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Figure 1. Experimental protocol and stimuli. (A) Each experiment consisted of five phases: pretraining test (Pre), Training 1, mid-

training test (Mid), Training 2, and posttraining test (Post). (B) Schematic description of a two-alternative forced-choice trial in a

QUEST staircase for measuring the orientation discrimination threshold with a crowded target. (C) Trained and test stimuli in

Experiments 1–5. Black dots represent the fixation point. The stimuli were presented in the upper-left visual quadrant, except that the

isolated and crowded untrained targets in Experiment 3 were presented in the upper-right visual quadrant.





Figure 2. Psychophysical results of Experiments 1–5 and the control experiment. (A–D) First column (from left to right): discrimination

thresholds for the four test stimuli at Pre, Mid, and Post. Second column: learning curve during Training 1. For individual subjects,

staircases during Training 1 were split into six equally sized bins based on the training progress. The average discrimination threshold

in each bin was plotted as a function of bin, referred to as the learning curve. Learning curves were then averaged across subjects.

Third column: percentage improvements in discrimination performance from Pre to Mid. Fourth column: learning curve during

Training 2. Discrimination thresholds are plotted as a function of training day. Fifth column: percentage improvements in

discrimination performance from Mid to Post. (E, F) Discrimination thresholds for the four test stimuli at Pre and Mid. Error bars

denote 1 SEM across subjects.
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interaction depending on the distance between the
target and flankers may play a major role in
determining the magnitude of crowding. Taken to-
gether, crowding is determined by the combination of
constraints at multiple levels of cortical processing,
including low-level cortical interaction and high-level
attention.

The performance improvement in the early training
stage was largely due to the improved general ability of
segmenting the target and flankers, which manifested
with the crowding configuration (i.e., the radial
configuration) used in the study. Distinct from the early
training stage, the improvement in the late training
stage was mainly attributed to the perceptual learning
effect specific to the trained orientation. The visual
system might have learned to refine the neural
representation of the trained orientation in sensory
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