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The Cybernetics of Human Learning and Performance

manner ‘uncertainty/information indices', In general, they are selective
information indices since information is gained by selecting amongst a set
of alternatives. The interpretation of these indices depends upon the
genesis of the alternative sets in the universe(s) concerned and upon the
origin of the p numbers.

2 Statistical Indices

An external (impartial, unbiassed) observer may overlook a system which
in the last resort he has defined; for example, the inputsetand output setof
an organism; stimuli it receives and responses it emits. Further, he may
compute the p numbers in any systematic manner. He could, for example,
estimate them by guessing (if he were a Bayesian statistician he could do so
rationally) or, more often, he subscribes to the common statistical dictum
that a probability p, (that x has the value x,) is obtained, as the limit, for
infinite sequence length of the ratio

Number of occurrences of ¥ = x,
Number of occurrences of any value of x

The formulation depends upon ‘stationarity’ of the source of occurrences
(a notion considered further in Chapter 2). Roughly, ‘stationarity’ means
that the underlying structure of the source is unchanging

Under this interpretation, the uncertainty/information index is a statisti-
cal uncertainty/information measure. Given either method of computing
the p numbers, any uncertainty information indices reflect Ails uncertainty/
information about the system. For example, subscribing to the last dictum,
the external observer may record event occurrences in a contingency table
to show the frequency with which events tagged by values of x (input states)
and y (output states) occur, including the events due to joint occurrences,
The entries in the contingency table may now be taken as estimates of the
actual probabilities (a good example is given in MeGill (1963) who also
provides the mathematical apparatus needed to compute in terms of count
numbers without transforming them into p numbers). Some instances of
this type of calculation are cited in Chapter 7.

Next, an external observer may presuppose that some other observer (a
participant, like an operative in industry, or an experimental subject) sees
an environment in the same way that fe sees it. If so, he may infer that the
statistical uncertainty/information indices computed with reference to this
environment provide estimates of its variability, complexity, regularity, or
whatever (depending upon the chosen index), from the participant’s point
of view. Some examples of large-organisation task-analysis along these
lines are shown in Table 1 and Fig. 1. Similar studies have been carried out

20

Infarmation

i i i i J

A i c o E F

Figure 1 Information analysis for six industrial/commercial tasks 4, B, C, D,
E, F. Upper curve (appropriate to novice) is gross uncertainty, Lower curve
(appropriate to a skilled operative) is uncertainty, given that all constraints are
known, Difference (a transmission) is an index of the amount to be gained by
experience, The lower curve is an index of relative difficulty of tasks for any
(idealised) proficient operative,

in the timber industry by Van Gich (1971) who relates the indices to
ergonomicand work study measurements. Stanisland (1966) has used similar
techniques in connection with laboratory tasks and has devised a plethora
of redundancy measures for this purpose.

3 Selective Operations and Selective Work

Suppose that = and f# are the input and output sets of an organism, perhaps
2 human being (as an expository convenience; the argument is quite
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The Cybernetics of Human Learning and Performance

graph. Beyond a certain fixed pace, any trainee commits errors. If he is
able to compensate for errors up to a limit at which breakdown oceurs (by
analogy only, by effective ‘encoding'), there is a discontinuity as shown in
Fig. 3a (by analogy only, the “capacity’). In contrast, some trainees commit
errors at any pace of operation and there is no real limit. These trainees
also fail to learn the repetitive skill (Fig. 3b shows error pace curves for the
same subjects, after a further 18 hours of training).

6 Logical Uncertainty,/Information Indices

The general (method-of-computation independent) index *selective work’
is usefully contrasted with an information index which is, in one sense, its
polar opposite—an information measure based upon one class of possible
computing methods. Measures of this kind are called logical information
measures and are specified in respect of a formal language which is very
restricted ; the class of computations being the class of derivations obtain-
able by using the inference and production rules in this language. These
measures were devised by Carnap (1950), Carnap and Bar-Hillel (1953)
and Bar-Hillel (1964). Some important generalisations are due to Chiar-
avigillio (1971), and Harrah (1966). The strongest statements in such a
language, together with their complements, form alternative sets (the
‘information given’ by a statement in the language measures the number
of logically possible derivations that are excluded by virtue of the statement)
but, if computed over alternative sets only, the logical measure corresponds
numerically to a selective measure.

Rather little use has been made of these information indices in psycho-
logical experiments or task situations, at any rate at a quantitative level
(the ‘information’ talked of in most experiments on deductive problem-
solving is of this kind however) and obviously the indices are only appropri-
ate if the mind functions (perhaps imperfectly) in a logical’ mode (i.e. it
obeys the prescribed inference rules). An outstanding and very interesting
exception 1s furnished by the gualitative empirical work of Seigmann and
Stapleton (1971).

7 Confidence Estimation

Consider an agent who is a sentient being (a man or possibly a machine or
an animal) able to interpret and comprehend a language in which questions
can be asked. The very restricted formal languages of the last section can
be augmented (as in the Seigmann and Stapleton paper) to serve in this
capacity. I shall use natural language in order to give examples; in fact,
some intermediate complexity of langunge is employed for much of our
current work.,

b1

Information

The agent is asked a multiple-choice type of question. Syntactically, it is
an exclusive disjunction of statements. But these statements have a semantic
interpretation whereby the agent refers them to a body of internal or external
data and the question is prefaced, when it is addressed, by the requirement
to satisfy a relation (which is one meaning of the many-faceted and often
misused word ‘goal’). Succinctly, a question of this type poses a problem;
to find (say) the one and only one alternative answer, satisfying the relation
‘bridge-building engineer’, within an interval, Az (which may be indefinite),
given a semantic interpretation of the language in respect of industrial
history and the following alternative statements:

(2) ‘Brunel built the Bristol Suspension Bridge’,
(b) ‘Stephenson built the Bristol Suspension Bridge',
(c) “Wakefield built the Bristol Suspension Bridge’.

The semantic interpretation admits, for example, such factual data as:
‘the Bristol (Road) suspension bridge was built by an engineer who built
railways’ and “Wakefield built no railways’ and ‘Stephenson did not design
Temple Meads Station at Bristol'; such inferences as ‘Wakefield did not
build the bridge’ and ‘if it is true that the bridge was built by an engineer
who built a railway to Bristol then it is not false that Brunel built the
suspension bridge’. The pragmatic interpretation has an imperative/
interrogative part (a question of this kind is isomorphic with a command
to answer) and it specifies the relation deemed ‘correct’ (namely between
road bridges and builder’s names). It is improper to gloss the issue by con-
ceiving the question as the stimulus for a correct response, even though
this identification is suggested by the usual format, namely:

Who built the Bristol Suspension {a) Brunel
Bridge: (a), (b), or (c)? (one and only (b) Stephenson
ong is right) (c) Wakeficld

7.1 As one possibility, the agent might derive a statement to resolve
the exclusive disjunction (a), (b), (c), by computation in the language (the
object language of the scheme), using inferences of the kind suggested above
and starting off from the existing and comprehended data. As a comment,
if he did so and merely ticked or marked the alternative corresponding to
his derived (alias computed) object language statement, then this kind of
enquiry gives little of the potentially available information, The agent might,
for example, have been asked how he arrived at his solution to the problem.

9]
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The Cybernetics of Human Learning and Performance
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Figure 8 Beliel (as uncertainty) and correct belief as a function of repeated
questioning: (a) with knowledge of results; (b) without knowledge of results.
Plain line, uncertainty (H'); dotted line, correct belief; », number of trial.

The experimental session begins with pretraining in the use of BOSS
{enough to secure probabilistic judgements over genuinely risky or aleatory
alternative sets and also ¢hange of opinion due to condirienal information),
The pretraining materials are now set aside and successive judgements over
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Information

development oplions and purchase package options are recorded in the
following sequence (see Fig. 9),

I. Imtially;

2, after sampling beliefs about factual aspects of the product field;

3. after exposure to advertising in favour of a new product;

4. after an attempt to confirm the change of opinion;

5. after advertising in favour of the original (not the new product) and;

6. after training in respect of factual data with correct or mistaken
‘knowledge of results".

The last (training) operation is inserted to check that the measured ‘un-
certainty’ is a quantity that is, as it should be, reduced by the receipt of
objective information. Opinion change in favour of the new product is
clearly perpetuated even though the original product is advertised (the
products are alternatives [or all practical purposes).

In Fig. 10 the order of presentation of materials (4) and (5) is reversed.
Under these conditions (no immediate confirmation of the new product
hypothesis) there is appreciable opinion change in favour of the original
product. Hence, there is a reversal. Since the new product advertising has
10t been confirmed, the presentation of data favouring the eriginal product
leads to an ambiguity, that is resolved by reversion to the original.

10 A Theoretical Point about Information and Its Measures

It is well known that the mathematical form of expression used to represent
a selective uncertainty/information index mirrors the mathematical form
of an entrapy; that is, the physical quantity which increases over time in a
physical closed assembly as energy is degraded into less specific and usable
forms, for example, in the operation of a heat engine or the metabolism of
a cell where work is done. The correspondence comes about because, at a
molecular level, the inerease in entropy can be expressed in terms of an
increasing disorder amongst such systems as motions of particles, distri-
butions of elements, as they appear in the descriptive framework of physics.
The quantity that decreases when entropy increases ‘— entropy’ is called
Regentropy and as argued by Brillouin (1936, 1964) or, in the domain of
living systems, by Schroedinger (1944) any use of information demands an
increment in negentropy which must be furnished by the provision of energy
Oor degradable materials, such as a foodstuff. Brillouin makes a distinction
between ‘Bound Information’ concerned with the configurations of a
physical system and ‘Free Information’ concerned with the possible con-
figurations of an abstract system having no specially physical interpretation,
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