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Can you find a set?  How did you do it?







Memory for past events
Rules for what to do next



Addition-FactThree   Seven

Four

addend1 sum

  addend2

            Declarative-Procedural Distinction

Procedural Knowledge: Production Rules
for retrieving chunks to solve problems.

  336
+848
       4

     IF the goal is to add the numbers in a column
         and n1 + n2 are in the column
THEN retrieve the sum of n1 and n2.

Productions serve to coordinate the retrieval of
information from declarative memory and the enviroment
to produce transformations in the goal state.

Declarative Knowledge: Chunks
   Configurations of small numbers of elements

ACT-R: Knowledge Representation
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ACT-R: Assumption Space

the “R” in ACT-R



Subsymbolic Level

Chunk Activations are responsible for determining which (if any chunks) get retrieved
and how long it takes to retrieve them.

Production Utilities are responsible for determining which productions get selected
when there is a conflict.

As with the symbolic level, the subsymbolic level is not a static level, but is changing
in the light of experience.  Subsymbolic learning allows the system to adapt to the
statistical structure of the environment.

The subsymbolic level reflects an analytic characterization of
connectionist computations.  These computations have been implemented
in ACT-RN (Lebiere & Anderson, 1993) but this is not a practical modeling
system.



Chunk Activation

base
activation

activation = +

Activation makes chunks available to the degree that past experiences
indicate that they will be useful at the particular moment:
            Base-level: general past usefulness
            Associative Activation: relevance to the current context

Matching Penalty: allows partial matching of context
Noise: useful to avoid getting stuck in local minima
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Chunk i

Seven

Three Four
Addend1 Addend2

Sum

Goal
   isa write
   relation sum
   arg1 Three
   arg2 Four 

Retrieval
   isa addition-fact
   addend1 Three
   addend2 Four

Sji

Bi

Activation

A i = Bi + Wj ⋅  Sji
j
∑ + MPk ⋅ Simkl + N(0,s)

k
∑

Wj Sim kl



Activation, Latency and Probability

• Retrieval time for a chunk is a negative
exponential function of its activation:

• Probability of retrieval of a chunk follows the
Boltzmann (softmax) distribution:

• The chunk with the highest activation is retrieved

Timei = F ⋅e
−Ai

Pi =
e
Ai
t

e
Aj
t

j
∑t = 2 ⋅ s = 6 ⋅ σ

π



Base-level Activation

The base level activation Bi of chunk Ci reflects a context-
independent estimation of how likely Ci is to match a production,
i.e. Bi is an estimate of the log odds that Ci will be used.

Two factors determine Bi:

•   frequency of using Ci
•   recency with which Ci was used

BBii = ln = ln  ((          ))P(CP(Cii))
P(CP(Cii))

Ai       =     Bi

base
activation

activation =

(talk about learning later)



Application: Paired Associate Recall
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Source Activation

The source activations Wj reflect the amount of attention
given to elements, i.e. fillers, of the current goal. ACT-R
assumes a fixed capacity  for source activation

W= Σ Wj reflects an individual difference parameter.
People with more W can retrieve more information

associative
strength

source
activation( )+ *

+          Σ Wj   *       Sji
j



Application: Individual Differences



Associative Strengths

The association strength SThe association strength Sjiji between chunks C between chunks Cjj and C and Ci i is a measure ofis a measure of
how often Chow often Cii was needed (retrieved) when C was needed (retrieved) when Cjj was element of the was element of the
goal, i.e. Sgoal, i.e. Sjiji estimates the log likelihood ratio of C estimates the log likelihood ratio of Cjj being a source of being a source of
activation if Cactivation if Ci i was retrieved.was retrieved.

associative
strength

source
activation( )+ *

+          Σ Wj   *       Sji

         (    )P(Ni Cj)
P(Ni)

Sji = ln

    = S - ln(P(Ni|Cj))



Application: Fan Effect



Partial Matching

• The mismatch penalty is a measure of the amount of control over memory
retrieval: MP = 0 is free association; MP very large means perfect
matching; intermediate values allow some mismatching in search of a
memory match.

• Similarity values between desired value k specified by the production and
actual value l present in the retrieved chunk.  This provides generalization
properties similar to those in neural networks; the similarity value is
essentially equivalent to the dot-product between distributed
representations.

+ MPk ⋅ Simkl
k
∑

similarity
value

mismatch
penalty( )*+



Table 3.1
Data from Siegler & Shrager (1984)

and ACT-R’s Predictions

Data
   Other

   Including
Problem Answer    Retrieval

  Failure

0 1 2 3 4 5 6 7 8

1+1 - .05 .86 - .02 - .02 - - .06

1+2 - .04 .07 .75 .04 - .02 - - .09

1+3 - .02 - .10 .75 .05 .01 .03 - .06

2+2 .02 - .04 .05 .80 .04 - .05 - -

2+3 - - .07 .09 .25 .45 .08 .01 .01 .06

3+3 .04 - - .05 .21 .09 .48 - .02 .11

Predictions
   Other

   Including
Problem Answer    Retrieval

  Failure

0 1 2 3 4 5 6 7 8

1+1 - .10 .75 .10 .01 - - - - .04

1+2 - .01 .10 .75 .10 .- - - - .04

1+3 - - .01 .10 .78 .06 - - - .04

2+2 - - .0 .1 .82 .02 - - - .04

2+3 - - - .03 .32 .45 .06 .01 - .13

3+3 - - - .04 .04 .08 .61 .08 .01 .18

Application: Cognitive Arithmetic



Noise

• Noise provides the essential stochasticity of human behavior
• Noise also provides a powerful way of exploring the world
• Activation noise is composed of two noises:

• A permanent noise accounting for encoding variability
• A transient noise for moment-to-moment variation

+ noise

+N(0,s)



Application: Paper Rocks Scissors
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• Too little noise makes the system too deterministic.

• Too much noise makes the system too random.

• This is not limited to game-playing situations!

(Lebiere & West, 1999)



Making Choices:  Conflict Resolution

Expected Gain =  E = PG-C

Probability of choosing i = e
Ei /t

e
Ej /t

j
∑

P =

Successes = α + m
Failures = β + n

Successes
Successes + Failures

Production Utility

P is expected probability of success
G is value of goal
C is expected cost

t reflects noise in evaluation 
and is like temperature in 
the Bolztman equation

(talk about learning later)



Application: Operator Selection
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ACT-R: Assumption Space



Production Calculate1
IF
    goal=(add,X,Y,__)
THEN
    subgoal=(count,X,Y,Z)
    goal=(add,X,Y,Z)
    write(Z)
  

New Chunks by Goal Caching

Production Retrieve1
IF
    goal=(add,X,Y,__)
THEN
    retrieve(add,X,Y,__)
 

Production Retrieve2
IF
    goal=(add,X,Y,__)
    retrieved=(add,X,Y,Z)
THEN
    write(Z)
 

Used in lifetime simulation of arithmetic learning.
Other things to cache: location of visual information, …









Production Stim
IF
    goal=(press,__,__)
    stimulus = X
THEN
    retrieve map(X,Y)
    goal=(press,X,__)

Production Map
IF
    goal=(press,X,__)
    retrieved map(X,Y)
THEN
    press Y
  

New Productions by
Production Compilation

Other things to compile: experiment instructions, …

Production StimMap-uno
IF
    goal=(press,__,__)
    stimulus = “uno”
THEN
    press “1”
  







Base-Level Activation Learning

Based on the Rational Analysis of the Environment
(Schooler & Anderson, 1997)
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Base-Level Activation reflects the log-odds that a chunk
will be needed.  In the environment the odds that a fact
will be needed decays as a power function of how long it
has been since it has been used.  The effects of multiple
uses sum in determining the odds of being used.

             Base-Level Learning EquationBi = ln( tj
− d

j=1

n

∑ )





Making Choices:  Conflict Resolution

Expected Gain =  E = PG-C

Probability of choosing i = e
Ei /t

e
Ej /t

j
∑

P =

Successes = α + m
Failures = β + n

Successes
Successes + Failures

P is expected probability of success
G is value of goal
C is expected cost

t reflects noise in evaluation 
and is like temperature in 
the Bolztman equation

α is prior successes
m is experienced successes
β is prior failures
n is experienced failures

Production Utility Learning



Recent Successes of ACT-R Learning

1. Learning of inflection (English past and German plural).
    Shows that production compilation can come up with generalizations.

2. Learning of air-traffic control task.
    Shows that production compilation can deal with complex perceptual motor skill.

3. Learning of productions for performing paired associate task from instructions.
    Solves mystery of where the productions for doing an experiment come from.

4. Learning to perform an anti-air warfare coordinator task from instructions.
    Shows the same as 2 & 3.

Note all of these examples involve all forms of learning occurring in ACT-R
simultaneously – acquiring new chunks, acquiring new productions, activation
learning, and utility learning.



Questions?


