
Figure S1. Task geometry. The parameters of the visual stimulus used in a given session 
matched the properties of the MT and/or LIP neurons recorded during that session. To maintain 
consistent visual stimuli across sessions, we searched for neurons with similar tuning proper-
ties. “Before training” (a) refers to sessions in which the monkeys were rewarded for simply 
fixating a central spot while the motion stimulus was shown. “During training” (b and c) refers 
to sessions in which the monkeys were trained to perform the direction-discrimination task. a 
and b. MT receptive field locations (modal locations = 2.3° horizontal, -8.7° vertical relative to 
fixation for monkey C and -7.5°, -2.7° for monkey Z) and directional tuning (inset). c. LIP 
response field locations. Note that the full spatial extent of each response field was not 
mapped; rather, the locations shown here correspond to the angular positions at 10±0.9° 
(mean±s.d., monkey C) or 11±1.3° (monkey Z) eccentricity that elicited the strongest, spatially 
tuned responses during the delay period of a memory-saccade task.
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Figure S2. Behavioural thresholds computed with (black) and without (red) adjustments for asso-
ciative (high-coherence) errors. Behavioural threhsolds were computed using a time-dependent 
cumulative Weibull function (Eq. 1 and Fig. 2). The adjustment for high-coherence errors (λ in Eq. 
1) assumes that these errors do not reflect limitations in perceptual processing but rather other 
problems in performing the task (these errors are often referred to as “lapses” because in trained, 
human subjects they are thought to be attributed to lapses in attention; here we think of them as 
a more general phenomenon that also incoporates incomplete knowledge of the sensory-motor 
association). Most importantly, the errors at high coherence are treated as an estimate of the 
overall percentage of errors that can be attributed to non-perceptual causes and thus are used to 
scale the entire psychometric function. The red curves show that thresholds computed without 
this adjustment tend to be slightly higher and, in the case of monkey Z, change more dramatically 
with training than the adjusted thresholds because they conflate associative and perceptual 
changes. The black curves show that even after these associative errors are taken into account, 
discrimination thresholds change substantially with training.



Figure S3. a, Normalized responses of MT neurons (Eq. 2) as a function of viewing time (0.2-s-
wide bins in 0.1s intervals) for different motion strengths (see legend) during different training 
periods for monkey C. “Pre-training” refers to responses to the motion stimulus measured while 
the monkey was rewarded for simply fixating a central spot, before being trained on the 
discrimination task. Solid lines are the fitted values given by Eq. 3. b,c. MT directional tuning as 
a function of training session for Monkey C (left) and Z (right) measured using a 99.9% coher-
ence motion stimulus during the passive-vewing task. b. The discriminability of MT responses 
for preferred versus null motion computed using an ROC analysis. c.  Directional tuning width 
computed by fitting a von Mises function to the MT responses to 8 different directions of 
motion. In all four panels, the data did not depend significantly on session number (linear 
regression, H0: slope=0, b, p=0.9334 for monkey C, p=0.2842 for monkey Z; c, p=0.0833 for 
monkey C, p=0.3798 for monkey Z).
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Figure S4.  Neurometric thresholds of individual MT neurons measured before and during training for 
monkeys C (left) and Z (right). Error bars are 68% CIs. Solid lines indicate the geometric mean threshold 
coherence before (left) and during (right) training. The neurometric thresholds were computed using 
a time-dependent cumulative Weibull function (Eq 1, see Methods).
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Figure S5. a. Normalized responses of LIP neurons (Eq. 2) as a function of viewing time (0.5-s-
wide time bins with 0.025-s increments) for different motion strengths (see legend) during 
different training periods for monkey C. Only correct trials were included. Solid lines are fits to 
Eq. 3.  b,c. LIP spatial tuning as a function of training session for monkey C (left) and Z (right). b. 
Predictive index of LIP responses during the delay period of the direction-discrimination task.  This 
measures how well an ideal obserer could identify the monkey’s subsequent choice of saccadic 
target based only on the responses of the LIP neuron measured between motion offset and 
fixation offset. c. Spatial tuning width computed by fitting a von Mises function to the LIP 
responses measured during the delay period of a memory-saccade task using 8 different 
saccade target directions. In all four panels, the data did not depend significantly on session 
number (linear regression, H0: slope=0, b, p=0.1743 for monkey C, p=0.6019 for monkey Z; c, 
p=0.6500 for monkey C, p=0.6900 for monkey Z).
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Supplementary Table 1


