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For any color distinct from the natural color of the stimulating 
laser to be perceived in Oz, our prototype system must perform 
high- resolution retinal imaging, high- speed tracking of eye motion, 
and low- latency stimulus delivery (18). Demonstrating colors out-
side of the natural human gamut in Oz is the perceptual signature 
that each of these system components is operating successfully in 
unison. !is technical achievement introduces an experimental 
platform for visual perception with a new class of precision, pro-
grammable control, and cellular scale.

RESULTS
Theory of cell- by- cell color
We plot the colors generated by our Oz prototype on a Maxwell tri-
angle (19) with barycentric coordinates (l,m, s) = (L,M,S)

L+M + S
. !is tri-

angle displays the chromaticity (hue and saturation of a color) in 
two dimensions (2D), while projecting out its total activation 
(L+M+S). In these diagrams, the color- "lled subregion plotted at 
the bottom is the natural human gamut, which spans all chromatici-
ties achievable via ordinary spectral mixtures of light.
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Example Oz stimulation patternsPrototype System Prototype specs:
Raster 
Raster pixels:         512 × 256 px
Frame rate:         60 Hz
Stimulation:         488 or 543 nm
Microdose rate:         105 / s
Motion tracking rate:      960 Hz
Motion tracking latency: 4 ms
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Fig. 1. Overview of principle and prototype system. (A) System inputs. (i) Retina map of 103 cone cells preclassi!ed by spectral type (7). (ii) Target visual percept 
(here, a video of a child, see movie S1 at 1:04). (iii) Infrared cellular- scale imaging of the retina with 60- frames- per- second rolling shutter. Fixational eye movement is 
visible over the three frames shown. (B) System outputs. (iv) Real- time per- cone target activation levels to reproduce the target percept, computed by: extracting eye 
motion from the input video relative to the retina map; identifying the spectral type of every cone in the !eld of view; computing the per- cone activation the target 
percept would have produced. (v) Intensities of visible- wavelength 488- nm laser microdoses at each cone required to achieve its target activation level. (C) Infrared 
imaging and visible- wavelength stimulation are physically accomplished in a raster scan across the retinal region using AOSLO. By modulating the visible- wavelength 
beam’s intensity, the laser microdoses shown in (v) are delivered. Drawing adapted with permission [Harmening and Sincich (54)]. (D) Examples of target percepts with 
corresponding cone activations and laser microdoses, ranging from colored squares to complex imagery. Teal- striped regions represent the color “olo” of stimulating 
only M cones.
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