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Control	
  



What	
  is	
  execu@ve	
  control?	
  



Phineas Gage 





In 1848, Gage, 25, was the foreman of a crew cutting a railroad bed in 
Cavendish, Vermont. On September 13, as he was using a tamping iron to 
pack explosive powder into a hole, the powder detonated. The tamping iron 
- 43 inches long, 1.25 inches in diameter and weighing 13.25 pounds - shot 
skyward, penetrated Gage’s left cheek, ripped into his brain and exited 
through his skull, landing several dozen feet away. Though blinded in his left 
eye, he did not lose consciousness and remained savvy enough to tell a 
doctor that day, “Here is business enough for you.” 
 
Gage’s initial survival would have ensured him a measure of celebrity, but 
his name was etched into history by observations made by John Martyn 
Harlow, the doctor who treated him for a few months afterward. Gage’s 
friends found him “no longer Gage,” Harlow wrote. The balance between his 
“intellectual faculties and animal propensities” seemed gone. He could not 
stick to plans, uttered “the grossest profanity” and showed “little deference 
for his fellows.” The railroad-construction company that employed him, 
which had thought him a model foreman, refused to take him back. So Gage 
went to work at a stable in New Hampshire, drove coaches in Chile and 
eventually joined relatives in San Francisco, where he died in May 1860, at 
age 36, after a series of seizures. 









Orbitofrontal Cortex 









Execu@ve	
  Control	
  and	
  Working	
  
Memory	
  



Sunglasses	
  
Chair	
  
Dress	
  

Earrings	
  
Boots	
  
Bed	
  

Counter	
  
Shower	
  
Floor	
  
Shoes	
  
Desk	
  

	
  





What	
  was	
  the	
  list	
  of	
  words?	
  



Subjects	
  performed	
  a	
  delayed	
  auditory	
  matching-­‐to-­‐sample	
  task.	
  Unrelated	
  distractors	
  tones	
  were	
  
presented	
  during	
  the	
  delay	
  period.	
  Pa@ents	
  with	
  prefrontal	
  lesions	
  made	
  more	
  errors	
  for	
  all	
  delay	
  
condi@ons	
  and	
  the	
  deficits	
  became	
  greater	
  as	
  the	
  number	
  of	
  distractors	
  increased.	
  Pa@ents	
  with	
  
hippocampal	
  lesions	
  were	
  impaired	
  only	
  at	
  the	
  longest	
  deay	
  (Chao	
  and	
  Knight,	
  1995).	
  



What	
  is	
  the	
  average	
  of	
  the	
  following	
  
numbers?	
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Monkeys	
  with	
  damage	
  to	
  Prefrontal	
  Cortex	
  cannot	
  do	
  this	
  task	
  



Phonological	
  
Loop	
  

	
  
Central	
  Execu@ve	
  

	
  

Visuo-­‐spa@al	
  
Sketchpad	
  

Baddeley	
  &	
  Hitch,	
  1974	
  



	
  
Central	
  Execu@ve	
  

	
  

Baddeley	
  &	
  Hitch,	
  1974	
  

	
  
add	
  /	
  delete	
  items	
  from	
  working	
  memory	
  

selec@ng	
  from	
  items	
  
recall	
  from	
  long	
  term	
  memory	
  
transfer	
  to	
  long	
  term	
  memory	
  

	
  



Upda@ng	
  Working	
  Memory	
  

The	
  “n”	
  back	
  task	
  



Target	
  =	
  4	
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Central	
  Execu@ve	
  

	
  

	
  
control	
  of	
  working	
  memory	
  
seeng	
  goals	
  and	
  planning	
  

task	
  switching	
  
s@mulus	
  response	
  selec@on	
  (inhibi@on)	
  



Seeng	
  Goals	
  and	
  Planning	
  

The	
  Towers	
  of	
  Hanoi	
  



hgp://www.dynamicdrive.com/dynamicindex12/towerhanoi.htm	
  



Goal	
  Seeng	
  and	
  Planning	
  is	
  a	
  form	
  of	
  
Decision	
  Making	
  

Thus,	
  Markov	
  Decision	
  Making	
  (MDM)	
  rules	
  apply:	
  
1.	
  Always	
  choose	
  the	
  highest	
  value	
  op@on	
  
(Exploita@on)	
  
2.	
  Some@mes	
  choose	
  a	
  lower	
  value	
  op@on	
  
(Explora@on)	
  
	
  
A	
  RL	
  model	
  can	
  solve	
  the	
  Towers	
  of	
  Hanoi	
  Puzzle.	
  





Task	
  Switching	
  

The	
  Wisconsin	
  Card	
  Sort	
  Task	
  



Rule:	
  	
  	
  	
  	
  	
  	
  Shape	
  

















Rule:	
  	
  	
  	
  	
  	
  	
  Colour	
  



















Rule:	
  	
  	
  	
  	
  	
  	
  Shape	
  















S@mulus	
  Response	
  Selec@on	
  

The	
  Stroop	
  Task	
  



Recite	
  the	
  colour	
  of	
  the	
  words	
  
you	
  see	
  



Green	
  



Red	
  



Yellow	
  



Blue	
  



Red	
  



Green	
  



Blue	
  



Green	
  



Yellow	
  



Response	
  Selec@on	
  

1.  S@mulus	
  Iden@fica@on	
  
2.  Response	
  Selec@on	
  
3.  Movement	
  Planning	
  
4.  Movement	
  Execu@on	
  



S@mulus	
  Iden@fica@on	
  



S@mulus	
  Iden@fica@on	
  

PERCEPTION	
  
	
  -­‐	
  i.e.,	
  the	
  VENTRAL	
  visual	
  stream	
  







There	
  are	
  whole	
  courses	
  on	
  PERCEPTION,	
  i.e.,	
  PSYC	
  317B	
  
Other	
  than	
  what	
  we	
  have	
  discussed	
  here	
  we	
  will	
  make	
  the	
  assump@on	
  that	
  we	
  can	
  accurately	
  
iden@fy	
  movement	
  targets	
  	
  



Response	
  Selec@on	
  



Response	
  Selec@on	
  is	
  a	
  form	
  of	
  
DECISION	
  MAKING	
  

Thus,	
  Markov	
  Decision	
  Making	
  (MDM)	
  rules	
  
apply:	
  
1.	
  Always	
  choose	
  the	
  highest	
  value	
  op@on	
  
(Exploita@on)	
  
2.	
  Some@mes	
  choose	
  a	
  lower	
  value	
  op@on	
  
(Explora@on)	
  
	
  



A	
  Neural	
  Centre	
  for	
  Response	
  Selec@on?	
  

Anterior	
  
Cingulate	
  
Cortex	
  



Execu@ve	
  Control	
  and	
  Agen@on	
  



+	
  



+	
  



+	
  



+	
  



Con@nuous	
  neuronal	
  firing	
  in	
  prefrontal	
  cortex	
  is	
  necessary	
  to	
  maintain	
  agen@on	
  



Why	
  the	
  Prefrontal	
  Cortex?	
  



CONNECTIONS	
  OF	
  THE	
  FRONTAL	
  CORTEX	
  







GOAL DIRECTED 
BEHAVIOR 

1.  Planning: identify goals, 
develop subgoals.  

2.  Receive information about 
goals and means. Rule 
learning. Reward 

3.  Selection of task relevant 
information- selection of 
responses (focusing, 
attention) 

4.  Determine what temporal 
order is required to 
achieve the subgoals 

5.  Switching tasks, when 
necessary 

6.  Monitoring progress 



Computa@onal	
  Models	
  of	
  
Cogni@ve	
  Control	
  



Ar@ficial	
  Neural	
  Networks	
  

Inputs	
  

Output	
  

An	
  ar@ficial	
  neural	
  network	
  is	
  composed	
  of	
  many	
  ar@ficial	
  neurons	
  that	
  are	
  
linked	
  together	
  according	
  to	
  a	
  specific	
  network	
  architecture.	
  The	
  objec@ve	
  of	
  
the	
  neural	
  network	
  is	
  to	
  transform	
  the	
  inputs	
  into	
  meaningful	
  outputs.	
  



Why?	
  



Biological	
  Inspira@on	
  

Animals	
  are	
  able	
  to	
  react	
  adap@vely	
  to	
  changes	
  in	
  their	
  external	
  and	
  internal	
  
environment,	
  and	
  they	
  use	
  their	
  nervous	
  system	
  to	
  perform	
  these	
  behaviours.	
  

	
  

An	
  appropriate	
  model/simula@on	
  of	
  the	
  nervous	
  system	
  should	
  be	
  able	
  to	
  
produce	
  similar	
  responses	
  and	
  behaviours	
  in	
  ar@ficial	
  systems.	
  

	
  

Goals:	
   	
  1.	
  Understanding	
  

	
  2.	
  Predic@on	
  

	
  3.	
  To	
  Do	
  Jobs:	
  Classifica@on,	
  Iden@fica@on,	
  Predic@on	
  



The	
  Basics	
  







Ques@on?	
  
	
  
Is	
  the	
  input	
  to	
  each	
  
dendrite	
  the	
  same?	
  	
  



Ques@on?	
  
	
  
Is	
  the	
  output	
  on	
  the	
  	
  
telodendria	
  the	
  same?	
  





Input	
  1	
  

Input	
  2	
  

Input	
  n	
  

Output	
  



So	
  what	
  makes	
  a	
  neuron	
  fire?	
  



1	
  

1	
  

0	
  

Output	
  

But	
  recall	
  that	
  inputs	
  are	
  scaled…	
  



1	
  

1	
  

0	
  

Output	
  

But	
  recall	
  that	
  inputs	
  are	
  scaled…	
  

w1	
  

w2	
  

w3	
  



The	
  Input	
  

Input	
  =	
  a1w1	
  +	
  a2w2	
  +	
  a3w3	
  +	
  …	
  +	
  anwn	
  

Σ	
  Input	
  	
  =	
  
i	
  =	
  1	
  

n	
  

aiwi	
  



The	
  Output	
  

If	
  Input	
  >	
  	
  θ	
   Output	
  =	
  1	
  

If	
  Input	
  <	
  	
  θ	
   Output	
  =	
  0	
  



Why	
  have	
  an	
  ac@va@on	
  func@on?	
  
Hint:	
  Can	
  we	
  simulate	
  every	
  neuron	
  in	
  the	
  brain?	
  



























“L”	
  



Where:	
  	
  Vn	
  =	
  Output	
  of	
  a	
  NN	
  

V1	
   V2	
   V3	
   V4	
   V5	
  



Then	
  it	
  is	
  easy…	
  

1.  Always	
  choose	
  the	
  highest	
  value	
  op@on…	
  
	
  (in	
  TD	
  gammon	
  the	
  best	
  move…)	
  



Tic	
  Tac	
  Toe	
  

X	
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Then	
  it	
  is	
  easy…	
  

1.  Always	
  choose	
  the	
  highest	
  value	
  op@on…	
  
	
  (in	
  TD	
  gammon	
  the	
  best	
  move…)	
  

	
  
But	
  why	
  is	
  this	
  not	
  always	
  the	
  best	
  idea?	
  



Then	
  it	
  is	
  easy…	
  

1.  Always	
  choose	
  the	
  highest	
  value	
  op@on…	
  
	
  (in	
  TD	
  gammon	
  the	
  best	
  move…)	
  

	
  
2.	
  	
  So,	
  some@mes	
  we	
  need	
  to	
  EXPLORE	
  as	
  
opposed	
  to	
  EXPLOIT	
  



Є	
  =	
  0.0	
  

Є	
  =	
  0.5	
  

Є	
  =	
  0.1	
  
Є	
  =	
  0.01	
  

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1



Learning	
  



Expectancy	
  



Rescorla	
  –	
  Wagner	
  (1972)	
  
	
  
	
  

Predic@on	
  Error	
  =	
  Actual	
  Value	
  –	
  
Expected	
  Value	
  



Rescorla	
  –	
  Wagner	
  (1972)	
  
	
  
	
  

New	
  Value	
  =	
  Old	
  Value	
  +	
  PE	
  



Vtone	
   Vreward	
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