavelength, and 

t(λ) reflects the lens transmittance at that wavelength—this transmit-
tance is lowest at short visible wavelengths and increases for longer 
wavelengths. The symbol ∗2D represents two-dimensional convolution 

in the horizontal and vertical spatial (but not wavelength) dimensions 
x and y . The PSF was computed from the wavefront aberration 
measurements described above using the Fourier method (82) as-
suming uniform spatial transmittance across the pupil, which was a 
4-mm-diameter circle.

To model the effects of different wavelengths in focus ( λfocus ) on 
the retinal images, for each observer, a range of PSFs associated with 
different λfocus values were created (as shown in Fig. 4A). To create 
these PSFs, we assume that higher-order aberrations, which were 
measured at 875 nm, are the same at all visible wavelengths (83). For 
each λfocus , we determined the relative defocus for all other wave-
lengths due to LCA by applying Eq. 2 as follows

and converted to the Zernike coefficient by inverting Eq. 1. By def-
inition, relative defocus is 0 when λ = λfocus . To model the coeffi-
cients on all nondefocus polynomials for each observer, we averaged 
the fitted coefficients across all valid time points in all trials. Note 
that this approach assumes that the defocus term is the only term that 
changes with accommodation, which is not strictly the case (29, 84–
86). However, we chose to average the higher-order coefficients rather 
than model their relationship with accommodation so as to avoid 
overparameterizing our model, and because defocus is by far the 
primary coefficient affected by accommodation. We then used the 
full set of coefficients to compute the associated PSFs for each wave-
length as described above and performed the convolution yielding 
the retinal radiance map Ir

(
x, y, λ

)
.

Each retinal radiance map was then converted into three “cone 
images” 

[
L
(
x, y

)
 , M

(
x, y

)
 , and S

(
x, y

)]
 incorporating the spectral 

sensitivity of the three classes of photoreceptor cones in the human 
eye. These sensitivities also include all other spectral modulations 
except the lens transmittance that was modeled separately as de-
scribed above. Each cone image represents the stimulus as it is en-
coded by each of the cone types

Here, l(λ) , m(λ) , and s(λ) are the spectral sensitivity functions of 
the L, M, and S cones, respectively. While we do not explicitly mod-
el the different sampling densities of the cone types, when we mod-
eled signals used for accommodation (described below), we applied 
a low-pass filter that truncated the spatial frequencies to a range be-
low the acuity thresholds for L and M cones and close to the S cone 
threshold (87). For the S-cone image, we modeled a blank central cir-
cular region 0.3° in diameter to simulate the S-cone–free zone found 
in the human fovea.

These cone images were then combined into channel images Ic
(
x, y

)
 . 

A channel image was a weighted sum of the three cone images

c� = d̂875 +
a

875 − b
(3)

λ̂best =
a

c� − dstim
+ b (4)

Ir
(
x, y, λ

)
=
[
Istim

(
x, y, λ

)
∗2D PSF

(
x, y, λ

)]
t(λ) for all λ (5)

drelative
(
λ, λfocus

)
= d(λ) − d

(
λfocus

)
(6)

L
(
x, y

)
= ∫

∞

λ=0

Ir
(
x, y, λ

)
l(λ)dλ (7)

M
(
x, y

)
= ∫

∞

λ=0

Ir
(
x, y, λ

)
m(λ)dλ (8)

S
(
x, y

)
= ∫

∞

λ=0

Ir
(
x, y, λ

)
s(λ)dλ (9)
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where the weights wL , wM , and wS are free parameters. When model-
ing the luminance channel mechanism (L+M), the weights wL and 
wM are both constrained to be positive, with wS set to 0. Since the 
relative contributions of the L- and M-cone pathways to luminance 
vary across individuals (34, 88), we had one free parameter per 
observer that was the ratio between weights on the L and M cones. 
When modeling the blue-yellow opponent channel [which we for-
mulated as (L+M)−S], the weights wL and wM were both constrained 
to be positive, while wS was constrained to be negative. The blue-
yellow channel image had a blank central region corresponding to 
the S-cone–free zone. For the red-green opponent channel (L−M), 
wL was constrained to be positive, wM was constrained to be nega-
tive, and wS was 0.

Our model assumes that the visual system aims to maximize sig-
nal quality in one of these channel images. We defined signal quality 
for a given wavelength in focus 

[
Quality

(
λfocus

)]
 as the peak normal-

ized absolute cross-correlation between a channel image and a bit-
map indicating the original stimulus pattern in normalized units 
( Imap ) (37–39). Before computing this cross-correlation, we limited 
both the channel image and the bitmap to the range of spatial fre-
quencies known to drive accommodation

Here, h is a band-pass spatial filter capturing the observation that 
accommodation is primarily driven by medium spatial frequencies 
(54, 55). The asterisk indicates convolution, and the star indicates 
normalized cross-correlation. We used the MATLAB normxcorr2 
function, which normalizes the resulting value such that the auto-
correlations at zero lag equal one. The band-pass filter was deter-
mined by fitting the data published by Owens (55). In the Fourier 
domain, the modulation transfer function (MTF) of the filter de-
fined over spatial frequencies fx and fy was

where μ = 2.42 and σ = 1.11 . This function has a full width at half 
maximum of ~8 cycle/deg.

In practice, by maximizing the absolute value of the cross-
correlation, we ensure that our model was agnostic to the ON/OFF 
structure of the channel [i.e., (L+M)−S and S−(L+M) were treated 
equivalently]. In the (L+M)−S–based model, the central 0.3° of the 
original stimulus pattern Imap was also blank to match the simulated 
S-cone–free zone.

On a given trial, the predicted wavelength in best focus λbest is the 
wavelength λfocus that maximizes signal quality of the channel image

From the predicted wavelength in best focus λbest , the predicted 
defocus measured by the wavefront sensor at 875 nm ( d875 ) was cal-
culated as

Here, the first term reflects the relative defocus between λbest and 
875 nm according to the observer’s LCA curve. Subtracting dstim an-
chors this relative defocus to the actual stimulus distance in diop-
ters. We also include k

(
dstim

)
 as a bias term that accounts for lags 

and leads in accommodation: the observation that people tend to 
accommodate less to nearby stimuli and more to farther-away stim-
uli (13, 28, 29). Together, these elements act as the c parameter 
in Eq. 2. The bias term was modeled as a linear function of stimulus 
distance, which was forced to be the same for all stimulus spectra at 
a given distance

Model fitting
To fit the model, for each channel (luminance, blue-yellow, and red-
green), we optimized the cone weighting parameters wL , wM , and wS 
and the lag/lead parameters m and g to minimize the RMS error 
between the predicted defocus at 875 nm ( d875 ) and average mea-
sured defocus ( ̂d875 ) across all stimuli. In practice, we were able to 
reduce the number of free parameters because the model’s predic-
tions only change with the relative ratios of the three cone weighting 
parameters, not their overall magnitude. That is, for a given ratio of 
the three cone weights, applying a scale factor to all three weights 
will not change the model predictions. Thus, the luminance and red-
green model had only one free cone weighting parameter each, and 
the blue-yellow model had two. All three models share a common 
free parameter, the L/M weight ratio (0.75 ± 0.14 for the luminance 
model, 0.74 ± 0.05 for the red-green model, and 0.71 ± 0.14 for the 
blue-yellow model). The blue-yellow model has an additional free 
cone weighting parameter, the S/(L+M) weight ratio (−0.88 ± 0.25).

Whereas the best-fitting cone weighting parameters were op-
timized using a grid search, the two free parameters for lags and 
leads were optimized using MATLAB’s fmincon function for every 
iteration of the grid search. This implementation amounted to a 
compromise between comprehensiveness and computational effi-
ciency. For two observers, S3 and S8, the grid search was per-
formed twice because the initial bounds on the S/(L+M) weight 
parameter were too constrained to fit their data. Estimated pa-
rameters for lags and leads followed expected patterns from prior 
work showing a small lag at 555 nm that grew with stimulus dis-
tance. Lags were small for the blue-yellow opponency–based model 
(mean = −0.04 ± 0.07 D for 67 cm, mean = −0.31 ± 0.10 D for 40 cm, 
and mean = −0.57 ± 0.16 D for 29 cm), for the red-green opponency–
based model (mean = −0.14 ± 0.05 D for 67 cm, −0.40 ± 0.10 D 
for 40 cm, and mean = −0.66 ± 0.16 D for 29 cm), and for the 
luminance-based model (mean = 0.11 ± 0.13 D for 67 cm, −0.15 ±  
0.13 D for 40 cm, and mean = −0.41 ± 0.16 D for 29 cm). Although 
prior work suggests that these effects may be much smaller during 
natural vision, our stimulus was viewed monocularly at relatively 
low luminance, which may be a condition more likely to reveal lags 
and leads (73, 89).
Model comparison
The Akaike information criterion (AIC) of each model was 
calculated as

where v is the number of free parameters and L̂ is the maximized 
value of the likelihood function for the model. The relative likeli-
hood between the models was computed as

Ic
(
x, y

)
= wLL

(
x, y

)
+ wMM

(
x, y

)
+ wSS

(
x, y

)
(10)

Quality
(
λfocus

)
=max

[
∣
(
Ic ∗h

)
⋆
(
Imap ∗h

)
∣
]

(11)

MTFh
�
fx , fy

�
= exp

⎧⎪⎨⎪⎩
−
1

2

⎡⎢⎢⎢⎣

log
��

f 2
x
+ f 2

y

�
− log(μ)

σ

⎤⎥⎥⎥⎦
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(12)

λbest = argmax
λfocus

Quality
(
λfocus

)
(13)

d875 = drelative
(
875, λbest

)
−
[
dstim−k

(
dstim

)]
(14)

k
(
dstim

)
= mdstim + g (15)

AIC = 2v − 2ln
(
L̂
)

(16)
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where L̂a was either the red-green or blue-yellow model and L̂b was 
the luminance model.

Measurement 3: Acuity as a function of stimulus distance
The acuity measurement task was designed to test the prediction 
that participants did not always accommodate to maximize acuity. 
This measurement (illustrated in Fig. 5A), was identical to the LCA 
measurement task except both the grating and accommodative 
word stimuli were purple (0.40 cd/m2 for both the red and blue pri-
maries). As described above, we aimed to match the spatial fre-
quencies and orientations in the two stimuli as closely as possible. 
Contrast levels for the acuity stimuli were again set according to 
85% thresholds measured using the same calibration task described 
above. We defined the distance of best acuity as the optical distance 
at which observers responded with the highest proportion correct.

To test whether best performance was different from performance 
at the distance of the accommodative word stimulus, we computed 
the ratio between each observer’s best sensitivity and their sensitiv-
ity at the stimulus distance. We defined sensitivity as d-prime and 
converted each observer’s empirical proportion of correct responses 
to d-prime values Q̂ as follows

where n is the proportion of correct responses and Φ−1 is the inverse 
cumulative normal distribution.

We then conducted a bootstrap analysis to assess the robust-
ness of any deviations from a ratio of 1. For each participant, trials 
across all distance conditions were resampled with replacement 
1000 times. For each resampling, proportion correct was recalcu-
lated at each distance. Then, we calculated the percentage of samples 
in which the highest proportion correct was achieved when the grat-
ing was at the same distance as the accommodative stimulus.

Ideal observer model of acuity task
We modeled the discriminability between any two images 

[
I1
(
x, y

)
 

and I2
(
x, y

)]
 for an ideal observer under the assumption of indepen-

dent Poisson noise at each pixel (41, 42). According to this model, 
the observer’s sensitivity is determined by sum of d-prime values 
across all paired pixel locations in the images

Here, Q denotes the global d-prime of the ideal observer and 
q
(
x, y

)
 denotes the pixel-wise d-primes. These pixel-wise values are 

determined by the differences between the two images and are scaled 
by an efficiency parameter σa

To create an ideal observer prediction for each real observer 
in our study, individualized retinal radiance maps were computed 
for the square wave grating at both orientations ( cl = clockwise ro-
tation, cc = counterclockwise rotation). These radiance maps were 

converted to luminance images by applying the V (λ) function us-
ing the same approach used to apply the individual cone sensitivity 
functions 

(
I1= Icl, I2= Icc

)
 . The predicted d-prime was computed as 

described above.
To obtain the appropriate PSFs for generating these images, we 

assumed that during this task, the defocus at 875 nm was equal to 
the defocus determined from the fits of the best-fitting chromatic 
and luminance models to the observer’s data from the first experi-
ment 

(
d875

)
 . The defocus at each other wavelength and stimulus dis-

tance was therefore computed as

The first quantity captures the relative defocus between every 
wavelength and the wavelength at which defocus was measured, and 
the second bracketed quantity asserts the defocus state of the eye 
relative to the stimulus. Last, we fit the model to the data by optimiz-
ing the free parameter σa to minimize the RMS error between mea-
sured and modeled d-prime values.

Supplementary Materials
This PDF file includes:
Tables S1 to S3
Figs. S1 and S2
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