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Abstract

This Paper gives a brief introduction into the architecture of ACT-R and how it works. This is a
necessary condition to understand the main research question “How can mind occur in a
physical environment?” and the answer to it. In the first chapters the components of ACT-R are
introduced und the general architecture is explained. After that a closer look is taken on the
mapping of ACT-R modules onto their respective brain areas. When this is completed, an
experiment is presented which shows that ACT-R is capable of predicting the activity of brain
areas at certain tasks. With that there is proof that the mapping of the modules to brain areas
was done correctly. To complete the whole work, there is a discussion about the benefits of the
results presented and about the question, why fMRI was used instead of EEG.
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1 Introduction
When it comes to cognitive architectures the first terms a non-professional thinks about
are computer programs and artificial intelligence. Actually the concept “cognitive
architecture” comes from the field of cognitive science and was introduced by Allen
Newell in relation to computer architecture. But even as a non-professional if you think
deeper one question arises: “What is the model for cognitive architectures?”
The answer is the most obvious: The human brain. Now knowing where it all came
from, it leads to the central question of this paper: “How can mind occur in such a
physical environment like the human brain?” The question addresses central neuropsychological and philosophical questions like: “How does our brain work?”, “What are
the cognitive components of the brain?” or “How does the brain develop mind and
consciousness?” These questions have to be answered because the general axiom is, if
the brain can do it, any other form of electronical hardware will also be able to do it, at
the latest in distant future. The problem with the brain is that it is so complex that a
certain abstraction level is necessary to understand the basic principles. Therefore John
R. Anderson provides a very suitable definition of “cognitive architecture” in this
context:
A cognitive architecture is a specification of the structure of the brain at a level
of abstraction that explains how it achieves the function of the mind.
[Anderson 2009, p. 7]
And this is where ACT-R comes into focus.

2 Important Components of ACT-R
ACT-R is a cognitive architecture whose basic cognitive components are modeled
analogous to the human brain. The cognitive psychologist John R. Anderson mentioned
above can be seen as the creator of ACT-R and is still significantly involved into its
development. The acronym stands for “Adaptive Control of Thought – Rational” where
“Rational” points out that this model of thinking is based on normative cost-benefit
analyzes. The purpose of ACT-R is to simulate and beyond that predict human behavior
for a wide range of cognitive tasks.

2.1 ACT-R Modular Architecture
ACT-R consists of a set of modules; each of these modules is associated with specific
brain regions. This is discussed in more detail in Chapter 4. Each module has its own
buffer. Buffers in ACT-R model the resource limitations within the brain and refer to
the working memory. As a basic principle, each buffer can only hold one chunk at any
time.
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Figure 1 shows the structure of the modules and buffers of ACT-R 6.0. I decided to
leave the newly added aural and vocal modules out to maintain clarity. They are not
necessary to understand the basic principles.

Figure 1. Modules of ACT-R 6.0 (Without Aural and Vocal Modules)

2.2 Chunks and Production Rules
Chunks and production rules are the basic elements needed for communication and
processing between the ACT-R modules.
2.2.1 Chunks
Chunks in ACT-R represent declarative knowledge (see chapter 2.3.5 Declarative
Module for further explanation). They are used for data exchange between the modules.
A chunk is defined by its type and its slots where each slot is a category attribute:
(CHUNK-Type NAME
SLOT1 (ISA)
SLOT2
SLOTN
)
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The ISA-slot here is special and specifies the type of the chunk. [Qin et al. 2006, p. 206]
For example if you want to build a house, you need several materials which have
information about their properties each. Each material can be stored as a chunk and each
property is an attribute in this chunk.
2.2.2 Production Rules
Production rules represent procedural knowledge. This is knowledge about how we do
things, e.g. building a house. In this example the production rules would define how to
deal with the materials (chunks) to get the house built. Thus, production rules define
how to process the chunks.

Figure 2. Function of Production Rules

A production rule consists of a “condition” (if) and an “action” (then) part:
(P Production-Name
condition part
==>
action part
)

The condition part specifies the chunks in various buffers, in which the action part
defines modifications of the chunks, requests for other chunks to be placed into the
buffers, and/or requests for other actions to be taken. [Qin et al. 2006, p. 206]
Furthermore, only one production rule can be fired at each processing cycle while the
general information processing within and among different modules can go on in
parallel and asynchronously. [Qin et al. 2006, p. 208]
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2.3 The Modules
2.3.1 Visual Module
This modules function is to acquire visual information. It is designed as a system for
modeling visual attention. Therefore it includes some default mechanisms for parsing
text and other simple visual features. Special about the visual module is that it has two
buffers:
 a visual buffer: chunk which represents an object in the visual scene
 a visual-location buffer: chunk which represents the location of an object in the
visual scene [Qin et al. 2006, p. 208]
2.3.2 Manual Module
The manual modules assignment is to control hand movements. These movements can
be finger typing on a keyboard or the movement of a mouse. Special about the manual
module is that its buffer never holds a chunk. It is only used to issue commands, to
query the state of the manual module and to request actions to be performed by the
hands. [Qin et al. 2006, p. 208-209]
2.3.3 Intentional Module
This is also called “goal module”. It is keeping track of the current goals and intentions
in solving the problem. [Anderson 2004, p. 1037]
2.3.4 Imaginal Module
This is also called “problem state module”. The imaginal module always holds a current
mental representation of the problem. [Anderson 2009, p. 20]
2.3.5 Declarative Module
The declarative module models the declarative memory, which in turn can be divided
into semantic and episodic memory.
The semantic memory consists of factual knowledge: all that is learned and
remembered, what a person can communicate. For example statements or rules like “An
atom is like the solar system" or "Red light means stop“. This also involves the
relationship between individual words and their meaning. [Eysenck 2012]
The episodic memory holds memories of everyday and personal experiences, like the
first school day or remembering where the car was last parked. [Tulving 2002, p. 3-4]
This declarative knowledge is stored in chunks as explained in chapter 2.2.1.
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Figure 3. Declarative Memory

2.3.6 Production System
The production system is the central processing module of ACT-R. It is able to
recognize patterns of information in the buffers and responds by sending requests to the
modules. Thus, the production system is responsible for the coordination of the
behavior of all other modules. This is achieved by the production rules explained in
chapter 2.2.2. [Anderson 2009, p. 21]

Figure 4. Procedural Memory
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3 Closer Consideration of an ACT-R Production Rule
To gain a better understanding how ACT-R works, a code snipped will be analyzed
more closely below. As basic knowledge one has to know that you always have to
check whether a buffer is free or not before you place a new chunk in it. Otherwise the
program could crash. [Qin et al. 2006, p. 208]

Figure 5. Code Snipped from an ACT-R Model [Qin et al. 2006, p. 210]

Line 35:
Line 36-37:
Line38:
Line 39-40:

Line 41-42:
Line 43-46:

Line 47-49:

P defines a production rule; attend-txt is the name of it
If the goal is to perform an arithmetic-task
And the goal state is “find-location” (which means the program has
already found the right location in this step)
And if the chunk in the visual-location buffer is of type “visual-location”
(The found location was successfully stored in the chunk “visuallocation”)
And if the vision module is not currently active (state free)
Then request the visual buffer for a move-attention: This is a request for
the vision module to move its attention to screen-pos, encode the object
that is there, and place that object into the visual buffer as a chunk
Finally set the state of the goal buffer to “attend”
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4 Architecture of ACT-R in Comparison to the Human
Brain
After ACT-R 4.0 was published in 1993, Anderson became more and more interested
in the underlying neural connections of his model compared to the human brain. He
started to research about this with the help of brain imaging techniques and developed
the concept of the modules, which he introduced with ACT-R 5.0 in 1998. In this
version, for the first time, individual modules were assigned to specific brain regions. In
2005, after further intensive research, version 6.0 was released, which brought
additional modules and a completely new, rewritten version of the code.

4.1 Regions of Interest in the Human Brain
In order to carry out this brain mapping of modules, so-called regions of interest (ROI)
were identified in the brain with regard to the modules of ACT-R. Figure 3 and Table 1
show which module was associated with which ROI in the brain.

Figure 6. Regions of Interest (ROI)

ACT-R Module
Visual Module
Manual Module
Imaginal Module
Declarative Module
Goal Module
Procedural Module

Mapped Brain Region
Temporal Lobe/Fusiform Gyros
Parietal Lobe/Motor
Parietal Cortex
Prefrontal Cortex
Anterior Cingulate Cortex (inside)
Basal Ganglia/Caudate (inside)

Table 1. Associations of Modules with ROIs [Anderson 2009, p. 75]

Before proceeding there have to be made some qualifying remarks about these brainmodule associations so that there do not come up misunderstandings:
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It looks like each cortical region only performs the function associated with the
respective module. But even if a function is performed in a specific region, there is no
reason to suppose that the activity of that region only reflects that function. There is also
no claim that a function is restricted to a specific region. For the brain mapping
approach “it is only necessary that the activity of the brain region reliably reflects a
particular information-processing function.” [Qin et al. 2006, p. 216]

5 Using ACT-R to Predict fMRI Data
The mapping of modules to specific brain regions is one thing. But it has to be ensured
that the theory keeps its promises. As the mapping was built already upon the basis of
brain imaging data, it is obvious to ask if there is a method to proof that the components
of both ACT-R and the human brain work together the same way. This is why the idea
came up to check whether the output trace of an ACT-R model, which performs a
certain task, enables researchers to predict the so called Blood Oxygenation LevelDepend (BOLD) generated by fMRI (functional magnetic resonance imaging) response
of a human brain performing the same task.
fMRI measuring BOLD works like this:
Increased firing of neurons requires oxygen delivered by blood and the magnetic
properties of oxygenated hemoglobin are different from those of non-oxygenated
hemoglobin. This property is measured by fMRI as a distortion of the magnetic field
generated by the protons.
The assumption behind this is that the same brain regions are active when their
corresponding ACT-R modules are active.

5.1 The Experiment
Several experiments were carried out to prove that ACT-R is capable of predicting
BOLD responses, one of which is now to be discussed in more detail: The Paper “Using
ACT-R Cognitive Architecture in combination with fMRI Data” [Borst & Anderson
2015] is about an experiment conducted recently in 2015 and is thereby fairly up-todate.
The assumption to be proved was that declarative memory activity (declarative module)
is reflected by a region in the prefrontal cortex, while representational activity (imaginal
module) is reflected by a region in the posterior parietal cortex.
The experiment was divided into two phases. First there was a study phase where
subjects had to try to remember something and second there was a test phase where
subjects had to give the correct remembered answer.
There were also two conditions, the paired and the generated condition. In the paired
condition subjects were conducted to memorize a paired-associated phrase,
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e.g. band – 2. After that a 6-second fixation screen was shown. Then the test probe was
shown for a maximum of 6 seconds which consisted of a word (e.g. band) and the
subjects had to respond with the associated number.
In the generated condition a word phrase with a missing letter was given and the
subjects were asked to solve it by finding the missing letter. In the test situation they
had to respond with the number of the position they have filled the letter in.
The assumption behind this was that there will be greater representational activity
because subjects had to solve the phrase at study and extract the response at test. So this
is not just about remembrance, but about solving a task based on memorized
information.
There was also an independent variable in the test which consisted of varying between
three levels of delays between study and test phase: no delay (instant test), short delay
(1-2 items between study and test) and long delay (6-7 items between study and test).

5.2 The Model
Anderson, Byrne et al. (2008) presented an ACT-R model which performs the
associative recognition task. This model was slightly adapted for this experiment and
can be found under http://act-r.psy.cmu.edu/?post_type=publications&p=15627.
The following list describes how the model operates under the respective conditions.
Where numbers describe processes which all conditions have in common, the letters are
devoted to deviations in the sequences.
1.
2.
3.
4.

Model starts with encoding the start fixation
Encodes pair or phrase
Represents gained information in problem state module
It then stores the information in the declarative memory module
a. In the generated condition an extra problem state action is performed to
extract the position of the letter that was filled in
b. The completed phrase is then again stored in declarative memory
 Results in more problem state module activity
5. In the immediate test conditions: model retrieves pair or position, represents it in
the problem state module and generates a response
 Both declarative memory and problem state requirements are
the same in both immediate test phases
6. The delay test conditions result in longer declarative memory activity
a. In the generated delay condition it is assumed that the model cannot
directly remember the position in the field
b. It has to retrieve the phrase from the memory and then extract the
position again
 Results in more problem state module activity
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This procedure can be understood with reference to Figure 7.
1

Figure 7 shows a schematic of model activity for four different trial types. The colors
each correspond to the activity in one of the modules:
 Orange corresponds to activity in the visual module
 Blue corresponds to activity in the imaginal/problem state module
 Pink corresponds to activity in the declarative memory module
 Red-brown corresponds to activity in the motor module

1 I had to correct an error in this figure: In the original source, there was also written in the generated condition
"Encode Pair", which is incorrect and was changed into "Encode Phrase" by myself.
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5.3 Results and Interpretation
The following diagrams show the BOLD prediction of ACT-R in the first line and
below the actual BOLD response measured.

Figure 8. Results of Regions of Interest (ROI) Analysis [Borst & Anderson 2015, p. 13-14]

Prediction Declarative
Result Declarative
No difference between the paired and the As predicted except the peak in generated
generated conditions
condition was higher, but this difference
was not significant
Clear difference between the no, short and Some differences in the predicted order,
long delay conditions
especially in the generated condition
Table 2. Results for Declarative Memory

Prediction Problem State
Result Problem State
Larger response in the generated condition Prediction matched by the data
Delay has only an effect in the generated Prediction matched by the data
condition
Table 3. Results for Problem State Updates

The results show that the prefrontal region indeed mostly reflects declarative memory
retrievals and the posterior parietal cortex reflects problem state representations. The
observed discrepancies can have several reasons:
 The model might be inaccurate
 The mapping of ACT-R on the brain might be incomplete
 More subjects might have to be tested
All in all the data was sufficiently predicted by the model which is an important step for
the progress of research in artificial intelligence. [Borst & Anderson 2015]
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6 Benefits of the results presented
The approach of predicting brain activation with the help of a cognitive architecture
constructed upon the model of the human brain can be seen as a two way bridge:
It allows researchers “to interpret the significance of the fMRI data in terms of precise
information processing operations rather than in terms of relatively diffuse concepts.”
[Qin et al. 2006, p. 220]
On the other hand fMRI experiments can be carried out to test the predictions of ACT-R
and help to find ways to improve the architecture model and the corresponding theory.
So as a conclusion, the approach helps both research areas: Brain research and research
on artificial intelligence, especially cognitive architectures.

7 Why not use EEG Instead?
After I had my talk in class the question came up, why they did not use EEG
(Electroencephalography) instead of fMRI. In general, the EEG measures the electrical
potentials of electrical currents that are involved in the generation of action potentials.
Since it is an electrical measurement, the EEG can have extremely high temporal
resolutions, which makes it possible to resolve the frequency-dependent changes
associated with different cognitive processes as well as the waveform generated by
certain tasks. The disadvantage of the EEG is that the activity is measured only where
the electrodes are placed on the head. Thus it is difficult to track where in the brain
activity comes from.
fMRI on the other hand measures changes in blood flow associated with neuronal
activity. See explanation in chapter 5 for detailed reading about BOLD. Thus the fMRI
can detect the brain activity in the brain with a good spatial resolution (about 1 mm), but
it is rather slow (about 1 s). In this sense, it is complementary to EEG, but they measure
different things.
So the answer is pretty simple: The model brain mapping treated in this paper would not
have been possible with EEG as EEG is not capable of assigning brain areas to certain
cognitive processes. A lot of modules were mapped to deeper regions of the brain e.g.
procedural module is assigned to basal ganglia/caudate. For this assignment, EEG
would not have had the necessary spatial resolution.
Nonetheless EEG is already used in combination with ACT-R. Research on the
respective homepage revealed that Jelmer Borst had a talk about “ACT-R and
Neuroscience Revisited: What did we learn from EEG and MEG?” at the annual
“ACT-R 2016 Post-Graduate Summer School” event, which took place from August 7th
to 9th, 2016. The description is cited here because it shows how EEG can still help to
improve ACT-R and to find out more about cognitive architectures and their
functioning:
“Since the early 2000s, we have been using fMRI as a means of informing ACT-R
models. As a direct result, the imaginal buffer was introduced to the architecture. After
the mapping between ACT-R modules and brain regions became more established,
fMRI could also be used as a means of testing and constraining ACT-R models, in some
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cases requiring a significant redevelopment of models. The drawback of fMRI is its low
temporal resolution. To approach the level of temporal detail of ACT-R operations, we
have recently turned to EEG and MEG, which provide data at a millisecond-resolution.
These experiments have provided evidence for additional processes in the standard fanexperiment: a familiarity process and a more involved decision process. […]”
[http://act-r.psy.cmu.edu/?post_type=workshops&p=20531 (18.02.2017)]

8 Conclusion
So now, what is the answer to the questions from the introduction? Of course not all
questions were covered by this paper and even the big question “How can mind occur in
such a physical environment like the human brain?” cannot be answered completely
until today. Allen Newell warned that “we are just a little ways into the answer.” But
the cognitive architecture ACT-R gives first important hints to where this long way
leads. For Anderson a general answer lies in the modular design of
ACT-R and with that also of the brain: “The mind partitions itself into specific
information-processing functions, and these functions are achieved in relatively
localized brain regions where the processing can be done effectively.” This general
answer holds definitely a part of truth because “modular partition seems the only way to
achieve the multipurpose functionality that humans need to meet the demands of their
world given the structure of their brains.” Furthermore a lot research is taking place in
this field “to partition the brain and its functions much more finely than its done here”
and with these structure-function associations being “sufficiently similar to many other
ideas in the field […] it seems unlikely that further refinements will completely overturn
these associations.” [Anderson 2009, p. 86-87]
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