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Marr’s Levels of AnalysisMarr’s Levels of Analysis



Churchland, Ramachandran and Sejnowski
A Critique of Pure Vision, 1994
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Time is Honey
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VUMmx1 - Octopamine

Hammer and Menzel, 1997



Temporal Difference LearningTemporal Difference Learning
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Montague, Dayan and Sejnowski, 1994

Temporal Difference LearningTemporal Difference Learning









Decisions Decisions



Glimcher, 2002

Reward Modulates Visual ResponsesReward Modulates Visual Responses
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Environment

Dopamine

Reward 
Prediction 
Error

Cerebral 
Cortex

Basal
Ganglia

Montague, Dayan and Sejnowski, 1996



Temporal Differences RevealedTemporal Differences Revealed

Schultz, Dayan, Montague, 1997



Go Defeat, 2017Go Defeat, 2017
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Speed-Accuracy Tradeoff Speed-Accuracy Tradeoff 
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Controlling Smooth Eye MovementsControlling Smooth Eye Movements



Sensorimotor Control SystemSensorimotor Control System



Speed-Accuracy TradeoffSpeed-Accuracy Tradeoff
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Controlling Smooth Eye MovementsControlling Smooth Eye Movements
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Bumps and TrailsBumps and Trails
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• Vision delay

• Action delay
30 seconds

No delay 1‐step delay 2‐step delay 3‐step delay

No delay 1‐step delay 2‐step delay 3‐step delay

Delays in Vision and in ActionDelays in Vision and in Action
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Combining Bumps and TrailsCombining Bumps and Trails



• Delay session: 30 second for each setting (T = -4, -3, -2, -1, 0, 1, 2)

• Quantizer session: 30 second (L = 1, 2, …, 7)

• Delay and Quantizer session: 30 second for each pair of settings

Speed-Accuracy TradeoffSpeed-Accuracy Tradeoff



Parallel Control SystemsParallel Control Systems
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Scalability of Control SystemsScalability of Control Systems
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