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Connectionism



Structure of the “categorisation” lectures

• L1:  Connectionism
• L2:  Statistical learning
• L3:  Semantic networks
• L4:  Wisdom of crowds
• L5: Cultural transmission
• L6: Summary

Yes there’s some categorisation
in these lectures, but not as 
much as you’d think. The name 
of this lecture series comes 
from the fact that I’m filling in 
for Brett Hayes and his lectures 
were more categorisation
focused J



Structure of the lecture

• Rescorla-Wagner rule
• Backpropagation of error rule
• From backprop to deep networks
• The state of the art? Atari games?



How do people learn?



Two perspectives (among many!)

- Neural networks
- Biologically inspired
- Learning from error
- Pattern recognition
- Flexible learning

Connectionism

This lecture!



Two perspectives (among many!)

- Bayesian models
- Statistical learning
- Structured learning
- Rich generalisation

Probabilistic models

Next lecture!



The Rescorla-Wagner model: 
An “error driven” learning theory 



Associative learning

Unconditioned stimulus (US) –
something inherently rewarding

Conditioned stimulus (CS) –
something initially neutral

In the simplest design 
(forward conditioning) the 
CS is presented slightly 
before the US, so that it can 
serve as a signal that reward 
is coming



Associative learning

After some number of presentations, the 
learner starts to respond to the CS in the 
same way they would respond to the US

They have a learned association between 
the CS and the US

(well, Pavlovian anyway)



There are many 
variations on this! 

(Long list of empirical 
effects to account for)



Rescorla-Wagner model

Vx  Vx + ↵�(�� Vxy)
<latexit sha1_base64="5++loMYDF4vNWvZMLk0pOlXtJio=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBAUMWxE0NyCXjxGMCpkQ+id9CaDsw9metWw5Fu8+CtePKjkJv6Mk8dBowUNRVX3THf5iZKGXPfTmZmdm19YzC3ll1dW19YLG5vXJk61wLqIVaxvfTCoZIR1kqTwNtEIoa/wxr87H/o396iNjKMr6iXYDKETyUAKICu1CpXrVvbY557CgEDr+IGPhQPugUq6wD0fCfiep+ybbeCHI7/X3+etQtEtuSPwv6Q8IUU2Qa1VGHjtWKQhRiQUGNMouwk1M9AkhcJ+3ksNJiDuoIMNSyMI0TSz0Yl9vmuVNg9ibSsiPlJ/TmQQGtMLfdsZAnXNtDcU//MaKQWnzUxGSUoYifFHQao4xXyYF29LjYJUzxIQWtpdueiCBkE21bwNoTx98l9SPypVSu7lcbF6Nkkjx7bZDttjZXbCquyC1VidCfbEXtgbe3eenVfnwxmMW2ecycwW+wXn6xu1KaKy</latexit><latexit sha1_base64="5++loMYDF4vNWvZMLk0pOlXtJio=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBAUMWxE0NyCXjxGMCpkQ+id9CaDsw9metWw5Fu8+CtePKjkJv6Mk8dBowUNRVX3THf5iZKGXPfTmZmdm19YzC3ll1dW19YLG5vXJk61wLqIVaxvfTCoZIR1kqTwNtEIoa/wxr87H/o396iNjKMr6iXYDKETyUAKICu1CpXrVvbY557CgEDr+IGPhQPugUq6wD0fCfiep+ybbeCHI7/X3+etQtEtuSPwv6Q8IUU2Qa1VGHjtWKQhRiQUGNMouwk1M9AkhcJ+3ksNJiDuoIMNSyMI0TSz0Yl9vmuVNg9ibSsiPlJ/TmQQGtMLfdsZAnXNtDcU//MaKQWnzUxGSUoYifFHQao4xXyYF29LjYJUzxIQWtpdueiCBkE21bwNoTx98l9SPypVSu7lcbF6Nkkjx7bZDttjZXbCquyC1VidCfbEXtgbe3eenVfnwxmMW2ecycwW+wXn6xu1KaKy</latexit><latexit sha1_base64="5++loMYDF4vNWvZMLk0pOlXtJio=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBAUMWxE0NyCXjxGMCpkQ+id9CaDsw9metWw5Fu8+CtePKjkJv6Mk8dBowUNRVX3THf5iZKGXPfTmZmdm19YzC3ll1dW19YLG5vXJk61wLqIVaxvfTCoZIR1kqTwNtEIoa/wxr87H/o396iNjKMr6iXYDKETyUAKICu1CpXrVvbY557CgEDr+IGPhQPugUq6wD0fCfiep+ybbeCHI7/X3+etQtEtuSPwv6Q8IUU2Qa1VGHjtWKQhRiQUGNMouwk1M9AkhcJ+3ksNJiDuoIMNSyMI0TSz0Yl9vmuVNg9ibSsiPlJ/TmQQGtMLfdsZAnXNtDcU//MaKQWnzUxGSUoYifFHQao4xXyYF29LjYJUzxIQWtpdueiCBkE21bwNoTx98l9SPypVSu7lcbF6Nkkjx7bZDttjZXbCquyC1VidCfbEXtgbe3eenVfnwxmMW2ecycwW+wXn6xu1KaKy</latexit>

One popular (though incomplete) account of 
associative learning is the Rescorla-Wagner model

But what does this strange 
inscription mean?????



Rescorla-Wagner model

Vx  Vx + ↵�(�� Vxy)
<latexit sha1_base64="5++loMYDF4vNWvZMLk0pOlXtJio=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBAUMWxE0NyCXjxGMCpkQ+id9CaDsw9metWw5Fu8+CtePKjkJv6Mk8dBowUNRVX3THf5iZKGXPfTmZmdm19YzC3ll1dW19YLG5vXJk61wLqIVaxvfTCoZIR1kqTwNtEIoa/wxr87H/o396iNjKMr6iXYDKETyUAKICu1CpXrVvbY557CgEDr+IGPhQPugUq6wD0fCfiep+ybbeCHI7/X3+etQtEtuSPwv6Q8IUU2Qa1VGHjtWKQhRiQUGNMouwk1M9AkhcJ+3ksNJiDuoIMNSyMI0TSz0Yl9vmuVNg9ibSsiPlJ/TmQQGtMLfdsZAnXNtDcU//MaKQWnzUxGSUoYifFHQao4xXyYF29LjYJUzxIQWtpdueiCBkE21bwNoTx98l9SPypVSu7lcbF6Nkkjx7bZDttjZXbCquyC1VidCfbEXtgbe3eenVfnwxmMW2ecycwW+wXn6xu1KaKy</latexit><latexit sha1_base64="5++loMYDF4vNWvZMLk0pOlXtJio=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBAUMWxE0NyCXjxGMCpkQ+id9CaDsw9metWw5Fu8+CtePKjkJv6Mk8dBowUNRVX3THf5iZKGXPfTmZmdm19YzC3ll1dW19YLG5vXJk61wLqIVaxvfTCoZIR1kqTwNtEIoa/wxr87H/o396iNjKMr6iXYDKETyUAKICu1CpXrVvbY557CgEDr+IGPhQPugUq6wD0fCfiep+ybbeCHI7/X3+etQtEtuSPwv6Q8IUU2Qa1VGHjtWKQhRiQUGNMouwk1M9AkhcJ+3ksNJiDuoIMNSyMI0TSz0Yl9vmuVNg9ibSsiPlJ/TmQQGtMLfdsZAnXNtDcU//MaKQWnzUxGSUoYifFHQao4xXyYF29LjYJUzxIQWtpdueiCBkE21bwNoTx98l9SPypVSu7lcbF6Nkkjx7bZDttjZXbCquyC1VidCfbEXtgbe3eenVfnwxmMW2ecycwW+wXn6xu1KaKy</latexit><latexit sha1_base64="5++loMYDF4vNWvZMLk0pOlXtJio=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBAUMWxE0NyCXjxGMCpkQ+id9CaDsw9metWw5Fu8+CtePKjkJv6Mk8dBowUNRVX3THf5iZKGXPfTmZmdm19YzC3ll1dW19YLG5vXJk61wLqIVaxvfTCoZIR1kqTwNtEIoa/wxr87H/o396iNjKMr6iXYDKETyUAKICu1CpXrVvbY557CgEDr+IGPhQPugUq6wD0fCfiep+ybbeCHI7/X3+etQtEtuSPwv6Q8IUU2Qa1VGHjtWKQhRiQUGNMouwk1M9AkhcJ+3ksNJiDuoIMNSyMI0TSz0Yl9vmuVNg9ibSsiPlJ/TmQQGtMLfdsZAnXNtDcU//MaKQWnzUxGSUoYifFHQao4xXyYF29LjYJUzxIQWtpdueiCBkE21bwNoTx98l9SPypVSu7lcbF6Nkkjx7bZDttjZXbCquyC1VidCfbEXtgbe3eenVfnwxmMW2ecycwW+wXn6xu1KaKy</latexit>

CS with two 
components

X Y

US present

+

An XY+ trial

Consider a design in which 
there are two features 
present (X and Y) and the 
learner needs to predict an 
outcome that might be 
present (+) or absent (-)



Rescorla-Wagner model

Vx  Vx + ↵�(�� Vxy)
<latexit sha1_base64="5++loMYDF4vNWvZMLk0pOlXtJio=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBAUMWxE0NyCXjxGMCpkQ+id9CaDsw9metWw5Fu8+CtePKjkJv6Mk8dBowUNRVX3THf5iZKGXPfTmZmdm19YzC3ll1dW19YLG5vXJk61wLqIVaxvfTCoZIR1kqTwNtEIoa/wxr87H/o396iNjKMr6iXYDKETyUAKICu1CpXrVvbY557CgEDr+IGPhQPugUq6wD0fCfiep+ybbeCHI7/X3+etQtEtuSPwv6Q8IUU2Qa1VGHjtWKQhRiQUGNMouwk1M9AkhcJ+3ksNJiDuoIMNSyMI0TSz0Yl9vmuVNg9ibSsiPlJ/TmQQGtMLfdsZAnXNtDcU//MaKQWnzUxGSUoYifFHQao4xXyYF29LjYJUzxIQWtpdueiCBkE21bwNoTx98l9SPypVSu7lcbF6Nkkjx7bZDttjZXbCquyC1VidCfbEXtgbe3eenVfnwxmMW2ecycwW+wXn6xu1KaKy</latexit><latexit sha1_base64="5++loMYDF4vNWvZMLk0pOlXtJio=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBAUMWxE0NyCXjxGMCpkQ+id9CaDsw9metWw5Fu8+CtePKjkJv6Mk8dBowUNRVX3THf5iZKGXPfTmZmdm19YzC3ll1dW19YLG5vXJk61wLqIVaxvfTCoZIR1kqTwNtEIoa/wxr87H/o396iNjKMr6iXYDKETyUAKICu1CpXrVvbY557CgEDr+IGPhQPugUq6wD0fCfiep+ybbeCHI7/X3+etQtEtuSPwv6Q8IUU2Qa1VGHjtWKQhRiQUGNMouwk1M9AkhcJ+3ksNJiDuoIMNSyMI0TSz0Yl9vmuVNg9ibSsiPlJ/TmQQGtMLfdsZAnXNtDcU//MaKQWnzUxGSUoYifFHQao4xXyYF29LjYJUzxIQWtpdueiCBkE21bwNoTx98l9SPypVSu7lcbF6Nkkjx7bZDttjZXbCquyC1VidCfbEXtgbe3eenVfnwxmMW2ecycwW+wXn6xu1KaKy</latexit><latexit sha1_base64="5++loMYDF4vNWvZMLk0pOlXtJio=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBAUMWxE0NyCXjxGMCpkQ+id9CaDsw9metWw5Fu8+CtePKjkJv6Mk8dBowUNRVX3THf5iZKGXPfTmZmdm19YzC3ll1dW19YLG5vXJk61wLqIVaxvfTCoZIR1kqTwNtEIoa/wxr87H/o396iNjKMr6iXYDKETyUAKICu1CpXrVvbY557CgEDr+IGPhQPugUq6wD0fCfiep+ybbeCHI7/X3+etQtEtuSPwv6Q8IUU2Qa1VGHjtWKQhRiQUGNMouwk1M9AkhcJ+3ksNJiDuoIMNSyMI0TSz0Yl9vmuVNg9ibSsiPlJ/TmQQGtMLfdsZAnXNtDcU//MaKQWnzUxGSUoYifFHQao4xXyYF29LjYJUzxIQWtpdueiCBkE21bwNoTx98l9SPypVSu7lcbF6Nkkjx7bZDttjZXbCquyC1VidCfbEXtgbe3eenVfnwxmMW2ecycwW+wXn6xu1KaKy</latexit>

The old strength of 
association for stimulus X

The new strength of association 
for stimulus X after seeing XY+

The difference between the old and the new. 
By convention “differences” are denoted 
“delta”, so we call this “delta-V”, ΔV   



�Vx = ↵�(�� Vxy)
<latexit sha1_base64="9jfh3cmaKabRuqlwL8RTBRWZNaE=">AAACF3icbVA9SwNBEN2LXzF+RS1tFoMQC+NFBLUQglpYRvCSQC6Euc0kWbL3we6eGI78DBv/io2Fiq12/hs3lxQafTDweG9md+Z5keBK2/aXlZmbX1hcyi7nVlbX1jfym1s1FcaSocNCEcqGBwoFD9DRXAtsRBLB9wTWvcHl2K/foVQ8DG71MMKWD72AdzkDbaR2/tC9QqGB1trJ/YieUxdE1AfqemjEoivMSx2gB6k/HO3Tdr5gl+wU9C8pT0mBTFFt5z/dTshiHwPNBCjVLNuRbiUgNWcCRzk3VhgBG0APm4YG4KNqJelhI7pnlA7thtJUoGmq/pxIwFdq6Hum0wfdV7PeWPzPa8a6e9pKeBDFGgM2+agbC6pDOk6JdrhEpsXQEGCSm10p64MEpk2WORNCefbkv8Q5Kp2V7JvjQuVimkaW7JBdUiRlckIq5JpUiUMYeSBP5IW8Wo/Ws/VmvU9aM9Z0Zpv8gvXxDTCwni8=</latexit><latexit sha1_base64="9jfh3cmaKabRuqlwL8RTBRWZNaE=">AAACF3icbVA9SwNBEN2LXzF+RS1tFoMQC+NFBLUQglpYRvCSQC6Euc0kWbL3we6eGI78DBv/io2Fiq12/hs3lxQafTDweG9md+Z5keBK2/aXlZmbX1hcyi7nVlbX1jfym1s1FcaSocNCEcqGBwoFD9DRXAtsRBLB9wTWvcHl2K/foVQ8DG71MMKWD72AdzkDbaR2/tC9QqGB1trJ/YieUxdE1AfqemjEoivMSx2gB6k/HO3Tdr5gl+wU9C8pT0mBTFFt5z/dTshiHwPNBCjVLNuRbiUgNWcCRzk3VhgBG0APm4YG4KNqJelhI7pnlA7thtJUoGmq/pxIwFdq6Hum0wfdV7PeWPzPa8a6e9pKeBDFGgM2+agbC6pDOk6JdrhEpsXQEGCSm10p64MEpk2WORNCefbkv8Q5Kp2V7JvjQuVimkaW7JBdUiRlckIq5JpUiUMYeSBP5IW8Wo/Ws/VmvU9aM9Z0Zpv8gvXxDTCwni8=</latexit><latexit sha1_base64="9jfh3cmaKabRuqlwL8RTBRWZNaE=">AAACF3icbVA9SwNBEN2LXzF+RS1tFoMQC+NFBLUQglpYRvCSQC6Euc0kWbL3we6eGI78DBv/io2Fiq12/hs3lxQafTDweG9md+Z5keBK2/aXlZmbX1hcyi7nVlbX1jfym1s1FcaSocNCEcqGBwoFD9DRXAtsRBLB9wTWvcHl2K/foVQ8DG71MMKWD72AdzkDbaR2/tC9QqGB1trJ/YieUxdE1AfqemjEoivMSx2gB6k/HO3Tdr5gl+wU9C8pT0mBTFFt5z/dTshiHwPNBCjVLNuRbiUgNWcCRzk3VhgBG0APm4YG4KNqJelhI7pnlA7thtJUoGmq/pxIwFdq6Hum0wfdV7PeWPzPa8a6e9pKeBDFGgM2+agbC6pDOk6JdrhEpsXQEGCSm10p64MEpk2WORNCefbkv8Q5Kp2V7JvjQuVimkaW7JBdUiRlckIq5JpUiUMYeSBP5IW8Wo/Ws/VmvU9aM9Z0Zpv8gvXxDTCwni8=</latexit>

Rescorla-Wagner model

This delta-V describes “how much 
we learn about X from the current 
trial/event” 

The “alpha” and “beta” terms here are 
parameters describing learning rates.

- alpha depends on the conditioned 
stimulus (X, the thing that is 
acquiring the association)

- beta depends on the 
unconditioned stimulus (the thing 
we’re learning to predict)  

This isn’t an associative learning class 
so we’ll group them together in a 
single “learning rate”, gamma…  



Rescorla-Wagner model

�Vx = �(�� Vxy)
<latexit sha1_base64="wofY+kivtxysQDJrd/qyAWGWRH4=">AAACEXicbVDLSgMxFM34rPVVdekmWIR2YZmKoC6Eoi5cVrAP6JRyJ5NpQ5PMkGTEMvQb3PgrblyouHXnzr8xfSy09cCFwzn3JvceP+ZMG9f9dhYWl5ZXVjNr2fWNza3t3M5uXUeJIrRGIh6ppg+aciZpzTDDaTNWFITPacPvX438xj1VmkXyzgxi2hbQlSxkBIyVOrmid025AVzvpA9DfIG9LggBuOBx+0YA+GjsDIZF3Mnl3ZI7Bp4n5SnJoymqndyXF0QkEVQawkHrVtmNTTsFZRjhdJj1Ek1jIH3o0palEgTV7XR80hAfWiXAYaRsSYPH6u+JFITWA+HbTgGmp2e9kfif10pMeNZOmYwTQyWZfBQmHJsIj/LBAVOUGD6wBIhidldMeqCAGJti1oZQnj15ntSOS+cl9/YkX7mcppFB++gAFVAZnaIKukFVVEMEPaJn9IrenCfnxXl3PiatC850Zg/9gfP5A8Z0m9g=</latexit><latexit sha1_base64="wofY+kivtxysQDJrd/qyAWGWRH4=">AAACEXicbVDLSgMxFM34rPVVdekmWIR2YZmKoC6Eoi5cVrAP6JRyJ5NpQ5PMkGTEMvQb3PgrblyouHXnzr8xfSy09cCFwzn3JvceP+ZMG9f9dhYWl5ZXVjNr2fWNza3t3M5uXUeJIrRGIh6ppg+aciZpzTDDaTNWFITPacPvX438xj1VmkXyzgxi2hbQlSxkBIyVOrmid025AVzvpA9DfIG9LggBuOBx+0YA+GjsDIZF3Mnl3ZI7Bp4n5SnJoymqndyXF0QkEVQawkHrVtmNTTsFZRjhdJj1Ek1jIH3o0palEgTV7XR80hAfWiXAYaRsSYPH6u+JFITWA+HbTgGmp2e9kfif10pMeNZOmYwTQyWZfBQmHJsIj/LBAVOUGD6wBIhidldMeqCAGJti1oZQnj15ntSOS+cl9/YkX7mcppFB++gAFVAZnaIKukFVVEMEPaJn9IrenCfnxXl3PiatC850Zg/9gfP5A8Z0m9g=</latexit><latexit sha1_base64="wofY+kivtxysQDJrd/qyAWGWRH4=">AAACEXicbVDLSgMxFM34rPVVdekmWIR2YZmKoC6Eoi5cVrAP6JRyJ5NpQ5PMkGTEMvQb3PgrblyouHXnzr8xfSy09cCFwzn3JvceP+ZMG9f9dhYWl5ZXVjNr2fWNza3t3M5uXUeJIrRGIh6ppg+aciZpzTDDaTNWFITPacPvX438xj1VmkXyzgxi2hbQlSxkBIyVOrmid025AVzvpA9DfIG9LggBuOBx+0YA+GjsDIZF3Mnl3ZI7Bp4n5SnJoymqndyXF0QkEVQawkHrVtmNTTsFZRjhdJj1Ek1jIH3o0palEgTV7XR80hAfWiXAYaRsSYPH6u+JFITWA+HbTgGmp2e9kfif10pMeNZOmYwTQyWZfBQmHJsIj/LBAVOUGD6wBIhidldMeqCAGJti1oZQnj15ntSOS+cl9/YkX7mcppFB++gAFVAZnaIKukFVVEMEPaJn9IrenCfnxXl3PiatC850Zg/9gfP5A8Z0m9g=</latexit>

gamma is a learning rate

This term here is the 
“reward prediction error”



Rescorla-Wagner model

lambda is represents the “intrinsic” value of 
the outcome (unconditioned stimulus), 
sometimes referred to as the “reward”, r 

�Vx = �(�� Vxy)
<latexit sha1_base64="wofY+kivtxysQDJrd/qyAWGWRH4=">AAACEXicbVDLSgMxFM34rPVVdekmWIR2YZmKoC6Eoi5cVrAP6JRyJ5NpQ5PMkGTEMvQb3PgrblyouHXnzr8xfSy09cCFwzn3JvceP+ZMG9f9dhYWl5ZXVjNr2fWNza3t3M5uXUeJIrRGIh6ppg+aciZpzTDDaTNWFITPacPvX438xj1VmkXyzgxi2hbQlSxkBIyVOrmid025AVzvpA9DfIG9LggBuOBx+0YA+GjsDIZF3Mnl3ZI7Bp4n5SnJoymqndyXF0QkEVQawkHrVtmNTTsFZRjhdJj1Ek1jIH3o0palEgTV7XR80hAfWiXAYaRsSYPH6u+JFITWA+HbTgGmp2e9kfif10pMeNZOmYwTQyWZfBQmHJsIj/LBAVOUGD6wBIhidldMeqCAGJti1oZQnj15ntSOS+cl9/YkX7mcppFB++gAFVAZnaIKukFVVEMEPaJn9IrenCfnxXl3PiatC850Zg/9gfP5A8Z0m9g=</latexit><latexit sha1_base64="wofY+kivtxysQDJrd/qyAWGWRH4=">AAACEXicbVDLSgMxFM34rPVVdekmWIR2YZmKoC6Eoi5cVrAP6JRyJ5NpQ5PMkGTEMvQb3PgrblyouHXnzr8xfSy09cCFwzn3JvceP+ZMG9f9dhYWl5ZXVjNr2fWNza3t3M5uXUeJIrRGIh6ppg+aciZpzTDDaTNWFITPacPvX438xj1VmkXyzgxi2hbQlSxkBIyVOrmid025AVzvpA9DfIG9LggBuOBx+0YA+GjsDIZF3Mnl3ZI7Bp4n5SnJoymqndyXF0QkEVQawkHrVtmNTTsFZRjhdJj1Ek1jIH3o0palEgTV7XR80hAfWiXAYaRsSYPH6u+JFITWA+HbTgGmp2e9kfif10pMeNZOmYwTQyWZfBQmHJsIj/LBAVOUGD6wBIhidldMeqCAGJti1oZQnj15ntSOS+cl9/YkX7mcppFB++gAFVAZnaIKukFVVEMEPaJn9IrenCfnxXl3PiatC850Zg/9gfP5A8Z0m9g=</latexit><latexit sha1_base64="wofY+kivtxysQDJrd/qyAWGWRH4=">AAACEXicbVDLSgMxFM34rPVVdekmWIR2YZmKoC6Eoi5cVrAP6JRyJ5NpQ5PMkGTEMvQb3PgrblyouHXnzr8xfSy09cCFwzn3JvceP+ZMG9f9dhYWl5ZXVjNr2fWNza3t3M5uXUeJIrRGIh6ppg+aciZpzTDDaTNWFITPacPvX438xj1VmkXyzgxi2hbQlSxkBIyVOrmid025AVzvpA9DfIG9LggBuOBx+0YA+GjsDIZF3Mnl3ZI7Bp4n5SnJoymqndyXF0QkEVQawkHrVtmNTTsFZRjhdJj1Ek1jIH3o0palEgTV7XR80hAfWiXAYaRsSYPH6u+JFITWA+HbTgGmp2e9kfif10pMeNZOmYwTQyWZfBQmHJsIj/LBAVOUGD6wBIhidldMeqCAGJti1oZQnj15ntSOS+cl9/YkX7mcppFB++gAFVAZnaIKukFVVEMEPaJn9IrenCfnxXl3PiatC850Zg/9gfP5A8Z0m9g=</latexit>



Rescorla-Wagner model

reward

�Vx = �(r � Vxy)
<latexit sha1_base64="na0ZOXV5tbR+MvpkAXDKL+JaVho=">AAACC3icbVDLSgMxFM3UV62vqks3wSLUhWUqgroQirpwWcE+oB3KnTTThiYzQ5IRyzAf4MZfceNCxa0/4M6/MZ3OQlsPBA7nnMvNPW7ImdK2/W3lFhaXllfyq4W19Y3NreL2TlMFkSS0QQIeyLYLinLm04ZmmtN2KCkIl9OWO7qa+K17KhUL/Ds9DqkjYOAzjxHQRuoVS91ryjXgZi9+SPAF7g5ACMBliY9SbZwcYpOyK3YKPE+qGSmhDPVe8avbD0gkqK8JB6U6VTvUTgxSM8JpUuhGioZARjCgHUN9EFQ5cXpMgg+M0sdeIM3zNU7V3xMxCKXGwjVJAXqoZr2J+J/XibR35sTMDyNNfTJd5EUc6wBPmsF9JinRfGwIEMnMXzEZggSiTX8FU0J19uR50jiunFfs25NS7TJrI4/20D4qoyo6RTV0g+qogQh6RM/oFb1ZT9aL9W59TKM5K5vZRX9gff4AH4uZUQ==</latexit><latexit sha1_base64="na0ZOXV5tbR+MvpkAXDKL+JaVho=">AAACC3icbVDLSgMxFM3UV62vqks3wSLUhWUqgroQirpwWcE+oB3KnTTThiYzQ5IRyzAf4MZfceNCxa0/4M6/MZ3OQlsPBA7nnMvNPW7ImdK2/W3lFhaXllfyq4W19Y3NreL2TlMFkSS0QQIeyLYLinLm04ZmmtN2KCkIl9OWO7qa+K17KhUL/Ds9DqkjYOAzjxHQRuoVS91ryjXgZi9+SPAF7g5ACMBliY9SbZwcYpOyK3YKPE+qGSmhDPVe8avbD0gkqK8JB6U6VTvUTgxSM8JpUuhGioZARjCgHUN9EFQ5cXpMgg+M0sdeIM3zNU7V3xMxCKXGwjVJAXqoZr2J+J/XibR35sTMDyNNfTJd5EUc6wBPmsF9JinRfGwIEMnMXzEZggSiTX8FU0J19uR50jiunFfs25NS7TJrI4/20D4qoyo6RTV0g+qogQh6RM/oFb1ZT9aL9W59TKM5K5vZRX9gff4AH4uZUQ==</latexit><latexit sha1_base64="na0ZOXV5tbR+MvpkAXDKL+JaVho=">AAACC3icbVDLSgMxFM3UV62vqks3wSLUhWUqgroQirpwWcE+oB3KnTTThiYzQ5IRyzAf4MZfceNCxa0/4M6/MZ3OQlsPBA7nnMvNPW7ImdK2/W3lFhaXllfyq4W19Y3NreL2TlMFkSS0QQIeyLYLinLm04ZmmtN2KCkIl9OWO7qa+K17KhUL/Ds9DqkjYOAzjxHQRuoVS91ryjXgZi9+SPAF7g5ACMBliY9SbZwcYpOyK3YKPE+qGSmhDPVe8avbD0gkqK8JB6U6VTvUTgxSM8JpUuhGioZARjCgHUN9EFQ5cXpMgg+M0sdeIM3zNU7V3xMxCKXGwjVJAXqoZr2J+J/XibR35sTMDyNNfTJd5EUc6wBPmsF9JinRfGwIEMnMXzEZggSiTX8FU0J19uR50jiunFfs25NS7TJrI4/20D4qoyo6RTV0g+qogQh6RM/oFb1ZT9aL9W59TKM5K5vZRX9gff4AH4uZUQ==</latexit>

Vxy is the “predicted reward”: the amount of 
reward/punishment that the learner expects to 
receive upon seeing the compound stimulus XY

In the Rescorla-Wagner model, expectations are 
additive, which means that:

Vxy = Vx + Vy
<latexit sha1_base64="7KDqTbPduzw50Pby/aKKW3IIZkY=">AAAB+nicbVDLSsNAFL3xWesr1qWbwSIIQklEUBdC0Y3LCqYttCFMppN26OTBzEQaQn7FjQsVt36JO//GaZuFth64l8M59zJ3jp9wJpVlfRsrq2vrG5uVrer2zu7evnlQa8s4FYQ6JOax6PpYUs4i6iimOO0mguLQ57Tjj++mfueJCsni6FFlCXVDPIxYwAhWWvLMWtvLJ1mBblDbm6Az3TPPrFsNawa0TOyS1KFEyzO/+oOYpCGNFOFYyp5tJcrNsVCMcFpU+6mkCSZjPKQ9TSMcUunms9sLdKKVAQpioStSaKb+3shxKGUW+noyxGokF72p+J/XS1Vw5eYsSlJFIzJ/KEg5UjGaBoEGTFCieKYJJoLpWxEZYYGJ0nFVdQj24peXiXPeuG5YDxf15m2ZRgWO4BhOwYZLaMI9tMABAhN4hld4MwrjxXg3PuajK0a5cwh/YHz+AKPhkxM=</latexit><latexit sha1_base64="7KDqTbPduzw50Pby/aKKW3IIZkY=">AAAB+nicbVDLSsNAFL3xWesr1qWbwSIIQklEUBdC0Y3LCqYttCFMppN26OTBzEQaQn7FjQsVt36JO//GaZuFth64l8M59zJ3jp9wJpVlfRsrq2vrG5uVrer2zu7evnlQa8s4FYQ6JOax6PpYUs4i6iimOO0mguLQ57Tjj++mfueJCsni6FFlCXVDPIxYwAhWWvLMWtvLJ1mBblDbm6Az3TPPrFsNawa0TOyS1KFEyzO/+oOYpCGNFOFYyp5tJcrNsVCMcFpU+6mkCSZjPKQ9TSMcUunms9sLdKKVAQpioStSaKb+3shxKGUW+noyxGokF72p+J/XS1Vw5eYsSlJFIzJ/KEg5UjGaBoEGTFCieKYJJoLpWxEZYYGJ0nFVdQj24peXiXPeuG5YDxf15m2ZRgWO4BhOwYZLaMI9tMABAhN4hld4MwrjxXg3PuajK0a5cwh/YHz+AKPhkxM=</latexit><latexit sha1_base64="7KDqTbPduzw50Pby/aKKW3IIZkY=">AAAB+nicbVDLSsNAFL3xWesr1qWbwSIIQklEUBdC0Y3LCqYttCFMppN26OTBzEQaQn7FjQsVt36JO//GaZuFth64l8M59zJ3jp9wJpVlfRsrq2vrG5uVrer2zu7evnlQa8s4FYQ6JOax6PpYUs4i6iimOO0mguLQ57Tjj++mfueJCsni6FFlCXVDPIxYwAhWWvLMWtvLJ1mBblDbm6Az3TPPrFsNawa0TOyS1KFEyzO/+oOYpCGNFOFYyp5tJcrNsVCMcFpU+6mkCSZjPKQ9TSMcUunms9sLdKKVAQpioStSaKb+3shxKGUW+noyxGokF72p+J/XS1Vw5eYsSlJFIzJ/KEg5UjGaBoEGTFCieKYJJoLpWxEZYYGJ0nFVdQj24peXiXPeuG5YDxf15m2ZRgWO4BhOwYZLaMI9tMABAhN4hld4MwrjxXg3PuajK0a5cwh/YHz+AKPhkxM=</latexit>

(But not all learning models assume additivity)



Error driven learning!

reward

�Vx = �(r � Vxy)
<latexit sha1_base64="na0ZOXV5tbR+MvpkAXDKL+JaVho=">AAACC3icbVDLSgMxFM3UV62vqks3wSLUhWUqgroQirpwWcE+oB3KnTTThiYzQ5IRyzAf4MZfceNCxa0/4M6/MZ3OQlsPBA7nnMvNPW7ImdK2/W3lFhaXllfyq4W19Y3NreL2TlMFkSS0QQIeyLYLinLm04ZmmtN2KCkIl9OWO7qa+K17KhUL/Ds9DqkjYOAzjxHQRuoVS91ryjXgZi9+SPAF7g5ACMBliY9SbZwcYpOyK3YKPE+qGSmhDPVe8avbD0gkqK8JB6U6VTvUTgxSM8JpUuhGioZARjCgHUN9EFQ5cXpMgg+M0sdeIM3zNU7V3xMxCKXGwjVJAXqoZr2J+J/XibR35sTMDyNNfTJd5EUc6wBPmsF9JinRfGwIEMnMXzEZggSiTX8FU0J19uR50jiunFfs25NS7TJrI4/20D4qoyo6RTV0g+qogQh6RM/oFb1ZT9aL9W59TKM5K5vZRX9gff4AH4uZUQ==</latexit><latexit sha1_base64="na0ZOXV5tbR+MvpkAXDKL+JaVho=">AAACC3icbVDLSgMxFM3UV62vqks3wSLUhWUqgroQirpwWcE+oB3KnTTThiYzQ5IRyzAf4MZfceNCxa0/4M6/MZ3OQlsPBA7nnMvNPW7ImdK2/W3lFhaXllfyq4W19Y3NreL2TlMFkSS0QQIeyLYLinLm04ZmmtN2KCkIl9OWO7qa+K17KhUL/Ds9DqkjYOAzjxHQRuoVS91ryjXgZi9+SPAF7g5ACMBliY9SbZwcYpOyK3YKPE+qGSmhDPVe8avbD0gkqK8JB6U6VTvUTgxSM8JpUuhGioZARjCgHUN9EFQ5cXpMgg+M0sdeIM3zNU7V3xMxCKXGwjVJAXqoZr2J+J/XibR35sTMDyNNfTJd5EUc6wBPmsF9JinRfGwIEMnMXzEZggSiTX8FU0J19uR50jiunFfs25NS7TJrI4/20D4qoyo6RTV0g+qogQh6RM/oFb1ZT9aL9W59TKM5K5vZRX9gff4AH4uZUQ==</latexit><latexit sha1_base64="na0ZOXV5tbR+MvpkAXDKL+JaVho=">AAACC3icbVDLSgMxFM3UV62vqks3wSLUhWUqgroQirpwWcE+oB3KnTTThiYzQ5IRyzAf4MZfceNCxa0/4M6/MZ3OQlsPBA7nnMvNPW7ImdK2/W3lFhaXllfyq4W19Y3NreL2TlMFkSS0QQIeyLYLinLm04ZmmtN2KCkIl9OWO7qa+K17KhUL/Ds9DqkjYOAzjxHQRuoVS91ryjXgZi9+SPAF7g5ACMBliY9SbZwcYpOyK3YKPE+qGSmhDPVe8avbD0gkqK8JB6U6VTvUTgxSM8JpUuhGioZARjCgHUN9EFQ5cXpMgg+M0sdeIM3zNU7V3xMxCKXGwjVJAXqoZr2J+J/XibR35sTMDyNNfTJd5EUc6wBPmsF9JinRfGwIEMnMXzEZggSiTX8FU0J19uR50jiunFfs25NS7TJrI4/20D4qoyo6RTV0g+qogQh6RM/oFb1ZT9aL9W59TKM5K5vZRX9gff4AH4uZUQ==</latexit>

expected reward

the difference between outcomes and 
expectations is the prediction error, and 
it is this error that “drives” learning

learning is gradual, and 
depends on a learning rate

how much does the learner 
change their beliefs?



Example: Blocking
http://compcogscisydney.org/psyr/programming.html

Associative 
strength for X

X+ XY+

Associative 
strength for Y



Recasting the Rescorla-Wagner model as 
a simple neural network



What is a neural network?

• Real neurons are complicated things
• “Neural networks” are abstractions

• Nodes receive input from other nodes
• If the input exceeds a threshold, the node “fires”
• Often a simplified “soft” threshold is used… instead 

of “firing” it just sends a transformed signal to the 
next node

�Vx = �(r � Vxy)
<latexit sha1_base64="na0ZOXV5tbR+MvpkAXDKL+JaVho=">AAACC3icbVDLSgMxFM3UV62vqks3wSLUhWUqgroQirpwWcE+oB3KnTTThiYzQ5IRyzAf4MZfceNCxa0/4M6/MZ3OQlsPBA7nnMvNPW7ImdK2/W3lFhaXllfyq4W19Y3NreL2TlMFkSS0QQIeyLYLinLm04ZmmtN2KCkIl9OWO7qa+K17KhUL/Ds9DqkjYOAzjxHQRuoVS91ryjXgZi9+SPAF7g5ACMBliY9SbZwcYpOyK3YKPE+qGSmhDPVe8avbD0gkqK8JB6U6VTvUTgxSM8JpUuhGioZARjCgHUN9EFQ5cXpMgg+M0sdeIM3zNU7V3xMxCKXGwjVJAXqoZr2J+J/XibR35sTMDyNNfTJd5EUc6wBPmsF9JinRfGwIEMnMXzEZggSiTX8FU0J19uR50jiunFfs25NS7TJrI4/20D4qoyo6RTV0g+qogQh6RM/oFb1ZT9aL9W59TKM5K5vZRX9gff4AH4uZUQ==</latexit><latexit sha1_base64="na0ZOXV5tbR+MvpkAXDKL+JaVho=">AAACC3icbVDLSgMxFM3UV62vqks3wSLUhWUqgroQirpwWcE+oB3KnTTThiYzQ5IRyzAf4MZfceNCxa0/4M6/MZ3OQlsPBA7nnMvNPW7ImdK2/W3lFhaXllfyq4W19Y3NreL2TlMFkSS0QQIeyLYLinLm04ZmmtN2KCkIl9OWO7qa+K17KhUL/Ds9DqkjYOAzjxHQRuoVS91ryjXgZi9+SPAF7g5ACMBliY9SbZwcYpOyK3YKPE+qGSmhDPVe8avbD0gkqK8JB6U6VTvUTgxSM8JpUuhGioZARjCgHUN9EFQ5cXpMgg+M0sdeIM3zNU7V3xMxCKXGwjVJAXqoZr2J+J/XibR35sTMDyNNfTJd5EUc6wBPmsF9JinRfGwIEMnMXzEZggSiTX8FU0J19uR50jiunFfs25NS7TJrI4/20D4qoyo6RTV0g+qogQh6RM/oFb1ZT9aL9W59TKM5K5vZRX9gff4AH4uZUQ==</latexit><latexit sha1_base64="na0ZOXV5tbR+MvpkAXDKL+JaVho=">AAACC3icbVDLSgMxFM3UV62vqks3wSLUhWUqgroQirpwWcE+oB3KnTTThiYzQ5IRyzAf4MZfceNCxa0/4M6/MZ3OQlsPBA7nnMvNPW7ImdK2/W3lFhaXllfyq4W19Y3NreL2TlMFkSS0QQIeyLYLinLm04ZmmtN2KCkIl9OWO7qa+K17KhUL/Ds9DqkjYOAzjxHQRuoVS91ryjXgZi9+SPAF7g5ACMBliY9SbZwcYpOyK3YKPE+qGSmhDPVe8avbD0gkqK8JB6U6VTvUTgxSM8JpUuhGioZARjCgHUN9EFQ5cXpMgg+M0sdeIM3zNU7V3xMxCKXGwjVJAXqoZr2J+J/XibR35sTMDyNNfTJd5EUc6wBPmsF9JinRfGwIEMnMXzEZggSiTX8FU0J19uR50jiunFfs25NS7TJrI4/20D4qoyo6RTV0g+qogQh6RM/oFb1ZT9aL9W59TKM5K5vZRX9gff4AH4uZUQ==</latexit>

• Learning occurs by adjusting the 
“strength” of the connections between 
nodes



A feed-forward network

yes

yes

no

???

is X present?

is Y present?

is Z present?

Vx

Vy

Vz

the associative strength describes the 
weight of the connection between the 
cue (e.g. X) and the reward

predicted 
reward



A feed-forward network

1

1

0

???
predicted 
reward

is X present?

is Y present?

is Z present?

Convert the human-friendly 
words “yes” and “no” into 
numerical activation levels

Vx

Vy

Vz



A feed-forward network

1

1

0

???

is X present?

is Y present?

is Z present?

wx

wy

wz

Relabel the “values” as 
“connection weights”…

predicted 
reward



A feed-forward network

1

1 ???

wx

wy
Collectively, the 
activation of these 
nodes describe an 
input pattern wz

The predicted reward 
produced when we 
pass the input through 
the connection weights 
is called the output

The input is processed by passing it 
“through” the connection/association weights

0



Learning by back-propagating error

The difference between the 
actual reward and the output 
is used to adjust the 
connection weights using an 
error driven learning rule

Δwx

Δwy

Δwz

robs – rpred



Using neural networks to solve 
categorization problems



How to classify irises????

Iris setosa Iris versicolour Iris virginica

(a classic data set collected by Edgar Anderson, reported by Sir Ronald Fisher 1936)



This is a “compound” stimulus with many 
features (at least four)



Our first connectionist network

1

1

0

???

How long is the petal?

Is it a setosa?

How wide is the petal?

How long is the sepal?

How wide is the sepal? 0

Is it a versicolor?

Is it a virginica?

???

???

Each of these links represents an 
association strength that we can 
acquire through repeated experience



Our first connectionist network

Some technical detail…

1

1

0

???

0

???

???

- Nonlinear activation function
- Bias parameters for contextual learning
- Delta rule subtly different from R/W



http://compcogscisydney.org/psyr/backprop.html

1

1

0

???

0

???

???

Learning connection weights



Building richer networks
(and understanding what they are good at)



Some networks have hidden layers

out1

out2

out3

hid1

hid2

hid3

in1

in2

in3



“Deep” networks can have many layers

(there are lots of technical details… more to it than just “add more layers”)



Google DeepMind



Human level reinforcement learning?



https://storage.googleapis.com/deepmind-media/dqn/DQNNaturePaper.pdf

Human level reinforcement learning?
Mnih et al (2015)



The theory of reinforcement learning provides 
a normative account, deeply rooted in 
psychological and neuroscientific perspectives 
on animal behaviour, of how agents may 
optimize their control of an environment. To 
use reinforcement learning successfully in 
situations approaching real-world complexity, 
however, agents are confronted with a difficult 
task: they must derive efficient representations 
of the environment from high-dimensional 
sensory inputs, and use these to generalize past 
experience to new situations

Human level reinforcement learning?
Mnih et al (2015)



Don’t try to defeat an 
AI at space invaders

Do challenge an AI to 
play Frostbite! 

Don’t try to defeat an 
AI at breakout



DQN plays Breakout

https://youtu.be/TmPfTpjtdgg



DQN plays Space Invaders

https://youtu.be/W2CAghUiofY



What does it learn?



What doesn’t it learn?
(this is a human playing Frostbite)

https://youtu.be/1d4D5KhpKa8



Why is Frostbite hard?

• It’s a structured game with sparse rewards
• Needs “forward planning” to play well
• Not really a “pattern recognition” problem

http://web.stanford.edu/class/psych209/Readings/LakeEtAlBBS.pdf



When pattern recognition goes awry

http://aiweirdness.com/post/171451900302/do-neural-nets-dream-of-electric-sheep
Very cool blog post by Janelle Shane 

These are scenes that “usually” have sheep so the network 
(this one is Microsoft, not Google) tags it with sheep



When pattern recognition goes awry

A goat being held by a 
child is labelled a “dog”

Goats in trees become 
birds or giraffes



When pattern recognition goes awry

Paint a sheep orange and 
it becomes a flower



Thanks!


