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The nature of system understanding

For a complex system, cannot think about every detail at
the same time

Need to develop simplified views which are adequate for
understanding and not misleading

What kind of understanding is needed ?

What are the appropriate simplifications ?

Usually comes down to resources, not features

What kind of understanding ?

to predict behaviour of system under novel circumstances

to modify the system

to repair the system

etc.

The critical issue is finding the simplified view which is adequate for the purpose.
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Understanding an electronic system

Difficult to hold in your imagination an image of what
every transistor is doing at each point in time

When looking at a line of software, difficult to imagine
every way in which that line affects the performance of
the system

We use hierarchies and approximations to make some
degree of understanding possible

What kind of understanding ?

to predict behaviour of system under novel circumstances

to modify the system

to repair the system

etc.

The critical issue is finding the simplified view which is adequate for the purpose.
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Why do we want to
understand an
electronic system ?

Why do we want to
understand the
brain ?

Modify the system

Build the system

Diagnose and repair the
system

Curiosity

Predict behaviour

Build a similar system

Diagnose and repair the
system
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Suppose you could create software models of neurons in
complete physiological detail

Then suppose you could also accurately model all the
connectivity between neurons in the brain

Finally, suppose that when the model was run, it exhibited
higher level cognition type behaviours

The model would be no easier to ÒunderstandÓ
than the physiological brain

Does system understanding mean
“extreme” modelling ?

To understand a system you must be able to think about it ÒsimultaneouslyÓ on several
different levels of detail, or at least in such a way that you have an intuitively available way to
map the description on the level you are currently thinking into both more and less detailed
levels.

Another example: the four colour theorem. How many colours are required to colour a two
dimensional map in such a way that no two regions with the same colour share a line boundary
(not a point contact). The old conjecture that four would always be sufficient was eventually
proved by demonstrating that there was a limited set of 1476 configurations that needed to be
tested, then testing exhaustively by computer. An independent proof created a list of 633
configurations that needed to be tested and tested them exhaustively by computer. Both proofs
demonstrated the truth of the four colour conjecture, but the proofs are not intellectually
accessible.
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Used for many different tasks

But nobody understood how computer systems were able
to carry out those tasks

Computerphysiology might study

internal voltage variations 
using probes

patterns present in integrated 
circuits

types of inputs and outputs

None of this would help to explain, for example, how a
computer supported performance of a web access task

software instructions implemented by transistor logic

memory, processing, input/output separations

Computerpsychology might study

response times

consistency of fonts across 
many different tasks

the “boot phenomenon”

Suppose that there were large numbers of
computers in the world
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How do you build a copy except by element by element duplication
How do you correct a construction error
How do you correct a component failure
How do you correct a failure
How do you add a new feature

Build systems by random assembly of components
Test systems until get one that works

but 

“Evolution” of a computing system

It might be argued that the brain has emerged from a long process of random evolution, and
there is no way to understand its properties in simple terms. However, suppose that instead of
designing a computer, a large number of technicians were organized to connect components
together at random to produce a system. Each system was tested to see if it performed as
required. Eventually a system resulted which met specifications
The problems would be:

How could you build another copy ?
How could you repair it if a component failed ? Like an old style set of christmas lights:
keep replacing components one by one until the system worked again ?
How could you add a feature, except by starting the whole process from scratch ?
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Hierarchies of description

Materials Science: descriptions in terms of materials
extremely large number of entities: mixtures and amounts of matter

Macro Chemistry: descriptions in terms of chemicals
very large number of entities: types and amounts of matter

Molecular Chemistry: descriptions in terms of molecules
large number of entities

Atomic theory: descriptions in terms of atoms
~ 100 entities

Quantum mechanics: descriptions in terms of electrons, protons, 
neutrons

3 entities

How do we achieve “understanding” in the
physical sciences ?

Another example:

To understand the interaction between planets in the solar system, entities are planets with just
mass.

On a more detailed level, to understand continental drift, entities are continents floating on
mantle

On a yet more detailed level, to understand mineral deposits and geological strata, entities are
chemicals and mixtures

To understand the crystalline forms of minerals, need atomic theory

To understand any phenomenon, must find a limited set of entities that can be used to create a
comprehensible causal description of the phenomenon, using entities which can themselves be
understood in terms of more detailed entities, all the way down to the most detailed entities.
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Many alternative hierarchies
Magnetism Electricity Optics Plate tectonics Biology

Magnetic domains Circuit theory Lenses & prisms Geology Cell Chemistry
& Genetics

------------------------Electromagnetic theory------------------------ Crystallography Organic 
Chemistry

----------------------------------------------------------Atomic Theory----------------------------------------------------

----------------------------------------------------Quantum mechanics--------------------------------------------------

How do we achieve “understanding” in the
physical sciences ?

Another example:

To understand the interaction between planets in the solar system, entities are planets with just
mass. On a more detailed level, to understand continental drift, entities are continents floating
on mantle. On a yet more detailed level, to understand mineral deposits and geological strata,
entities are chemicals and mixtures. To understand the crystalline forms of minerals, need
atomic theory

To understand any phenomenon, must find a limited set of entities that can be used to create a
comprehensible causal description of the phenomenon, using entities which can themselves be
understood in terms of more detailed entities, all the way down to the most detailed entities.

Achieving a consistent description on one level alone is easier, but such descriptions may be
misleading. At the time the theory that the Earth rotated and with the other planets revolved
around the sun (rather than all revolving around the Earth) was reintroduced by Copernicus,
the alternative theory (in which everything revolved round the Earth, with planets revolving
around points which themseves revolved around the Earth and so on) was quantitatively more
accurate.

Understanding requires following the causal description of a phenomenon at high level, with
the ability at any point to shift to a more detailed level and follow the causal description for a
tiny segment of the phenomenon at that level.
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How can we “understand” an oil refinery ?

“Understand” means you can build, modify, troubleshoot the refinery.
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Converting gases like ethylene, propylene, and butylene into
higher molecular weight hydrocarbons used in gasoline

Gases come in contact with solid or liquid phosphoric acid catalyst

Understanding the catalysis process requires quantum mechanics
to appreciate that some electrons are bound to atoms more weakly
than others

Catalytic Polymerization
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Levels of Description for an Oil Refinery
Materials science: descriptions in terms of materials and processes
Crude oil is the stuff that comes out of the ground. Crude oils vary in color, from clear to tar-black,
and in viscosity, from water to almost solid. Crude oils can be sour or sweet etc.

Macro Chemistry: descriptions in terms of chemicals
Crude oil contains hundreds of different types of hydrocarbons all mixed together
Paraffins: methane, ethane, propane, butane, isobutane, pentane, hexane
Aromatics: benzene, napthalene
Napthenes: cyclohexane, methyl cyclopentane
Alkenes: ethylene, butene, isobutene
Alkynes: acetylene, butadienes

Molecular Chemistry: descriptions in terms of molecules
Paraffins: CnH2n+2 straight- or branched-chain molecules
Aromatics: C6H5 - Y branch(es) attached to specific type of ring
Napthenes: CnH2n ringed structures with single bonds between the carbon atoms
Alkenes: CnH2n linear or branched chain molecules containing one carbon-carbon double bond
Alkynes: CnH2n-2 linear or branched molecules containing carbon-carbon triple bond

Atomic theory: descriptions in terms of atoms
Carbon with valency 4 and ability to use multiple valency links between same carbon atoms
Sulphur compounds contribute to sourness of crude oil

Quantum mechanics: descriptions in terms of electrons, protons, neutrons
Delocalization of electrons around a benzene ring makes ring more stable than high proportion of
double bonds would indicate

Scientific descriptions of  processes can be created on many levels of detail
You can understand some aspects of refining just on the basis of whether the crude oit is sour
or sweet (I.e. produces unpleasant odours when burned or not.
Underneath, there is an understanding that sour crudes contain higher proportions of sulphur
compounds
But to understand most processes, need to go to more detailed levels of description
Different types of hydrocarbons have different burning characteristics
It is also possible to model each individual hydrocarbon chemical as an ensemble of a very
large number of identical molecules
To understand on a deeper level, need to shift to atomic theory.
Different types of atoms have different valencies and different strengths with which they create
bonds with other atoms
In quantum mechanics, there are only three different types of relevant entity, but a description
of a macro chemical process constructed in terms of all the electrons, protons and neurons that
were present would be incomprehensibly complex
However, to understand some aspects of oil refining (and perhaps to trouble shoot a process) a
quantum mechanical understanding may sometimes be needed
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Using Different Levels of Description
Descriptions at detailed level

higher information density 
(for identical process)
fewer types of entity
entities have less internal 
structure
simpler interactions between 
entities

more exact

Descriptions at high level
lower information density 
(for identical process)
more types of entity
entities have complex internal 
structure
complex interactions between entities
which can be approximated by 
relatively simple interaction
more approximate

Use descriptions on highest possible level
Approximate, but accurate enough
Within human information handling capabilities

Rules to indicate when a more detailed level is
essential
Mapping between higher and more detailed
entities and descriptions
Use detailed level descriptions only for tiny
elements of processes described at higher level

Stay within human information handling capabilities

In practice, must be able to shift between levels of description to find an explanation that
works (ultimately) on the most detailed level, but has minimal explicit refernece to that most
detailed level
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Brian Greene. The Elegant Universe. Norton (1999), page 380

"The universe is governed by the principles of quantum
mechanics to fantastic accuracy. Even so, in formulating
theories over the past half century, physicists have
followed a strategy that, structurally speaking, places
quantum mechanics in a somewhat secondary position. In
devising theories, physicists often start by working in a
purely classical language that ignores quantum
probabilities, wave functions, and so forth - a language
that would be perfectly intelligible to physicists in the age
of Maxwell and even in the age of Newton - and then,
subsequently, overlaying quantum concepts upon the
classical framework."



14

Is there a usable hierarchy of
description for the brain ?
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Understanding complex electronic systems

Complex electronic systems have hierarchies of modules

Hardware Software

Subsystems Areas

Printed circuit assemblies High level modules

Integrated circuits Intermediate modules

Standard cells Detailed modules

Logic Gates High level language constructs

Transistors, diodes, resistors Assembly language constructs

Modules and hierarchies are designed so that

Most interaction is within a module

Fewer types of more detailed modules

Mapping between levels

It is possible to describe the same system operations on many different levels, and map
precisely between descriptions on one level and descriptions on another.

There ts therefore a striking resemblance between modular hierarchies in electronic systems
and hierarchies of description in the physical sciences
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Why do complex electronic systems have
such modular hierarchies ?

A range of practical needs

To make efficient use of limited system resources

To modify features without side effects on other 
features

To simplify system construction process

To make it possible to diagnose and fix problems

Natural selection imposes some analogous needs on
brains

The resultant modular hierarchy is effectively a 
description hierarchy

 This hierarchy can be used for scientific understanding
of higher cognition in terms of physiology
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Example: find out whether design proposal will
work

Specify features of system
Define high level modules (units of resource)

Minimize interaction between modules as far as possible
High level feature scenarios to test whether features can be performed
with defined modules

Scenarios specify modules in more detail
Evaluate whether available technology could implement specified
modules

Revise high level module definitions
Define intermediate level submodules

Perform high level feature scenarios with high level modules and more
detailed functional scenarios with more detailed modules

Revise high level module definitions
Revise intermediate level modules
Define more detailed submodules

Ongoing interplay between top down view and bottom up view
Requires consistent descriptions on many different levels of detail
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Example: difficulty of system modification if
hierarchy is not respected

The degree of effort needed to modify a system is greatly increased if a
hierarchy is not maintained

Each modification requires changes to many modules
How each module contributes to any given feature becomes less and 
less clear
Side effects of any change become greater and greater
Eventually, intellectual control of system is lost

Too difficult to determine the side effect of a change
For feature changes

make copy of all software relevant to the new feature
make changes in copy only
call new copy for new feature, old copy for everthing else

Exponential growth in software size (PC operating systems ?)

In one real time control system, the high level software exploited a timing relationships within
a custom integrated circuit

When the technology for integrated circuits moved on, there were great efforts to retain a
supplier for the old silicon technology because to move to a newer technology required a majo
rewrite of the software

But notice that there is a tradeoff: if you can afford unlimited resources for duplicate software,
you can put up with a less effective hierarchy
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Architectural Constraints on
Complex Control Systems



20

Background: Complex Commercial Electronic Systems

The experience of designing extremely complex commercial electronic systems
provides an important perspective for approaching the architectures of learning
systems

The most complex commercial systems
Control a complex network of physical equipment in real time with no human

intervention
Have 5000+ different features
Are out of service for less than 30 seconds per year including time to repair and

upgrade hardware and software
Have tens of millions of lines of code
Have tens of billions of transistors in custom integrated circuits
Require the efforts of several thousand engineers over periods of multiple years to

design

 The constraints which extreme complexity exerts on architecture have some important
lessons for the completely different architectures of complex learning systems
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A system can be viewed in a number of different but equivalent ways. One way is as a set of
instructions acting upon data. Another is as a group of objects exchanging messages. A third
way is as sequences of compressions and expansions of information. The same system could
be described in any of these ways. A fourth way is as detections of conditions and association
of conditions with behaviours. This is often the most effective description paradigm for real
time control systems.
A control system receives inputs from its environment, from the system being controlled and
from itself, each input providing some information about the status of its source.The control
system must detect conditions within its inputs and associate recently detected conditions with
currently appropriate behaviours. A condition is defined by a set of inputs, with each input
having a specified state. The condition occurs if all (or most) inputs are in (or close to) their
specified state. More complex conditions can be defined as combinations of simpler
conditions.
Resources are required to detect any condition. Although resources could in principle be
assigned to detect conditions separately for every possible behaviour, resource limitations will
in practice mean that some condition detections must be shared across multiple behaviours.
Hence different combinations of conditions will be required to indicate that different
behaviours are currently appropriate, with some conditions being shared across combinations
for different behaviours.

An important paradigm for control systems:
Conditions and Behaviours

Complex control systems detect conditions in the
information available to them

and associate different combinations of 
conditions with different behaviours

Same condition may be relevant to many different
behaviours

It is different combinations of conditions that
discriminate between circumstances with
behaviourally different implications
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Functional management by “look up table”
i1 i2 i3 i4 i5 i6 i7 .................... behaviour

1 0 - 1 1 0 1 .................... b1

0 - 0 1 - 1 1 .................... b1

1 0 - 1 0 0 - .................... b2

1 1 1 - - 0 1 .................... b2

0 0 0 - 1 1 1 .................... b3

0 1 1 1 1 0 1 .................... b3

- 0 0 0 0 0 1 .................... b4

0 1 0 1 1 0 0 .................... b5

. . . . . . . .................... .

. . . . . . . .................... .

. . . . . . . .................... .

. . . . . . . .................... .

Slow, and uses huge amount of resources
But easy to modify

In principle, any control system could be viewed as a vast lookup table, with every possible
input state listed against the behaviour appropriate when that state occurs. In practice an actual
implementation of a  simple look-up table for a complex system would be completely
impractical, especially since behaviours are often dependent on the recent sequence of input
states.
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Sensory
pre-
processing

C1 C2 C3 C4

C1 AND C2 C2 AND C3

C1 AND C2
NOT

C2 AND C3

C1 NOT C4
NOT

C1 AND C2

C1 AND C2
AND

C1 AND C4

C1 AND C4
C1 NOT C4

AND NOT 

C1 NOT C4
AND

C2 AND C3

B1 B2

Outputs from
sensory
preprocessing

Cx Different combinations Bx Different 
of inputs behaviours

Architecture with shared condition detection

In practice, detected conditions are a small subset of all possible conditions, and must be
shared between different behaviours
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Problems with Shared Condition Approach

There may be overall input conditions for which
no behaviour is specified

Maintaining synchronicity

Modification of functionality is much more
complex

The shared condition approach, although it is much more resource efficient, has some
problems that must be resolved in any practical implementation.
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It is possible to demonstrate on theoretical grounds that there are some severe constraints on the architecture of
any sufficiently complex learning system

The driving force behind the constraints is the need to make changes to system features without interference with
previously learned features

If there are many features which must all be supported, the need to conserve resources means that whenever
several features require similar information operations, those operations must be performed on shared resources

But the problem then is that if one of the features must be modified. and if the modification requires changes to
some of those shared operations, it may be hard to make the changes without undesirable side effects on other
features which use the same operations

So there is a tension between the need to conserve resources and the need to make changes

Finding an effective solution to this problem forces a system within the recommendation architecture bounds

Practical Needs Constrain the Architectures
of Complex Real Time Control Systems

Resource Conservation: make efficient use of physical information
handling resources

Modifiability: change or add features without undesirable side effects
on other features

Synchronicity: maintain the association between results obtained by
different parts of the system from a set of system inputs arriving at the
same time

Construction Process: l imit the volume of specification information
required to construct a system, and the complexity of the construction
process

Repairability: recover from construction errors or subsequent physical
failure or damage



26

≠

But there are some “metasimilarities”

There is little direct resemblance between the brain and a computer. However, there are some
significant metasimilarities
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Computer systems perform a wide range of
different tasks

Personal computing

Web servers

Games

Business information systems

Air traffic control information systems

Aircraft simulators

Combat training systems

Manufacturing process control

Real time control of telecommunications
networks
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Arithmetic
and Logic

Registers

Control

CPU

Memory
Input and
Output

Data Bus

Address Bus

Control Bus

All computers have the same underlying architecture

This architecture is sometimes referred to as the von Neumann architecture. Another
characteristic attribute of this architecture is an inherent tendency towards sequential
processing, for reasons we will return to later.
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Cortex

Hippocampus
System

Basal
Nuclei

Thalamus Brainstem Motor
SystemsHypothalamus

Senses Motor ControlVisceral, autonomic,
hormonal control

The architecture of the forebrain
is remarkably conserved across
all mammals

Brainstem

There as some striking similarities between mammal brains of a wide range of species.

Furthermore, there are some striking resemblances between mammal and avian brain, despite
300 million years of independent evolution

e.g. T. Shimizu, A.N. Bowers, Visual circuits of the avian telecephalon: evolutionary
implications, Behavioural Brain Research 98 (1999) 183Ð191.

Reiner, A. (2002). Functional circuitry of the avian basal ganglia: Implications for basal
ganglia organization in stem amniotes. Brain Research Bulletin, Vol. 57, Nos. 3/4, pp.
513Ð528, 2002

C. Leo Veenman, Loreta Medina, Anton Reiner (1997). Avian Homologues of Mammalian
Intralaminar, Mediodorsal and Midline Thalamic Nuclei: Immunohistochemical and
Hodological Evidence. Brain, Behavior and Evolution 49(2) 78-98

Or even further back

F. Rodrõguez, J. C. Lo«pez, J. P. Vargas, C. Broglio, Y. Gomez and C. Salas
(2002). Spatial memory and hippocampal pallium through vertebrate
evolution: Insights from reptiles and teleost fish. Brain Research Bulletin, Vol.
57, Nos. 3/4, pp. 499Ð503.
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Why such consistency ?

Why should computing always be performed on a von
Neumann architecture ?

Why should mammal brains have such consistent
architectures ?
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Resources are physical structures
that perform system operations
Information storage operations
Information processing operations
Connectivity operations

The greater the ratio of
features
resources

The more strongly a system will be constrained
within a set of architectural bounds

A feature is a group of behaviours that
appear similar to each other to an
outside observer 
Similar system operations may be
required for apparently different features
and vice versa

High values of the ratio place some remarkably specific constraints on
architectural form device algorithms
separation of functions into physical information handling processes

modules and components
the way devices are organized and

connected within and between
modules and components

If features are learned
modular hierarchy
recommendation architecture

If features are designed under
external intellectual control
modular hierarchy
von Neumann architecture
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If natural selection has resulted in a brain
modular hierarchy

In complex electronic systems

Modules do not correspond with features on any level

User manual !  System architecture

In the brain

Modules will not in general correspond with cognitive 
or behavioural features

Descriptions of cognitive processes in terms of brain 
modules will be complex
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Human understanding of any complex system or phenomenon
requires a description hierarchy

For complex electronic systems, a range of practical
considerations result in a modular hierarchy of a particular
form

This modular hierarchy supports a description hierarchy

Natural selection pressures tend to force the brain into an
analogous but qualitatively different modular hierarchy

This modular hierarchy can be the basis for 
“understanding” the brain

i.e. developing a hierarchy of descriptions from 
physiology to psychology

Understanding the Brain


