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Preface

Studies of hunan performance made during the past twenty-five years

have profoundly affected thought and practice in experimental psy-

cholory both in the laboratory and in many fields of application. The
present volume attempts a broad survey and appraisal of the main
ideas which have emerged from this work. In writing it, three points

especially have been borne in mind: firstlp although the research

surveyed did not aim at establishing a'grand theory' of human be-

haviour, certain principles seem to recur in several contexts so that
different facets of performance can be linked together more closely than
they have been hitherto. Secondly, much of the work has involved
mathematical treatments which have been clifficult to master for those

whose mathematical education, like the author's, stopped at the age of
flflteen or sixteen. It was felt to be essential to discuss some of these

treatments, but an effort has been made to do so in a way that requires
no mathematical knowledge beyond O-level in the British General

Certificate of Education together with an elementary course on statistics

as usually taken by psychology srudents. Thirdlp many of the sflrdies

surveyed have been of interest not only to psychologists but also to

those engaged in various branches of operational research and industrial
work sttrdy, for whom psychological terms are often a barrier to
understanding. Technical terminology has therefore been kept, as

far as possible, within the bounds of that which is courmon to any

broad scientifis tlaining.

The amount of work published in the areas with which this book is

concerned has increased very greatly during the last decade, snd Se
task of surveyrng it has proved a formidable orre. I am well aware that
much has been omitted and that some treatments will be regarded as

controversial. f hope that anyone whose work has been inadequately

represented will accept my apologies, and will get in touch with me to
point out my shortcomings.

This book owes a great deal to discussion with colleagues too
numerous to mention. Especial thanks are, however, due to C. G.
Cameron, E. R. F. W'. Crossman, B. Fowler, D. A. Kassum, A. A.
Knight, D. McNicol, f. Ryan and D. Vickers for permission to cite
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ro Preface

unpublished data for the first time, and to W'. E. Hick for help in
checking the derivation of Table A5. Thanks are also due to JVIrs A. K.
Copeman for her unusually competent translation of manuscript into
typescript. Drafting was begun in 1964 while I was.holdi"g a Common-

wealth Visiting Professorship at the University of Adelaide, and the

book was finished shortly before returning there from Cambridge in
a more permanent capacity.

A. T. WELFORD

St ]ohn's College,

Cambridge

z4 November ry62



I

Introduction

The scientific study of skill may perhaps be taken as dating from r8zo
when the asuonomer Bessel began to examine the differences between

his colleagues and himself in the recordirg of star-uansit times. The
observer had to note the time on a clock accurately to a second and
then to count seconds by the ticks of the pendulum while he watched
the star cross the graticule line of a telescope, estimating the time of
crossing to the nearest tenth of a second. It was a complex task and it
is not surprising that errors were made or that some observers were more
skilful than others in avoiding them, so that substantial differences
appeared when one was compared \rith another. Important pioneering
studies of various aspects of skilled performance continued through the
ninglgqrth century and in the early years of the present one. Every
sntdent of psychology has heard of the psychologrct Bryan and his
engineer collaborator Harter whose sttrdies (rBgT, lSgg) of learning
Morse code still make interesting readi.g. The researches on movement
by Woodworth (t8gg), the mathematical teacher who turned psycho-
logist, are still ftrndamental. The intensive work by Book (lgo8) on
tlpewriting although less known is nevertheless classical.

During the r92os and r93os this type of snrdy was swamped by other
lines of interest. The work on skill that continued was usudly done

outside psychological laboratories as a part of industrial 'work srudy'.
Its separation from the main stream of psychology was unfornrnate,
leaving work-snrdy without theoretical foundations and depriving ex-
perimental psychology of some stimulating lines of research.

The Second World Var, however, brought a resurgence of interest.
just as in Bessel's era perfection of the chronoscope and the improve-

ment it brought in the measruement of time foctrsed attention on htrman

errors of observation, so in the early r94os technical developments cf
weapons, high-speed aircraft, radar and other devices reached a point
at which the limitations of man and machine working together were no
longer mainly in the machine but in the hrunan operator. The full

II



rz Fundamentals of Skill

potentialities of the machine could sometimes be realised if the operator

was rigorously selected and highly uained, but often it was clear that

no amount of selection or training could ensure adequate performance.

The need was therefore imperative for an understanding of the fastors

making for ease or difficulty in the operation of elaborate equipment,

and this in its turn called for knowledge of many facets of human

capacity and performance. It was ttrus that experimental psychologists

came, together with physiologists and anatomists, to take up work

alongside the engineers responsible for developing equipment.

The partnership was destined to be of far-reaching importance to

both sides. The engineers came to recognise the necessity of considering

the potentialities and limitations of the human operator if their machines

were to be used to best advantsge, and their psychological colleagues

set new criteria of adequacy in design which, although not always con-

venient for the engineer, were clearly important. The lessons did not

end with the war but have continued for service equipment since, and

have gradually been gaining currency in industry both in the desrgn

of work, machinery and machine tools and also in the design of pro-

ducts such as cars and household equipment.

On the psychological side it was significant that much of the initial

research was done by people who came from their trniversity laboratories

to play their part in the war effort. These men brought to their studies

an interest in fundamentals, and recognised at once that a great deal

of ad lnc rcsearch on particular pieces of equipment could be by-passed

if the essential 'key' features of human skill shown by expert operators

could be understood. Previous psychological theory turned out on the

whole to be of little help, but the application of certain mathematical

and engineering concepts proved remarkably fruitful, and has wrought

something of a revolution in thought about many aspects of human

performance. There trer indeed, few important developments of theory

in post-war experimental psychology which do not owe something to

this type of approach.

The researches made have come to be called studies of skill, but the

word is not used in quite the same sense as it is in indusuy. An industrial

worker is said to be skilled when he is qualified to carry out uade or

craft work involving knowledge, iudgment and manual deftness, usually

acquired as a result of long training, whereas an unskilled man is not

expected to do anything that cannot be learnt in a relatively short time.

The industrial definition of skill is thus a formal one in terms of uainitg.
The psychological use of the term is wider, concerned with all the

factors which go to make up a competent, expert, rapid and accurate
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performance. Skill in this sense thus attaches, to a greater or lesser

extent, to any performance and is not limited to manual operations but
covers a wide range of mental activities as well.

An early and infuential srgu of the developing thought of the war
years was the insistence by Craik (tg+f) that the brain should not be

conceived either as a vast telephone exchange of reflex arcs or as a

vaguely defined field of interaaing forces. Rather, he urged, it must

be thought of as a computer receiving inputs from uumy sources and
gsrnfining them to produce an output which is unique to each particular

occasion although nevertheless laurftrl. The effects of this thinking might
have been far less, however, had not three books appeared at the end

of the forties. The first was Wiener's Cybernetics (lg+8) which set out

ideas, clothed with appropriate mathematics, for considering man as a

self-regulating mechaniSmr and which outlined the basic concepts of
'information theory'. The second was Shannon and Weaver's Tlu
Mathematical Tluory of Commun'ication (tg+g) which gave an e4panded

treatment of information theory includi.g a set of theorems. The third
was Wald's Statistical Decision Functions (tgSo) which paved the way

for the application in recent years of statistical decision theory to
human perforrrance. These ways of thinking have not been without

their critics, but it seems fair to claim that, whether or not they have

provided significant answers to psychological questions, they have

given a vigorous impenrs to the treatment of psychological processes in
precise, quantitative terms, ond have brought together many areas of
study previously thought to be trnrelated.

The aim of this book is to sketch some of the main lines of this

thinking. We shall in the rest of the present chapter consider, as

examples, three areas of research each of which illusuates a fundamental

principle of the general approach and emphasizes certain features of
capacity which have come in for intensive snrdy. In subsequent chapters

we shall take up these several feanrres one by one in more detail.

SENSORY.MOTOR SKILL AND THE CYBERNETIC APPROACH

One of the lines of work developed in the forties was the uacking of
moving targets - a problem derived from grrnlaying. Tracking in many

ways epitomises sensory-motor performance and is similar to various

everyday tasks such as steering a vehicle. Precise snrdy is, however,

difficult in real-tfe situations so that the task was incorporated into a

number of laboratory experiments aimed at the study of its essential

features and designed to ascertain some of the important characteristics
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of the human link in systems where man and machine interact. Let us

look at one of these experiments by way of example.

A track, drawn on a strip of paper, passes vertically downwards past

a window as shown in Fig. r.r. The uack moves irregularly from side

to side of the paper and the subiect attempts to follow it by moving a

pen from side to side by means of a steering wheel. He observes any
discrepancy between the positions of uack and pen and takes action to
bring the two into alignment. Any remaining discrepancy due to the

correction not being adequate or to subsequent movement of the track

leads to further action, and so on. Subject and machine together thus
form a closed-loop, error-actuated servo system in which misalignments

COVER WHICH CAN BE
RAISED OR LOWERED TO

- VARY THE AMOUNT OF
TRACK SEEN AHEAD OF
THE PEN

TRACK DRAWN ON PAPER
- PULLED DOWNWARDS

PAST WINDOW

S BALL-POINT PEN SET INSSTPERSPEX 
SHEET WHTCH

CAN BE MOVED FROM
SIDE TO SIDE WITH THE
STEERING WHEEL

----- STEERING WHEEL

Figrrre r.r. Tracking apparatus designed by A. E. Earle and used in
experiments by $TeHord (r95r, 1958), Griew (r958a, r95g) and Crossman
(r96oa).

lead to corrections and are in nrn modified by them. Here is at once a

contrast to much classical experimental psychology: performance is not
being studied as discrete, isolated responses to particular perceived signals,

but as an activity serial intime and involving a constant, interplay between

signal and response. Although it may often be necessary, in order to

simplify problemsr to snrdy discrete reactions, these are absuactions

which leave out of account many significant features of the continuous

performances that are normal in most real-life situations.

A number of interesting affempts were made to apply to tracking

tasks the mathematical techniques developed for non-human seryo

mechanisms; for example to calculate 'transfer functions' to describe

the human link benueen signals displayed and control actions (e.9.

Tustin, 1947, Henderson, t959, &lcRuer and Krendel, 1959, see also

+

tsss
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Poulton, 1966). These eqtrations, although essentially empirical, ern-
phasised certain key feattrres of htrman performance such as latency,
stability and anticipation which were taken up in further experimenrs
to yield indications of importance not only for uacking but for sensori-
motor performance in general.

Reaction time and intermittency

If the uack in Fig. r.r is hidden from view until it reaches the peD,

the subiect almost inevitably tracks a [ttle late due to a reastion time
berween a stimulus entering the eye and the beginning of the respond-
ing action, which represents the time taken by various sensory, central
and motor mechanisms to act. Craik (tg41r 1948) raised the question of
whether in a continuous task such as uacking the lag could be explained
on the basis of nerve impulses having to traverse a long chain of synapses

in the brain, but found evidence that this view was too simple. Close
scrutiny of the trace made by the subiect's pen reveals a nnmber of
minor wanderings first to one side of the track and then to the other.
If reaaion time were due simply to the time required for signals to
pass through the various sensory, central and motor mechanisms, these

irregularities should not occru: signals could be received and action
initiated continuouslp and the subiect would quickly attain a smooth
reproducion of the track. Instead he seems to initiate corrections only
at intervals of about '5 sec: in other words the servo acts discontinuously.

Broadly speaking the subject behaves as if somewhere in the brain
he has a computer which periodically samples the incoming dau and
cdculates 'orders' to the motor mechanism. This then runs off the
response 'ballistically' while the computer is taking in and processing

the next sample leading to the next response. The response so triggered

may be complex, embracing several detailed muscular astions in a

phased and co-ordinated sequence. They are to some extent monitored
by feedback from muscles, ioints and tendons - in other words the
motor mechanism itself is a servo-mechanism - but overall monitoring
seems to involve the visual mechanism and 'computer' and to take time
in these in the same way as do siguals which initiate new action. The
'5 sec intervals between successive corrections appear to represent the
sum of a reaction time of about .3 sec and a monitoring time of about
'2 sec.

If this is so, the times taken to process data and to monitor action set

an upper limit to the amount of data that can be handled in a grven time.
Further evidence from this view comes from the effects of speeding up
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the track. At low speeds the total movement of the subiea's pen is,

owing to the minor irregularities already mentioned, a little gteater

than the minimum required to follow the excrusions of the uack pre-

cisely. As speed rises above a critical level, however, the subiea swings

shorter and shorter: so that although the correct amount of movement

rises, the amount actually made remains practically constant as shown

in Fig. r.z, The fact that movement falls short of what is required cannot

-e---f,or-X

Q SUBJECTS OVER 30

X SUBJECTS UNDER 30

O TARGEI - POINTER

1.6 0.9 0.6 0.L7 0.4

SPEED IN MEAN SECONDS PER SWING OF T HE TARGET - POINTER

Figrrre r.z. Average amounts of movement made when uacking at differ-
ent speeds. (From \Melford, r95rr p. 76, 1958, P. 88.) The apparatus was

somewhat simpler than that shown in Fig. r.r and the task consisted of
keeping a pointer moved by a lever in line with a target-pointer which

swung irregularly from side to side. Each point is the mean for z5 subiects

tracking for at least r min. Note that the older subiects make less move-

ment: this was not accompanied by any consistent change of accuracy and

thus implies a lowering of capacity with age.

be due to sheer inability to make the necessary movements as such,

since the subiea can move his wheel to-and-fro without regard for the

track, very much faster than he does. It seems clearly to be due to the

high speeds not allowing enough time for the necessary control to be

qrercised. We are thus led to view the human mechanisms mediating

between sensory input and motor ouqput as a comrnunication clmnnel of

timited capacity and reaction time as a potentially valuable measure of
this capacity.
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Other sources of limitation

Performance carr, of course, be limited by the motor mechanisms if the

actual response is made sufficiently laborious. For example, the steering

wheel shown in Fig. r.r took about half a trun to bring the pen from

one extreme position to the other. If it had required, say, ro times this

amount of movement, sheer motor factors would have been a serious

limitation at high speeds of the track. It is clearly idle to argue that one

or other factor always litnits performance: rather the stimulating possi-

bility is raised of manipulating experimental conditions in order to
determine hout nwmy mechanisms, and of what kind, are involved in the

chain from sense organ to muscles.

Following this line we can say at once that sensory limitations have not

normally entered into tracking experiments, although they could do so

if the excursions of the target and of the subjea's pen were sufficiently

reduced in size or if the illumination was very low. The importance of
several prceptual fa*ors has, howeverrbeen demonstrated. For example,

if the track can be seen for a short distance before it reaches the pen -
that is if the cover shown in Fig. r . r is raised - the time lag due to reac-

tion time is eliminated. So much is, perhaps, obvious: the subiect

looks ahead and responds to the track before it reaches the pen although

how he manages thus to adapt the 'strategy' of his performance is not

at present easy to say. Less obviously when the track can be seen ahead,

the amount of movement by the subject's pen no longer falls short of
that required as speed increases, or does so only at very much higher

speeds than it did with the cover down (Welford, 1958, Crossman,

196o). The maximum effect of raising the cover is not obtained trntil the

whole of one 'swing' of the track is revealed (Poulton, $64), which

suggests that the advantage of being able to see ahead lies in being

able to observe the track in larger 'units': instead of having to observe

each acceleration and deceleration separately, both can be seen together

and form the basis of a single co-ordinated movement. In consequence

fewer 'messages' or 'decisions' have to be passed through the cenual

mechanisms in a gtven time. Those that are passed ffioy, because they

are more complex, take longer, but there is nevertheless a net saving so

that the speed at which the 'load' exceeds the available capacity is

raised.

Similar results are obtained with the subiea unable to seek the uack

ahead if it follows a simple, regular pattern instead of swingrng irregu-

larly. The subjea can, on the basis of what he sees of the uack, learn its
regularity and thus predict its course (Poulton, ry66). He is able, in



r8 Fundamentals of Skill

other words, to respond in larger units because his central computer

can combine present data with constants extracted during previous

experience. The process is by no means always deliberate or conscious,

but the use of regularities observed in sequences to predict events and

deal with larger units of data and action is one of the most ftrndamental

features of skill. The ability to predict and anticipate makes for 'smooth-

ness' and co-ordination of action, and the time saved by dealing in
larger units can often lead to the timing of aaions being more flexible

and less hurried (Bartlefrt 1947). The size and nature of the units that

can be handled are at present little known and pose challenging questions

for future research.

The fornration of such larger units is perhaps only one aspect of a
rnuch more pervasive process. One of the most marked characteristics

of many highly skilled performances is that details of the task are seen

not only as present and irnmediate problems, but are placed in a wider

setting, xnd actions are not designed as individual units but as parts of
an extended activity demanded by the task as a whole.

The chain of mechanisms

During the fonies it was commonly believed that the central conuol

mechanistns could be adequately described in terms of tvvo divisions -
perceptual and motor. It gradually became clear, however, that perfor-

mance depended not only upon these but also upon the relationships

between them. The time required to respond to a signal depends very

greatly upon the directness and the familiarity of the relationship be-

tween signal and response. For example, it seems 'nafirral' that turning

the wheel of Fig. r.r clockwise should move the pen to the dght, and

this arrangement yields more accurate tracking than steering which

works the other way or when the wheel is replaced by, say, a handle

moving up and down. It seems, in short, that the time the central

computer requires to operate depends on the amount of 'work' needed

to relate the data from the signal to the responding astion. The transla-

tion from signal to action appears to be an important stage which incor-

porates the uaditionally recognised choice of ruponse, but also empha-

sises the complex mediating processes that may be involved.

The disadvantages of unusual relationships can be largely overcome

with practice, and this fact argues that very well-learnt relationships

are somehow 'built into' the brain and enable the computer to be by-

passed for routine actions. The establishment of such connections can

be regarded as another mark of skill akin to the extraction of constants,
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the constancies being between display and conuol rather than in
changes of the display done.

\[e may represent the mechanism of sensory-motor performance

EITERNAL OBJECT

Figure r.3. Hypothetical block d;agram of the human sensory-motor
system. Only a few of the many feedback-loops which exist ars shown.
(From !flelford, 1965, p. 6.)

sketched so far in the block diagram of Fig. r.3. Most of the researches
on skill we shall be surveying in later chapters can be regarded as

attempts to refine and extend this diagramr to understand the working
of its various parts and to determine their capacities.

SIGNAL DETECTION, VIGILANCE AND DECTSION

A different area of research was opened up in the forties by problems of
watchkeeping, especially with operators of Asdic and Radar equipment
Both required the deteaion of faint, infrequent signals, and it was fotrnd
that many were missed even by the best watctrkeepers. The attempt to
find out why led to two lines of work, both with implications far beyond
the situations that gave rise to them.

The first was concerned with the fact that the proportion of signals
detected usually fell from the beginning to the later stages of a watch
(Mackworth, r95o). The fall seemed often to be associated with drowsi-
ness and lack of interest, and questions were thus raised about the
conditions under which attention could be maintained and its relation
to motivation, fatigue, boredomr monotony and state of arousal. Many
laboratory studies made dtrring the last 20 years have built up a com-
plex, but reasonably coherent, picnre of the association between, on
the one hand, sensitivity and responsiveness as measured by behaviou,
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and on the other, physiological variables such as level of autonomic

activity, and of the relationships of both to various environmental con-

ditions. Ideas in this field have gtown in parallel with those in some

other areas of psychological enquiry, particularly emotion, motivation

and personahty, and it seems clear that the concepts which have been

developed apply over a wide field. At the same time they are leading to

a radical re-appraisal of concepts of fatiBUe, boredom and environ-

mental stress, and have emphasised the importance of snrdying con-

tirued performance as a function of time.

The second tine of work that arose from the problem of signal detec-

tion was a new approach to sensory thresholds. It had been known since

the beginnings of classical psychophysics in the 'tineteenth century that

the minimum strength of signal which can be detected varies in an

apparently random manner from moment to moment, but the reasons

why it does so had not been urderstood. A breakthrough was achieved,

however, in the application by Tanner and his associates (Tanner and

Swers, rg14rSwets et al.rr96r) of statistical decision theory. They argued

thatsignals have to be detected against a certain amount of background

noise: Asdic signals have to be distinguished from various unwanted

sounds; the Radar watchkeeper has to observe flashes on his tube against

other irrelevant flashes, or as they came to be termed 'visual noise'.

Besides these external soruces of noise, internal 'neural noise' arises

from random firing in the sensory pathways and brain. The noise level,

whether external or internal, varies from moment to moment, so that

if the level of the sigual greatly exceeds that of the noise the nnro will be

clearly distinguishable, but if the signal level is relatively low, this will

no longer be so and errors may occur. The signal level required to

secure any gtven degree of accuracy will increase with the noise level

so that the discriminability of a signal can be specified in terms of
signal- t o-nois e r atio .

This approach has provided a powerful concepnral tool and metric

for quantitative sturdies not only of sensory thresholds but of a wide

variety of decision-making tasks including discrimination, guessing,

betting risk-taking and, more recently, recovery of data from memory.

The concept of netual noise has been a stimulus to the formulation of
physiological models and has emphasised the possibility of a much closer

tie-up than hitherto betrreen the two disciplines in the snrdy of many

sensory and behavioural phenomena.

The idea that performance is a function of signal-to-noise ratio in the

brain leads to a concept of capacity parallel to, but different from, that

derived from the snrdy of reaction times. It is exemplified in the findings
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summarised by Miller (1956) that if a subiea is given a series of stimuli
to classfi, the number of different classes he can distinguish accurately

is limited and errors are rnade if this number is exceeded. Such a finding
is understandable if the classffication involves the identification of dif-
ferent signal levels and there is a maximum level that the system can

handle: the presence of noise means that a certein separation must be

preserved betrreen classes if identification is to be accurate, and only a
limited number of such separations can be fitted into the available

range. Capacity in this case does not depend on the speed with which
signals can follow each other along a singls shannel, but on the number
of distinct states the brain mecha'Iism concerned can assume at any
one instant. The importance of this tJpe of capacity as setting limits
to skilled performance has not been at all thoroughly explored, but it
seems likely to enter not only into discrimination and classification, but
into the storage of data in memory, especially short-tenn memory.

More generallS the concept of neural noise blurring or distorting
signals provides a plausible way of accounting for certain tJpes of
variability in performance. If signals in the brain are in the form of
trains of nerve impulses - as they obviously are - and messages are

conveyed by their patterning, the occrurence of random impulses could

well transform one message into another upon occasion, and thus lead

to errors. After effects of previous activity in the brain or the neural

effects of insistent thoughts and interests can also, perhaps, act as noise

in this wsy, leading to slips of the tongue and other minor confusions

of everyday life.

MENTAL SKILL AND CONCEPTUAL FRAMEWORKS

Although a distinaion is commonly drawn berween sensory-motor and

mental skills, it is very difrcult to maintain completely. All skilled

performance is mental in the sense that perception, decision, knowledge

and iudgment are required. At the same time all skills involve some

kind of co-ordinated, overt aaivity by hands, organs of speech or other

effectors. In sensory-motor skills the overt actions clearly form an essen-

tial part of the performance, and without them the purpose of the

aaivity as a whole would disappear. In mental skills overt actions play

a more incidental prrt, serving rather to gwe expression to the skill
than forming an essential part of it. There are thus many feattrres

coulmon to both sensory-motor and mental skills, while each seryes to

emphasize and illustrate some features more than others.

Let us consider, as an example of a mental skill, performance at a



22 Fundamentals of Skill

problem-solving task used in experiments by Bernardelli (see Welford,
1958, pp. zoz-zo4). The apparatus consisted of a number of small

boxes each with a row of six electrical terminals on top connected rurder-

neath by resistances. Each subiect was given a box, together with a

resistance meter and a circuit diagram which showed the connections

between the terminals on the box, but did not indicate which terminals

on the diagram corresponded to which on the box. The subjea's task

was to deduce which terminals corresponded to which, by means of
readings taken on the meter. A modified version of the task, designed

to avoid the need for subjects to understand electrical circuit diagrams,

consisted of boxes with a row of six buttons on top and a diagram of
the tJpe shown in Fig. r.4. !(Ihen any two buttons were pressed the

Figure r.4. Diagram given to subiects in a problem-solving task (a), and
its electrical equivalent (b). (From lUelford, 1958, p. 2o5.)

The experiment was designed by Miss ff. M. Clay and was based on a

type of electrical-circuit problem originated by Carpenter (1946).

connections and distance between them on the diagram were indicated

on a meter. The subiect's task was to deduce which buuons cor-

responded to which circles on the diagram.

The perfornrances of different subiects varied widely. Some took a

large number of readi.gs, many of them several times and, if they

arrived at a solution at all, did so laboriously and haltingly. Others
proceeded in a much more puposeful and effective manner: each

reading appeared to be taken with some clear oh, either of obtaining

systematic information or of testing some hypothesis. We can see here

the operation of a 'strategy' of perforrnance such as was implied by
looking ahead in the tracking task, but in a very much more elaborate

form. Such suategies develop rapidly with practice, becoming much

clearer cut and more systematic in the later members of a series of
problems. The formulation of an hypothesis Bsy, perhaps, be thought

of as the counterpart in a problem-solving task of the ballistic move-

I
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ments made in sensory-motor performance: in both the subiea makes

a move ahead of his data, and in both skill can be said to be shown in
the extent to which these moves are rnade without the need subsequently
to correct for errors.

Suategies varied from one individual to another. Some systematically
took all possible readings, wrote them down and then uied to think out
a solution. Others took readings until they had identified one terminal,
then went on to another trntil all had been found. There were furttrer
more subtle variations benreen the performances of the same individual
on different boxes. All these variations, benreen and within individual
performances, emphasise that the same task may be done in many
different ways and that rf, therefore, we measure only overall achieve-
ment, such as success or failure in arriving at a solution or time taken

or number of errors made, we miss some of the most important data

available in the performance. For example, the strategies adopted by
people of different sBsr or under different conditions of fatigue, differ
far more than do their overall achievements. There seem often to be
compensatory shifts tn the method and Eranner of performance under
adverse conditions or in states of impairment, which serve to opt'mise
the performance as a whole and to make the best use of capacities and

conditions available at the time (Welford, 1958). Iq therefore, per-
formances of these kinds are to be snrdied adequatelp it is essential to
look not only at aatrall achianemenl but also at the ma?rner in sthich it
wcts attained.

Viewed from a different snglg, this principle is a re-statement of the
point made in the context of uacking tasks, that in skilled performance
particular signals and actions are placed in a wider sening determined
by the task as a whole, and larger trnits of perforurance exert an organis-
ing control over the smaller details of perception and response. The
attainment of this wider co-ordination appears to depend on two
capacities. FirstlS pieces of data arriving at different times may require
to be combined, or a series of actions may have to be taken over a
period of time. In these cases there is a need fot short-term retention

to hold some pieces of data while others are gathered and to kep a

'tally' upon action so that the subiea knows what has been done and
what remains to be done. Intensive experimental snrdies of short-term
retention during recent years have indicated that more than one storage
system is involved. Their identification and the measurement of their
capacities are challenging questions for the futtue.

As anyone faced with a problem-solving task knows to his sorrow,
however, possession of all the relevant facts does not enslue insight.
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Short-term retention may often be a necessary element in problem-

solving, but something more is also required. Just what this is seems

to have eluded precise definition, but an important lead was given by

Craik when he suggested that 'the fundamental feattrre of neural

machinery' is 'its power to parallel or model external events' (tg43,

p. 52). He had in mind that the brain's computer is able to extrapolate

from present data and thus test the consequences of various lines of
action or sequences of events, without their having to be acted out. In
one sense this way of looking at the problem merely re-states it in a

dlfferent form. It does, however, imply that thought consists of a

ntrmber of definable computer-operations and that a much clearer pic-

ttue of thinking would be obtained if these operations could be identi-

fied - in other words if we could spell out the 'computer programme'.

\[e can at present do this to only a very limited extent but we can

recognise a number of categories as important. Arithmetical calculations

and other mathematical and logical procedtres are an obvious case in
point, so are 'sets' and expectancies based on previous events in either

the immediate or the more remote past, temporal and spatial relation-

ships Slving rise to perception of causality (Michotte, 1946, 1963), and

certain qrpes of 'simplicity' or 'economy' in the grouping or 'coding'

of events which enable the maximum data to be accounted for in the

minimtrm tems. Perhaps the most promising lead into the problem

from an experimentd point of view is to regard thinking as an elaborate

version of the translation process from perception to action mentioned

in relation to tracking. Some progress, which we shall review in
Chaptet 6, has been made in analysing 'indirectness', strd thus dim,-

culty, of relation benreen display and control in terms of spatial rota-

tions, distortions and translations into different symbols. It seems

plausible to regard these as simple prototypes of the more elaborate

and recondite operations of thinking.

THE PRESENT RESEARCH POSITION

The snrdy of skill in its various forms has not led to the formation of
any all-embracing 'grand theory' with a label such as affaches to Gestal-

tism or to the various schools of Learning Theory. These broad

generalisations are really a sign of immaturity: they do less than iustice
to the complexity of the organism and of its functiodtg, so that they

are inevitably either incomplete or so broad as to be of trivial explana-

tory value. Instead there has been an attempt to build smaller-scale

theories which, as far as possible, are scrutinised to see that they are
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not obviously inconsistent, but are left for the futtre to link together
into a more coherent strucnrre. Present achievements can, perhaps, be

broadly summarised trnder four headings:

r. It has been clearly recognised that sophisticated self-regulating

machines can carry out many operations closely analogous to those

performed by hurnan beings and that, in turn, it is an important aid
to clear thinking about htrman behaviour to consider the qpe of machine

that would have the same characteristics. It is a not unfair test of a

psychological theory to challenge its author to desigp a machine that
would behave in the same way as his theory would predict for a human

bei.g.
2. Substantial progress has been made towards a psychology which

is truly quantitative, and thus towards the removal of what had pre-
viously been a serious deficiency. A physiologist can speak of human
performance in terms of body-temperatures and pulse-rates and relate

these to foot-potrnds, calories and heat-loads. Hitherto a psychologist

has been virftally unable to measure performance in ways which trans-

cend the particular cases concerned. His ability to do so now is still
fragmentary, but treatments of reaction-times and the detectability of
signals using probability as a metric, avoid much of the criticism often
levelled at psychometric procedures in dre past - that they 'meastrred

the unknown in units of uncertain maguinrde'.

3. This quantitative emphasis has grven fresh impenrs to the detailed
analysis of the various mechanisms which go to make up the sensory-

motor chain. Two kinds of approach have been tried at this level,

both potentially very important. The first, which we may term a

'microbehavioural' approach, is to consider extremely detailed behaviour

by regarding, for example, the choice of response in a choice-reaction

task as containing a series of sub-choices carried out according to a
particular strategy. These details are seldom observable directly but
can often be inferred by fining mathematical models or by comparing
perforrnances at subtly different versions of a task. The second approach

considers capacity neurologically in terms of the funaioning of nerve

cells either singly or, more important, in large masses to which statis-
tical concepts can be applied. This has, perhaps, been particularly
prominent in Britain where there has been a long and honoured tradi-
tion of close contact benneen experimental psychology and physiology.

In the present state of knowledge both these approaches have their part
to plap and each can be a valuable supplement to the other.

4. Finally there has been a much fuller recognition than ever before

that performance cannot be adequately snrdied in terms of discrete,
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isolated reactions. Behaviour tlpically involves a stream of signals and

responses each in part dependent on those that have gone before and

influencing those that come after. Even the simplest activity involves a

complex, phased and co-ordinated set of detailed actions. Serious

attempts have been made, and many more are needed, to grapple with
the complexity that this implies, to snrdy the basic components of per-

formance without removing them from the wider context of the

performance as a whole, to identi$ the main funaional divisions of
centrd processes, to show how each contributes to performance in any

given circtunstances, and to trnderstand how the various contributions

change with time.



II

Simple Decisions

It is uaditional to begrn the snrdy of experimental psycholory with a

treament of prychophysics - the relating of sensory experience ro
physical measures. The tradition is sound because, although the pursuit
of psychophysics for its own sake is indeed an arid academic exercise,

the iudgments involved in psychophysical experiments represent a form
of simple decision-naking which is amenable to relatively precise

measurement and mathematical formulation. Analogies of these simple
decisions are fotrnd in other areas of psychological function and in the
more complex decisions of everyday life, so that the theories developed

in the psychophysical field provide a framework for thought which has

an application far beyond the e4periments on which they are based.

WEBER's LAw, THREsHoLDs AND DISCRIMINATIoN

It was recognised in the nineteenth century that arnoturts of sotrnd or of
light that were physically measurable might nevertheless fail to be
heard or seen even though the subiect was fully alerted to detect them.
To accotrnt for this, there grew up the concept of a 'threshold' or
minimum quantity above which a stimulus had to rise in order to enter
the subiect's percepftal mechanism. It was also early recognised that
the stimulus level required to pass this threshold was not completely
fixed, but varied from instant to instant in an apparently random
manner so that several measurements were required to establish its mean
value. Just why this was so was not clear although it was reasonably
argued that the central effect of a glven physical stimulus may vary
from one moment to another (Cattell, 1893, Solomons, r9oo, Oldfield,
rg55).

It is corlrmonly assumed, following Thurstone (t9z7a, b) that the
central effect of a stimulus, such as the frequency of nerve impulses
generated, is proportional to the logarithm of the physical intensiry,
although the site and mechanism of the transformation are not generally

27
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clear in physiological terms. Such a logarithmic uansformation pro-

vides what is probably the simplest and most elegant explanation for the

constancy of the Weber Fraction

ds
t:aconstant (z.r)

where dS is the least noticeable increase of stimulus intensity from a

given level S measured in physical units. This uaditional way of

stating that the least noticeable increase is a constant ratio, may also

be written

Sc

H:aconstant 
(z'z)

where Sc and Sr are the greater and lesser respectively of two

quantities compared, or alternatively

log Sc - log Sz : a constant (zA)

The implication of this last equation, taken with Thurstone's assump-

tion is, of course, that the discriminability of two stimuli depends upon

a constant difference berween their central effects, whatever their

absolute magninldes.

It can be argued that this holds even though the \U7eber Fraction

rises substantially at low values of S. It has been noted since the tir e

of Fechner and Helmholtz that the rise can be abolished if a small

constant (r) is added to S so that in place of Eq. 2.r we write

ds
ip-aconstant 

(z'4)

and in place of Eq. 2.3,

log (Sc + r) - log (Sr * r) - a constant (2.5)

The quantity r is small so that it affeas the \il7eber Fraction substan-

tially only when S is small and can normally be neglected when S is

large. It is commonly assumed to represent spontaneous activity in the

sense organ so that it does in a very real sense add to S. Its relation to

S and dS and a method of measuring it graphically in the same nnits as

S is shown in Fig. z.r.

The attempt to tie discrimination down into such central effects

as frequencies of nerve impulses is obviously plausible for simple sen-

sory ma$urudes, but is perhaps more questionable when made in

relation to complex perceptual quantities such as lengths of line or

numbers of objeas. Such quantities must, however, somehow be

represented centrally, so that although the precise mode of representa-
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tion is not clear, treating perceptual magRrtudes in this way is not far-

fetched. There is, however, need for caution in speciffing S: for in-
stance Ross and Gregory Gg6+) showed that the least noticeable dif:
ference between weights was greater for a set of small werghts than for
a larger set which, although they weighed the same, appeared lighter in
accordance with the size-weight illusion. The subieas in this case

ds

.6-- r-- ->o s

Figrrre 2.r. Plotting dS against S to measure the small random component
r. Based on a diagram by Gregory (1956).

seemed not to have been iudgrng in terms of weight alone, but of some

integration of weight and size such as density.

There is an obvious extension of Eqs. zq anld 2.5 to above-threshold

discrimination: if we can for practical purposes neglest r in these cases,

we should be able to write, following Eq. 2.3,

Discriminability - (log Sc - log .Sz) x a constant (2.6)

This point was recognised by Fechner in the mid-nineteenth century

but its main use and testing have come into prominence only recently

with the work of Crossman (tgSS) and of Mtrdock (t96oa). Crossman

proposed as an index of confirsability (C) benreen two qtrantities

C - a constant /(log, Sc - log, Sz) (z.T)

The use of logarithms to base z makes the unit of confi.rsability the

measure of confusion betrreen two signals, one half the magninrde of
the other. A table of C is gtven in the Appendix. Crossmau tested his

formula with studies of times taken to discriminate and found that rne

was linearly related to C. I[e shall consider these results in more detail

later in this chapter. He extended his treament to cases in which
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there are more than two quantities by suggesting that the average con-

fusability of any one quantity with the others can be measured by
taking the mean C for that quantity with each of the others.

Murdock adopted essentially the same type of approach. He suggested

that the distinctiveness of a quantity from several others may be

measured by taking the total of the log differences between it and each

of the others and expressing this sum as a percentage of the total sum

for all the quantities. This measure he termed Dl, i.e.

Do/, :
) Cros,si - log sr)

22(loe s, - log si)
i:L j:L

He tested his formula against accuracy in categorising sound intensities

and applied it to previous results by Eriksen and Hake (tgSil on

categorising areas of squares. Reasonable matches berween theory and

observation were obtained, especially when it is recognised that other
factors such as biases against using extreme categories may also be

operating. A method of correcting for such biases is suggested by
Doherty (1966) who found that, after correction, Murdock's D scale

provided a good fit for data on categorising lines of different lengths.

Both Crossman and Murdock also proposed that the well-known ten-

dency for recall to be more accurate at the ends of a list of items learnt

by rote can be explained by the greater discriminability of serial posi-

tions at the ends of the list than in the middle. Table 2.r sets out a
sample of Murdock's results obtained by working out D% for each

serial position on the assumption that distinctiveness can be measured

in terms of log ordinal position. Very fair fits were obtained by this

method with two samples of rote-learning data.

TABLE 2.r Percentage distinctiamess (D%) for the sezteral positions in a
series of eight items, measured in terms of log ordinal position. Frorn Murdock
(r96oa).

(2.8)

Serialposition r z 3 4
D% 22.9 r4.o ro.4 9.2

567
9.2 rO.O rr'4

8

12'9

THE DECISION-THEORY APPROACH

It was commonly assumed until recent years in psychophysical sttrdies

that if the threshold was not passed but the subiect had nevertheless
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to respond, he guessed at random, and methods of correcting data for
such chance guessing were advocated. There were, however, two facts
which called into question the idea and the procedure based on it.
The first was that the measured threshold depended very much upon
the degree of confidence required of the subject: his threshold was

higher if he had to report a signal only when sure, than if he could do
so even when somewhat doubtftrl. The second fact was that if he was
not sure but was nevertheless forced to guess whether a signal had been
grven or not, his guesses over a number of trials were substantially
better than chance, implying that the signal had to some exrent been
perceived even though the subiea had no confidence that it had
occured.

NOISE SlGt'lAL
+ NOISE

rc

Figure z.z. The basic signal-detection model. Based on a diagram by
Tanner and Swets (1954).

Several groups seem to have arrived at similar methods of accotrnting
for these facts round about the same time (e.g. Smith and Wilson,
r953r Munson and IGrlin, 1954), but the approach most thoroughly
worked out has been that of Tatrtrer, Swets and their associates working
on the detection of faint sotrnds against background noise or faint
visual signals on an illtrminated backgrotrnd constituting 'visual noise'
(Tanner and Swets, r954rSwers, 1959, rgfi4rswetsrTanner and Birdsall,
tg6r, Green and Swets, t966).

They consider as a basic situation one in which the subiea is given a
series of trials in each of which there is a brief presentation of either the
backgrotrnd noise plus a signalr or the background noise alone. The
subiect's task is to decide whether or not a signal was present. Alterna-
tively a series of two to eight presentations is made and the subiect has

to say in which one a signal occrured. The authors argue that at each

presentation the subject observes a quantity r which, because of the
noise, is liable to vary randomly in magnitude from trial to trial. We
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can represent the magninrde of r observed over a series of trials in

which no srgnal was present by a disuibution such as that shown for

'Noise Alone' in Fig. 2.2. The noise may be either extemal due to

variability of the stimulation presented to the subject or intemal due to

randomness in the activity of the sense organ, neural pathways and

brain. Such internal noise could arise from several sources such as

spontaneous random firing in any of the sensory or central mechanisms

concerned, from tonic neural activity in the brain (Pinneo, 1966) or

from the after-effects of previous stimuli (Welford, 1965). Its presence

means that signals can be conceived as having to be distinguished from

noise even when external sources of noise are excluded. Any random

variability in the sensitivity of any of the mechanisms involved could

also be, for many purposes at least, taken as part of the internal noise

since the essential result of both variations of sensitivity and of noise is

to add a random component to the cenual effect of a sigual (Atkinson,

1963). The shape of the noise distribution wifl depend on the distribu-

tions of the various components making up the noise and on any trans-

formations of physical quantities that take place in the sense-organs or

brain, but for purposes of our present discussion they can be tenta-

tively regarded as notmal.

The quantity r for presentations in which a signal is present is taken

as having a similar distribution to the noise, but with each observation

incteased by the amount of the sigual, as shown in the 'Sigual-plus-

Noise' curve of Fig. 2.2. The subject is assumed to establish a sttt-off

point r, and to treat any level of r above this point as 'Signal' and any

point below it as noise alone or rather as 'No Signal'. If the signals are

strong enough for the disuibutions to be well separated the discrimina-

tion of 'signal' from 'No Signal' can be virtually complete. If, however,

the sigual suength is weaker so that there is overlap betrreen the dis-

uibutions, dissimination cannot always be accurate: part of one or

other distribution or of both will inevitably be on the wrong side of r,
so that errors will be made.

The model represented in Fig. 2.2 treats discrimination in terms of
two parameters d' and p. The former is the distance between cor-

responding points - say the means - of the two curves measured in

standard deviation units. We can thus write

d,, :fsar - far 
(z.g)

The second parameter 0 is the Un U'nood. ratiothat a central effect of
the magmude represented by ,, is due to signal-plus-noise as opposed
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to noise alone. In other words it is the ratio of the frequencies (f) - that

is the heights of the ordinates - at ffc so that we write

I -& at xc (z.ro)n- f*
If the distributions of Signal-plus-Noise and Noise Alone are known

or can be assume d, d' and B can be calculated from the proportions of
the two possible classes of conrect response thtrs:

(") YES when a signal is present - represented by the area of the

Sigual-plus-Noise distribution to the right of x, in Fig. 2.2. Ve may

refer to the proportion of responses in the disuibution falling into this

category as pYESslr.

(D) NO when a signd is not present - represented by the area of the

Noise Alone distribution to the left of lcr. \[/e may rder to this propor-

tion of the Noise Alone distribution as pNOry.

If, for example the distributions are normd, tre distance from r, to
the mean of &e Signal-plus-Noise distribution measured in standard

deviation units can be found from a table of the normal probability

integral, such as Fisher and Yatm' (rgf8) Table I or I& by noting the

deviation required to produce pf,Ssr. $imilarly the distance from r,
to the mean of the Noise Alone disuibution can be found by noting the

derriation required to produce pNOr. Assunring the two distributions

are of equal variance, the value of d' will be the sum of these two

deviations. To take a practical example, suppose 2YESsar : '9o and

pNOar : -95t the two deviations would be r'28 and r'64 rCIpeaively

and d' would be 2'92.

The same result could have been obtained using the proportions of
the trro possible classes of error:

(") 'Misses' - that is responses of NO when a signal is in faa present,

represented by the area of the Signal-plus-Noise distribution to the left

of x, (?NOsar).

(D) 'False Positives' - that is replies of YES when no signal is present,

represented by the area of the Noise Alone distribution to the right of x,

@rSr).
The value of P can be calculated, when the disuibutions are normal,

from a table of the ordinates of a normal disuibution such as Fisher

and Yates' Table II. For the example iust quoted these are '176 and

.ro3 respectively so that P - r'Tr. The value of p diminishes as r, is
moved to the left.

A table to find d' and P for different values ofPNOsr and2YESar

*rO*n in the Appendix.
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Although we have dealt so far with the absolute detection of siguds,
the model is obviously applicable to situations in which a signal is an
increase or a decrease from a given reference value: the distributions of
Sigual-plus-Noise and of Noise Alone become respeaively Sc (or Sz)-
plus-noise and S6-plus-noise with Sc (or Sz) and Sn the changed and
the original signal values respectively.

The value of d' is the measure of true discriminability in terrrs of the
ratio betrreen, in the absolute case signal strength or in the compara-
tive case difference between sigual strengths, and the aariability of the
noise level. On the other hand f: as a measure of the cutoff point r,
can vary independently of d' . It. can be thought of as a measure of the
caution exercised by the subiect or of the confidence with which his
iudgments are made. For example a large value of fl, implying a high
cutoff well to the right in Fig. 2.2 means that he is being cautious
about recognising signals and demanding a high degree of confidence
before saying YES. The result will, of course, be that the proportion
of occasions on which a YES response is given (pYESs.n plus pyESar)
will be relatively low and the proportion of NO responses (pNOa,,
plus 2NOsar) will be corresponclingly high. There witl thus be few
false positives and a relatively large number of misses.

The subiea is able to vary his cutoffto some extent at will, and indeed
to make iudgments in terms ofmore than one cutoffby defining different
levels of confidence (e.g. Pollack and Decker, 1958, Swets, 1959, Swets,
et al., t96t, Broadbent and Gregory, t963a} For example, Broadbent
and Gregory presented their subiects with short bursts of noise during
which there might or might not occur a pure tone of lrooo cycles.
Subiects had to rate their confidence as to whether or not a tone was
present on a five-point scale:'Sure; Not quite sure; Uncertain; Not
quite sure not; Strre not'. These can be regarded as a series of five cutoff
points of progressively decreasing severity, and there was in fact a
clear trend for the proportion of misses to decrease and of false positives
to increase from 'Sure' through the successive categories to 'Sure 1ot'.
If pYESsrv is plotted against pYESa,, the points obtained for a range of
criteria lie on a curve of the form shown in Fig. 2.3d, known as a
receioer-operating-charactristic or ROC curye. !(Ihen d,' : O the ROC
curve is a straight diagonal from the bottom Ieft to the top right corner.
As d' incteases, the curve is bowed more and more inio tie top left
corner. When the distributions are normal and of equal varianci, the
ROC curve plotted on double-probability paper becomes a straight line
as shown in Fig. 2.3b.

It should be recognised that the 'noise' need not be noise in the
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literal sense but any random disturbance which may affea the signal.

For example Winnick et al. (1967) have shown that the detectability of
words shown briefly with a background of random letters in a tachisto-

scope can be accounted for in signal-detection terms if the random

letters are regarded as 'noise' and the word as signal.

There is now an impressive array of experiments on sigpal detection

in which this model and its assumptions seem to be valid although there

are also cases (e.9. Hohle, 1965) in which they do not, indicating that

0,2 0.4 0.6 0.9 1.0 . .02 o.l 0.3 0.5 0.7

PRoBABILITY oF 
.YES, 

WHEN No SIGNAL IS PRESENT

0.9. 0-98

Figrrre 2.3. Receiver-Operating-Characteristic (ROC) curves.
(A) with linear axes, (B) with normal probability a:(es.

there is further work to be done to determine its range of application.

What has been achieved so far, however, makes it clear that the approach

is a powerful one with, as we shall see in later chapters, widespread

implications.

Placing the cutoff point

Although analysis of discrimination in terms of d' and B enables the

effects of caution to be distinguished from those of true disctiminability,
it does not really solve the problem of thresholds but merely shifts it to
the question of how the cutoff is fixed. Clearly the cutoff point can be

affected by instructions to the subject to be cautious or otherwise, in
other words by the relative importance of the two tlpes of correct

response and the two tlpes of error. The obieaively optimum cutoff
point c:rn be calculated if the rewards attached to each of the correct
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responses and the costs of the two types of error are known and are

measurable in the same units:

Optimu m B: 
U

,. Value of correct NO * Cost of incorrect YES /r r r\/ \ 
Value of correct YES + Cost of incorrect NO \-"' L 

'
In order to fix his cutoff optimally, however, the subject would have to
know or to be able to assess all these quantities, and also to relate them

together. The evidence from a number of experiments on discrimina-
tion (e.9. Ulehla, ry66) and on guessing and betting (e.g. Edwards,
196l) makes it clear that the optimum is seldom if ever achieved. At
least part of the reason probably lies in the fact that the limited span

of short-term retention makes it impossible to assess accurately the way

in which sequences of signals have been constructed: the subjea tends

to give undue weight at each point in the series to the three or four
items presented just before. Part of the reason also may lie in a well
marked tendency to overestimate the probability of rare events and to
underestimate the probability of frequent ones (Howard, 1963). Part

again may lie in subjects' inability to adjust their strategies to take frrll
account of values and costs: for example Pitz and Downing (1967) in a
guessing task found that performance was near optimum when the

values of different guesses were equal, but departed markedly from
optimum when they were not.

Knowledge and experience of the signal sequences, rewards and

punishments can, however, affect the setting of cutoff points to some

extent (e.9. Taub and Myers r tg6t, Katz, 1964). A good example of the

effect of knowledge is mentioned by Laming (r g6z) who required his
subjects to sort packs of cards into two piles according to whether they
bore a longer or shorter line on the face. The numbers of longer and

shorter were varied in different packs from z4 of each to 30 shorter

with 18 longer or 36 shorter with rz longer. The proportions of errors

in which longer was mistaken for shorter and oice oersa were about

equal when the pack containing equal frequencies came first, but when

this followed a pack containing a preponderance of shorter lines, the

mistaking of longer for shorter became much commoner than the mis-
taking of shorter for longer. The same was true in the packs with
larger numbers of short lines and was more marked as the unbalance

incteased. Subjeas appeared to be adjusting their cutoff point in a

direction which reduced the errors made in responding to the more

frequent signal. Swets and Sewall (rg6f) using a task in which subjects
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detected tones in short bnrsts of noise, showed that changes due to

offering monetary rewards for improved performance left d' unchanged,

implyrng that any changes in the proportions of different types of
response were indeed due to a shift of P rather than to any genuine

improvement of detection.

In the absence of any knowledge of the signal sequence or other coll-

siderations the subiea must base his cutoff on his knowledge of the

noise disuibution alone. In this case he presumably sets it at a level

which will grve a tolerable - usually very low - likelihood of making

false positives.

What is r?

The exponents of signal-detection theory, as this model has come to be

cdled, have been at pains to stress that much of the usefulness of the

model does not depend on being able to speciff the quantity r which

the observer uses as a basis of his decisions. It is clear, however, that r
must in some way increase monotonically with increase of (a) the

suength of the physical sigual or difference betrreen two signal levels,

(b) cenual effects in the brain, such as the frequencies of nerve impulses

generated and G) confidence on the subiect's part that a signal has

arrived or that Sc has occrtrred rather than Sr,. )c cannot, however,

be a linear function of all these. For instance, any logarithmic or

other transformation betrreen physical stimulus and central effect will

preclude linearity with both (a) and (D) simultaneously.

The idea of scaling r in terms of confidence derives from a cor-

sideration of the faa *rat any point on the r axis can be specified in

rerms of a likelihood ratio fsw/fx. We have already noted one such

value, 0, atthe cutoff point r, and that the value of P diminishes as the

cutoff point is moved to the left in Fig. 2.2. If the observer can use

different cutoff points implyrng different degrees of confidence it is

reasonable to suppose that he can somehow scale the whole r axis in

the same wsy, either linearly with the likelihood ratio or linearly with

some function of it such as its logarithm. Such a scale must presumably

be correlated with level of neural activity, but need not be a linear

function of it. For those who object to inuoducing the subiective term

'confidence' into the discrrssion, essentially the same point can be made

by arguing that the likelihood ratio or some uansformation of it can act

as a funaional quantity in the decision process.

It becomes necessary, however, to grve tc a measure, in terms of
physical signal strength or netual effect, if we want to relate d' to
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sigual strength in aoy quantitative way. If Eq. 2.6 holds, the straight-
forward assumption is that

fl,' - (log Sc - log Sz)/o rog,s (z.tz)

so that r is a linear function of central activity, but if this is so the dis-
tributions cannot possibly be normal and are probably of trnequal

variance. They cannot, for example, extend from minus infinity to plus
inf-ity as strictly normal distributions would have to do, but from zero

NOISE

ALONE

CUTOFF
t
I

S ICNAL

+ NOISE

x

Figure 2.4. The basic signal-detection model assuming Poisson-tike
distributions.

to some maximum set by the capacity of the brain mechanism con-
cerned. If the noise is conceived as consisting of random neural im,-

pulses occurring within a brief period of time, the disuibutions would
be approximately of Poisson form with a variance equal to the mean

and would look like those shown in Fig. 2.4.This difficulty is, however,

not always serious. For example, all our discussion so far has been in
terms of the proportions of the four possible responses - YES or NO
either when a signal was or was not present, and these proportions

would remain the same if the measure along the.r axis was uansformed,

for example by taking the logarithm of the number of nerye impulses

concerned. We are thus in the position of an experimenter wishing to
perform a /-test or analysis of variance on data of non-normal distribu-
tions and uneqrnl variances, and can followthe procedure reconrmended
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in that case of uansforming the measure so as to make the distributions
normal and variances equal. Doing so will in no way invalidate the test

or, in oru case, the computation of d', and so long as we work in terms

of our four proportions we do not need to specify the acnral trans-

formation.

The relation of signal-deteaion measures to those used in traditional
psychophysics has been disctrssed by M. Treisman (lg6+) and by
Treisman and Watts (1966). In particular they outline a way of treating

data obtained by the Constant Method in signal-detection terms.

Multiple dis crimination

Several attempts has been made to extend Signal-detection Theory to
cases where more than one signal has to be discriminated. The cases

st- sR sc

xa 
'n

x

Figure 2.5. E:rtension of the signal-detestion model to cases where a

decision is required as to whether a signal is greater or less than a standard.
The area between ** and rr represents iudgments of 'equal'.

involved may be divided broadly into four gpes which we shall deal

with in turn. The treaunents are often somewhat speculative, but serve

to indicate the potential rang€ of usefulness of the approach.

r. Ttto gnntities presanted irru,ltarcously, or nearly so. The most

straightforward example of this gpe is when a standard reference signal

is presented with a second signal which may be either greater or less.

The correspondi.g signal-detection model is represented in Fig. 2.5 h
which distributions are shown for the reference signal (Sn) and for
greater and lesser signals (Sc and Sr) and there are two cutoff points

(xe and yr,).

It is not so clear what model is appropriate for cases in which, ssy,

two lines are presented simultaneously one on the left and one on the

z
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right (e.9. Henmon, 19o6, Vickers, r96il and the subiect has to say

which is longer. fn this case Sc and Sz are in effect presented without
SR. ![e may perhaps assume that one of three procedures is followed:
firstly the subiect may take one of the lines as Sn and decide whether

the other is longer or shorter; secondly he may imagrne some inter-
mediate value between Sc and Sr as Sn and iudge both differences from
this simultaneously; thirdly he might simultaneously iudge Sc with .Sr

as a reference and Sz with Sc as a reference. Of these three possibilities

the first appears to be the simplest as it requires only one decision pro-
cess whereas the second and third involve two.

z. Seoqal oalrcs of a single oariable presmted one at a time. In the dis-

criminations we have discussed so far the qtrantities to be distinguished

have been present either simultaneously or nearly so. It has, therefore,

been possible to make closely comparative iudgments, and under these

conditions very fine differences can be recognised accurately. When,
however, the quantities are presented separately at different times - in
other words when they have to be iudged absolutely - the minimum
differences which can be reliably distinguished are substantially greater.

Lipsitt and Engen (196r), for example, forurd their subjeas were about

equally accurate at iudging which was the longer of trro lines presented

simultaneously or separated by an interval of r sec, but less accurate

when the two lines were presented 5 sec apart. Again, Pollack (1952),

presenting subieas with tones of varying pitches equidistant on a
logarithmic scale ranglng from roo to Srooo c.p.s. and requiring them

to class$ the tones by assigning numbers, found that only about five or
six classes could be reliably distinguished.

As already mentioned in Chapter r (B. zr) Miller (tgS6) has surveyed

data which indicates that comparatively small numbers of distinguish-

able classes are also found for iudgments of other quantities such as

loudness (about sk), tastes (about four) and points on a line (about

nine) (see also Spitz, tg67). fn short, capacity for absolute iudgment
appears to be severely limited. It is, of course, true that individuals
possessing 'absolute pitch' can recognise accurately a very much larger

ntrmber of tones (Carpenter, r95r) and similarly fine discriminations

can be made by expert indusuial workers when iuclging colours or

other sensory qualities in the course of their work, but how they do this

is at present a mystery.

If we envisage classification on a single dimension as taking place in a
system such as that of Fig. 2.2, we must assume that the quantity to be

classified $/ill produce an amount of activity in the system which
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ranges from a level indistinguishable from noise up to some maximum

representing satnration ofthe system. If so, the nunrber of discriminable

classes will be the ntrmber of Signal-plus-Noise distributions that can be

fitted in between minimum and maximtrm with acceptably low overlap,

as shown in Fig. 2.6.

It is at first sight tempting to assume that this discriminable range is

directly related to the sensory mechanism and its cenual proiection, for

example in the case of pitch, to the signalling from different portions

14INIMUM
LEVEL OF ACTIVITY IN SYSTEM

Figrrre 2.6. Extension of the signal-detection model to cases where abso-

lute iudgments are required of several values on a single 'dimension'.

of the basilar membrane and the representation of pitch in the auditory

proiection area. Adrian Gg4T, P. 50) cites Tunturi (rg4) as having

reported that in the dog equal octaves are represented by approximately

equal inten ds in this area so that discriminability might depend on

netrrological distance. In other cases we have already suggested that

discriminability is likely to depend on frequency of nerve impulss in

such a way that eqtral incteases in frequency represent equal increments

of discriminability. Such views in their crude form, howeverr are llrl-

tenable because they imply that dis@ depends upon the total

range of stimuli that can be perceived and should be independent of

the range acnrally presented in any grven circunrstances. Pollack (t952,

r953a) has shown that this is clearly not so: the nrrmber of discriminable

pitches remains about the same whether the stimuli are presented over

a wide range of frequencies or concentrated within a narrow one. The

same is tnre whether the frequencies are all towards one or other end

of the range. Similar results have been obtained for different loudness

levels (Hodge and Pollack, 196z): the information transmitted in classi-

filrng eight loudness levels was essentially the same whether they were

spread over a rsnge of 28, t4, 7 ot 3'5 db.

The implication is that the decision axis is in some way capable of

adiustment in such a way as to make the whole of its capactty available

for the range of stimuli acnrally presented. How this is done is not clear,

but one simple possibility is to assume fualy, as we have already done,
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S\ETEM SATUPAT

RAl.lGE
W]THIN WHICH
DTSCR IM INAT I ON
IS POSSIBLE

SIGNAL N OT
DISTINGUISHABLE
FROM NOISE

A LoGs
Figrrre 2.7. Effeas on the decision uris of attenuating the signal (A)
before and (B) after a logarithmic transformation. In (A) the effect of
attennation is to increase the absolute values of log S over which dis-
crimination can be made while leaving the range of values trnaffested.

In CB) the main effect of attenuation is to increase the range of values of
Iog S over which discrimination can be made.

that somewhere between the physical stimulus and its central effect
there is a logarithmic transformation; and secondly that the signal can
be attenuated either before or after this transformation has taken place.
Attenuation before the transformation would essentialty subtract a con-
stant amount from log S, and different levels of attenuation would pro-
duce a series of relationships between log S and its central effect as

showninFig. z.TA.The effect would be to determine the portion of the
total range of stimuli over which the decision mechanism operated,
without affecting its extent - for example it might shift from low pitches
to high. Attenuation after the logarithmic transformation would alter
the slope of the relation between log S and its cenual effect as shown
in Fig. 2.78, and affect the range over which the decision mechanism
operated - for example it would determine whether discriminative
capacity was spread over a wide range of pitches from high ro low or
was confined to one part of the scale. The fine discriminations attained
in comparative iudgrrents might on this view be due to the possi-
bility, when both quantities are present together, of concentrating
the whole discriminative capacity on a very narrow band of stimulus
values.

The mechanism postulated is not without its difficulries. For example,
Pollack (tgSz) noted that the number of classes discriminated was the
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LOG S

same whether the frequencies were spread at regular logarithmic inter-

vals over a range or whether they were divided into two groups, half
at the high end and half at the low. Such a finding implies some more

complex adjustment of the decision axis; it might, for example, be

accounted for on the assumption that some adiustment of the range

takes place whenever a sigual is presented so that when, ssy, one of the

high group is presented the subiect adiusts his scale towards the high

end and when one of the low group, to the low end. If so, experiments

such as Pollack's could be linked to those in which subiects, when

asked to classiff qnantities, adjust their iudgments to the range of
quantities presented (e.9. Tresselt and Volkman, l94z) and to those of
Helson (e.g. t947, 1960 and others who have shown that a given

quantity tends to be iudged greater when preceding quantities have

been small than when they have been large. The term 'adaptation'

used to describe such adiustments could fairly be applied also to those

we have postulated.

A second diffiorlty lies in understanding what is adiusted. Hodge and

Pollack (t962) have produced evidence that it is not the discriminability

of signals so much as the assigRnrent of responses that is affeaed by a

change in the range of qtrantities presented, and Parducci (1965) has

suggested that adiusment tends to be such as to make the frequrcies
of the various categories of iudgpent equal. We cannot attempt to

meet these difrculties here; it seems fair to remark however, fitstly

that some mechanism of adiustrrent has to be postulated, and secondly

that this might reasonably be taken to operate on the decision axis

mediating betrn een signal and response.

B
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3. Quantities varying in more than one dimension simultancously. The
number of distinguishable categories is greater if the quantities do nor
lie along a single stimulus 'dimension' but along two or more dimen-
sions simultaneously, such as pitch and loudness or if points have to
be identified in a square instead of along a line (Kleulmer and Frick,
1953, Pollack, r953a, Pollack and Ficks, 1954, see also Miller, 1956).
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Figrrre 2.8. Extension of the signal-detection model to cases where signals
vary on two independent 'dimensions'. Based on a diagram by Rodwan
and Hake (1964). The separation of the two distributions on the oblique
axis is greater than on either of the others.

The total number of categories is, however, considerably less than the
product of the number for each dimension separately. For example

Pollack, who found that about six pitches and five degrees of loud-
ness could be discriminated, found that only about nine simultaneous

diffferences of both pitch and loudness could be reliably distinguished
instead of the 3o (i.e. 6 x S) which might have been expected.
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Several snrdies have indicated that when subieas make iudgments in

terms of rwo or more characteristics or 'dimensions' they detect differ-

ences of each independently and that the total amonnt of differentiation

they achieve results from a combination of these. It is therefore possible

to predia the accuracy of discrimination for two or more dimensions

together from the accuracy attained on each separately. The overall

result will, of course, depend on whether the dimensions are correlated

and on whether accurate response requires correct iudgmeut on all

dimensions simultaneously, or on any one or more aloner or whether

s,

52 HAS ARRIVED

S3

S4

s5

Figure 2.g.Extension of .n. ,;;l-detection model to cases where there

are several possible signals each on an independent 'dimension'.

some more complex synthesis is required such as when iudging personal

characteristics from faces.

Rodwan and Hake (rg6+) have suggested, on the basis of their

experiments, that synthetic two-dimensional discrimination can be

conceived as in Fig. 2.8: they assume that subiects combine the dis-

criminations on the two dimensions with an overall result as indicated

by the circular 'distributions' and by the oblique decision axis on to

which the other two are proiected. The angle of this new axis depends

on the relative weights given to the two dimensions in the ioint decision.

The authors found that different subiects behaved as if they placed the

oblique axis at substantially the same angle, implyrng that they weighted

different dimensions in roughly similar ways. This model can, of course,

be extended to disc,riminations involving three or more dimensions.

4. Sqserat signak each on a different 'dimension'. When one of several

possible signals, each independently liable to be disnubed by noise, is

presented, the sinration can be represented as in Fig. 2.9. Of the total
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number of items one is correct and has a signal strength of d', while
all the others have a signal suength of 'noise alone', i.e. zeto level. For
simplicity all the distributions are assumed to be of equal variance and
normal although in practical cases this would almost certainly not be
exactly true. This kind of model has been suggested by Green and
Birdsall (1964) for words in a vocabulrry, and would seem applicable to
cases where stimuli may arrive over different sensory channels. The
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Figrrre 2.ro. Value of d' required to produce a given proportion of cor-
rect responses from the type of case represented in Fig. 2.g. Based on a
table by Elliot (1964).

subiect's task is to decide which of the possible signals has occurred.
At least two methods of doing this seem plausible:

(o) Green and Birdsall suggest that the subiect in effect examines the
strengths of all the alternatives at a particular instant and chooses the
largest. If so, the greater the number of alternatives, the greater the
chance that one of the noise levels will, at the moment concerned,
exceed the signal level of the correct item and lead to an error being
made. If accnracy is to be kept constant, d' must therefore rise with
the nurnber of alternatives. The values of d' for various proportions
of correct response with numbers of alternatives from z to rrooo
have been tabulated by Elliot (rg6+), and are shown graphically in
Fig. 2.ro.

(b) An alternative method would be to ser a criterion x, and having
done so to examine the alternatives until one was found which exceeded
it. With this procedure, the greater the number of alternatives the
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greater the number that would, on average, have to be examined before

one exceeding the criterion was found, and the greater the chance that

the criterion would be exceeded by a reading from one of the 'noise

alone' distributions so that a false positive would occtu. Taking p as

the probability of a false positive from any one'noise alone' distribution,

Total probability of false positive from ,?, samples - r - (t - p)*
(2.r3)

where rn is the number of incorrect alternatives sampled. A table of
r - (r - p)* for various values of p and m has been provided by

Wiener (1965).

If the subject is to keep his false positive rate constant, he will have

to raise his criterion level progressively more and more as the

number of alternatives increases. For example, if he wishes to maintain

the rate at ro/orhewould have to set his criterion level at 2.33 standard

deviation units above the mean of the 'noise alone' distribution if he

had to examine only one possible sigRal, at 2.5T if he had to examine

two signals and at 2.8r if he had to examine four. We may note that the

effect of increase in the number of alternatives is greater for relatively

low or 'risky' criteria than for strict or 'cautious' ones. For example if
the false positive rate had been rco/o, the criterion would have had to

be set at r -28 standard deviation units with only one signal, at r'63
trnits with two and at r.94 with four. The difference betrreen two and

four signals is '48 standard deviation units for the rl, criterion and
.66 for the roo/o. The difference might in practice be gteater since the

absolute change in the false positive rate if no change of criterion was

made would be much more noticeable and serious with a low criterion

than with a high one: the changes from one to four signals would be

from to/o to just under 4% and from too/o to iust over 33o/o.

This kind of procedure could explain a fincling by Broadbent and

Gregory (t963b) which is otherwise difficult to understand. Their sub-

ieas watched three fluorescent nrbes flashing rhythmically and had to

report when one flashed brighter than usual, grading their responses

into five categories of confidence. The most cautious criterion was

fotrnd to change little as benn een relatively quiet conditions and loud

ambient noise, whereas the most risky criterion rose so that the two

criteria came closer together.

If, as appears to be the case, d' increases with the duration of a signal

(Green et al., 1957, Egan et al., 1959, Swets, 1959) the same procedure

can also explain results obtained by lohn (1964). His subiects had to

respond by pressing a keyto a light which came on at irregular intervals,
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while ignoring occasional sounds presented over earphones. The reac-

tion time to the light was longer when the sounds were relatively loud
than when they were softer. We may suppose that subiects raised their
cutoff level to exclude the louder noise and had therefore to attain a

greater d' in order to be srue of responding to the light.

THE TIME REQUIRED FOR DISCRIMINATION

It has been known from the early days of the study of reaction times

that the time taken to discriminate benreen two signals tends to rise

as they come to resemble one another more closely. Thus, for example,

Henmon (19o6) found that the time required to indicate which of two
lines exposed on a screen was the longer, increased over a series of
differences ranging from ro and 13 rnm to ro and ro.j. The same author

fotrnd similar results for pairs of tones of different pitches sounded one

immediately after the other, and for patches of different colours.

Parallel results have been obtained by Slamecka (tg6l) whose subieas

had to decide which of two words was the more similar in meaning to a

third word. Results which may perhaps be regarded as falling within
the same area have been obtained by \trallace (1956) who found that the

acctuacy with which patterns and picnrres of obiects were identified
rose with the time for which they were exposed, and by several authors

(e.9. Barry, 1964, Carterette and Cole, 1963, Haber and Hershenson,

1965) that accuracy of discrimination or identification increases when

the stimuli or messages are presented more than once. \I[e may note in
passing that both Wallace and Haber and Hershenson found that several

brief exposures were less effective than one longer one of the same total
duration. A tie-up with the signal-detection theory approach exists

directly in the findings already mentioned that d' rises with increased

duration or repetition of signals, and by implication in results obtained

by Pierrel and Murray (tg6l) who forurd that the time required to

discriminate weights from a standard increased, and at the same time
both accurary and confidence fell, as the difference from *re standard

became less.

Attempts to work out a quantitative relationship between reaction

time and discriminability seem to date from a pioneering attempt by
Crossman (1955) who conducted a series of experiments in which sub-

iects sorted specially prepared packs of cards according to numbers of
spots on the cards. Each pack contained equal numbers of cards with
each of nvo different numbers of spots, and the time taken to sort packs

was noted and related to the differences between the numbers. Cross-

man began by confirming a result obtained by Henmon, that equal
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ratios are discriminated in approximately equal time - packs containing

cards with r and 2, 2 and 4, 3 and 6, 4 and 8, 5 and ro spots all took

about the same time to sort. Any formula or law relating reaction time

to fineness of discrimination must therefore provide for time to rise

as the ratio between the quantities concerned becomes smaller but to
be little affected by changes in absolute magRinrde. In other words,

the time taken for discrimination appears to be a funaion of the Weber

Fraction benneen the two quantities. Crossman considered three pos-

sible functions and associated models which we shall discuss in turn

using, however, slighdy different terms from his.

r. Statistical sampling

Accordirg to this approach, the brain is regarded as taking a series of
brief samples of the data presented and averaging them. The samples

are conceived as having a variance due to noise which causes the dis-

uibutions for the two quantities to overlap. Accorclirg to well-known
statistical theorerns we should expect the standard deviation of the mean

of a series of samples to narrow at a rate proportional to the square

root of the number of samples thus:

oN: L (2,t4)\N
where o1 is the standard deviation for a single observation and or that

of the mean of N observations. If all samples take the same time we

can write for the distribution associated with each of the quantities to

be discriminated:

o,oP-G x aconstant (2.r5)

when or is the standard deviation of the mean of a sample obained

after tfune T. We may suppose the subiea to go on taking samples until
the disuibutions have reached a sitical separation, ssy when the overlap

is small enough to produce an acceptably low frequency of errors.

This approach has an obvious affinity to sigual-detection theory: we

can write
d'r - d', \n x a constant (2,t6)

or

\/7, -- ftr" a constant (z.r1)

where I, is the time required to achieve a critical separation of the dis-

tributions and d' , is the value of d' at time Tr. Evidence in support of
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this formulation comes from results by Gre en, et al. (tgS) and Swets

et al. (195g). The formerfound that d'rose linearly with {T when T
exceeded about roo msec. The latter, using brief tones presented in
external noise and allowing subiects to observe them several times

fotrnd that d' rose linearly with the square root of the number of
observations. Further supporting evidence comes from an analysis by
Taylor et al. (tg6il of data obtained by Schouten and Bekker (tg6l)
from a two-choice reaction task in which the subject had ro decide
which of two lights had appeared. Taylor et al. calculated from the
relationship benneen error frequencies and reaction time that d'2 rose
linearly with T.

If Eq. 2.r2 holds we can write,

\/Tr:, =d''o!^=o xaconstant (2.r8)logSc-logS;z\*\

which implies that if error rate is held the same for different degrees of
discrimination,

Meandiscriminationtime:( xaconstant (2.r9)

The treatment outlined here assumes that both Sc and S.u are pre-
sented together, but it can be extended to the case where only one is
present at a time by assuming that the subject carries traces of both
quantities in memory, or a uace of some average of them (cf. Hughes,

\e64).

A somewhat similar result is reached by a different route with a type
of model based on Wald's (tg+il Sequential Probability Ratio Test,
inuoduced by Stone (t96o) and developed by Laming (lg6z) and by
Shallice and Vickers (r 964). The model deals with the case in which
the subject is presented with only one quantity at a time and is required

to state whether it is the larger or smaller of rwo possible alternatives.

He is assumed to take a series of samples of the input data, each taking
an equal time and liable to be added to or subuacted from by random
noise. He makes a running total of the samples, and when this reaches

a pre-assigned value of probability that the samples came from Sc, he

decides for ,Sc. Similarly if the total reaches a pre-assigned probability
that they came from Sz he decides for that. The procedure envisaged is

illustrated in Fig. 2.rr: the running total approaches the criterion by a
so-called'random-walk'.

Laming assumes that the cenual correlate of the signal, on the basis

of which the decision must be made, is normally distributed with con-

stant variance. As Shallice and Vickers point out, if the model is to be
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used to relate reaction time to different degrees of discrimination, it is
necessary to make an assumption about how the cenual processes are

related to the physical input, and they assume in accordance with
Eq. 2.6 and with Crossman's and Henmon's findings, that the mean

of the cenual activity varies as log S. On this basis they produce the
following equation:

Mean discrimination time

tzoz(r - a - D)log
(r

ab (z.zo)
(log Sc - log Sr)z

where I is the time for any one sample and a and b arc the proportions
of errors on .Sc and Sz. If errors do not vary from one discrimination to

I OENTI:Y START IOENTIFY

AS 5r AS SG

Figrrre 2.rr. 'Random-walk' model for decision between two alternatives.

another, Eq. 2.zo reduces to Eq. 2.r9, although the constant has, of
course, a different meaning.

The model might perhaps be extended to the case in which two
quantities are presented at a time by assuning that both are sampled

simulaneously.

We have spelt these models out in some detail as they are attractive in
many ways and are enioyrng a considerable vogue. Unfortunately, how-
ever, Eqs. 2.rg and 2.zo do not fit the experimental facts. In a few cases

ploning reaction time against them gtves a reasonable fit to the data,

but in these c:tses alternative funaions derived from other models do

equally well. In other cases the alternative functions clearly fit better.
Either the models or some of the assumptions made in applyrng them
must be wrong.

r -b)
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2. An information-theory model

Crossman considered but rejected a model based on information-

measurement which proposed that discrimination time was propor-

tional to the logarithm of the reciprocal of the Weber Fraction thus:

Mean discrimination time - lt Sctgftxaconstant (z.zr)
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Figure z.rz. Times taken to decide which is the longer of two lines shown
simultaneously, plotted against Eq. 2.2r. Data obtained by Birren and
Botwinick (1955). Open circles, subjects aged 6r-9r : filled circles subiects
aged tg-36. Each point is the mean of the medians of 43 older or 30
younger subiects. The medians were each based on at least four readings.

The differences benreen the intercept of the two regression lines and
the intercepts of the two dotted lines are approximately the times to be

expected for a two-choice reaction by subiects in the age groups con-
cerned. The results therefore suggest that reaction tirne was the time
taken by discrimination or by choice, whichever was longer. The addi-
tional .27 S sec from zero to the intercept of the regression lines was

probably due to a time delay either in the apparatus or in the execudon

of the reponse. (After Welford, r96oc.)

1.32
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Eq. 2.2r does in faa provide a strikingly good fit to Henmon's data for
lines and tones, and also to results obtained by Birren and Botwinick
(rgSS) and Bonrinick et al. (t958) who presented pairs of vertical lines

and required subiects to say whether the longer was on the left or on

the right. Birren and Bonrinick's results are shown in Fig. 2,!2: the

linearity is good if it is assumed that there is a lower limit to the reaction

times concerned, determined perhaps by a minimum time required to

choose which of the two responses - 'left' or 'right' - to make.

However, Eq. 2.2r does not fit further data obtained by Crossman or

any of the data on discrimination times obtained by other authors.

3. Crossman's Confusion Funaion

Crossman's third, ffid favoured, suggestion was that the time taken for

discrimination was, as we have already mentioned, linear with his

Confusion Function so that

Mean discrimination time: 
# 

X a constant (z.zz)

or in other words, discrimination time is inversely proportional to the

Xfeber Fraction betrreen Sc and Sz and d' increases linearly with time.

Eq. 2.22 gave a good fit to two experiments by Crossman himself. In
one, subiects sorted packs containing equal numbers of cards with one

of two numbers of spots: to/t, rc/5, tz/8, r2/9, to/8 and tz/to.
In the other they sorted fi small canisters by weight - eight lighter

and eight heavier affanged in random order - with, in different trials,

the ratios of z/rz, 4/r2, S/tor 6/g and 6/8. The card-sorting results

are shown in Fig. 2.r3.
The good fit of Eq. 2.22 has been confirmed by McCoy (1963) for

diameters of circles and shades of grey as defined by reflestance values,

presented either as a card-sorting task or with each card shown separ-

ately and exposed until the subiea responded by pressing one of trro
microswitches. In these experiments, unlike Crossman's, t\tro quantities

were always presented simultaneously. Further confirmatory evidence

was obtained by Shallice and Vickers (lg6+) using card-sorting tasks

with either one or two lengths of line on each card. These experiments

were undertaken in an attempt to reproduce some of the essential

feanres of the experiments by Birren and Botrnrinick and Bomrinick

et al. in a card-soning form in the hope of discovering why the Infor-
mation Theory model fitted some results and the Conftrsion Fnnction

others. They were followed by a substantial series of experiments by

Vickers (tg6il using pairs of lines proiected on a screen. In all cases
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Figure 2.r4. Times taken to decide which is the longer of two lines shown
simultaneously in the presence of visual noise, plotted against Eq. 2.22,

Data obtained by Vickers (r 967). Each point is the mean of 16 readings
obtained from each of rB subjects.
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the Conftrsion Funaion gave a much better fit except with some very
fine discriminations, for which the observed t'nes were much shorter
than predicted by Eq. 2.22. An example of Vickers' results showing this
effect is given in Fig. 2.r4. These fine discriminations were, however,
associated with substantial ntrmbers of errors whereas the frequencies

of errors in cases where Eq. 2.22 fitted well were low.

The simplest way of accounting for these results is to asstrme rhat
data are accrunulated, or some central state builds up, linearly with
(log Sc - log Sr,) until a critical level is reached. The model envisaged
can be represented as in Fig. 2.Tr except that the progress is in a

straight line towards one criterion or the other. Thus stated, however,
the model takes no account of noise and makes no allowance for errors:
if data from the signal are accumulated over time, ought not the noise

also to be accunulated, and would this not lead to Eq. z.rg or 2.zo
rather than z.zz? Of various possible methods of overcoming this
difficulty we may briefly consider three:

(") In many cases the random variations which constinrte tre noise
might well be the same for both Sc and Sz when they are presented

together, or for both signal and remembered reference standard when
Sc and Sz are presented separately. If so, any noise which accumulated
would do so equally for both, and an accumulated differutce would be
free of noise.

(b) It is usually assumed that the main sources of noise occur prior
to the accumulation of data, but as regards internal noise this is not
necessarily so: it might be that the main source of noise was subsequent
to the store: acctrmulation might take place in the percepnral mechanism
of Fig. r.3 (p. l9) while the main source of internal noise was in rhe
translation mechanism. Both these possibilities may perhaps enable
Crossman's and subsequent results where the noise was mainly internal,
to be reconciled with those of Green et al. (tgSil and of Swets et al.
(tgSg) who fotrnd d' to rise as the square-root of time, since in their
case the noise was mai.ly external.

(r) Before dealing with our third possibility we'need to consider
what sets the limit to discrimination. ff Eq. 2.22 holds without qualifi-
cation there should be no limit, given sufficient time, to the fineness

with which discrimination can be made. Clearly this is not so, and the
question arises of why not? It cannot be due to a constant sugh as r
in Eqs. 2.4 and 2.5 because although this would slow discriminations
of very small absolute magninrdes (Steirunan, ry4D it would leave

discrimination of larger magninrdes virnrally unaffected. Nor is it likely
to be due to a timelimit beyond which data cannot be effectively
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accumulated because any such limit would have to differ widely from

one experiment to another to account for various results which have

been obtained (Hughes, 1963, Green et al., 1957, Vickers, tg6l).
A more promising line has been suggested by Vickers following

experiments in which he superimposed on his projected lines I ran-
domly varying pattern of spots by means of a cine-film running at

IDENTIFV START IDENTIFY

AS SL AS SG

Figure 2.r5. Modification of the model shown in Fig. 2.t2 proposed by
Vickers (1967).

16 frames per sec. The film has been described by MacKay (tg6j). The
effect was to reduce the black lines on white ground to somewhat ill-
defined areas of darker spots within a larger area of lighter spots, all on

a white ground. The numbers of spots making up each line varied

from frame to franre producing a distribution for each ling. Vickers

counted the acnral spots in the line areas for samples of frames with each

of several differences between the lines, and showed that Eq. 2.22

broke down at the point where substantial numbers of frames showed

more spots in the shorter line than in the longer. One plausible sugges-

tion is that the subject adds up the positive and negative quantities

taking their sign and magninrde into account, until a critical total in
favour of one decision or the other is reached, but this would imply a

model like that of Fig. 2.rr and that the data should fit Eq. 2.r9,
which they do not. Vickers' alternative suggestion was that the subiect

accumulates positive and negative quantities separately, deciding in
favour of whichever attains a critical total first, as indicated in Fig. 2.!5.
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If this is so Eq. 2.22 no longer applies strictly for nno reasons which,

however, partly offset each other. Firstly, the attainment of the criterion

is slowed owing to time lost when data are accumulating in the'wrong'
store. Secondly, the rate of acctrmulation in the 'correst' store is faster

than the mean (log Sc - log Sz) would suggest. The reason is indi-

cated in Fig. 2.16, and is due to the fact that the average rate for

'rJnff"lllEEr-*i
DIFFEREISE BETWEEN OUANTITIES BEING COMPARED

Fignre 2J6. Diagram illustratiqg how, when two quautities to be dis-
criminated are disttrrbed by noise, the effective mean difference benreen
them may be increased acording to the model illustrated in Fig. 2.t5.
The distribution is of the momentary difrerences betrnreen the qtrantities

being compared. Zero difference is indicated by the leftnrost of the three
vertical lines which ctrt the distribution.

moments when the difference between the ntrmbers of spots in the two

lines is 'correct' is based on instances on one side only of the zero

difference point. The net effea of these two factors is to produce a

leveltiqg off of discrimination time when substantial ntrmbers of errors

are made. We may note that Figs. 2.tS and 2.16 imply that even if
Sc ud Sr are exaaly alike, some decision will wentually be reached

since the average rate of accumulation will still be appreciable - it will,
if the distribution in Fig. 2.16 is norrnal, be as if (log Sc - log Sr)

eqnalled the probable error of that distribution, i.e. '674o.

If reaction times level off with very fine discriminations, the Confu-

sion Ftrnction can account quite well for the results of Birren and

Bonrinick (lgSS) and of Bonninick et al. (1958). The data of Fig. 2.rz

replotted against Eq. 2.22 are shown in Fig. z.r7 to fall into a pattern

similar to that of Vickers' results in Fig. 2,r5. If this is accepted, all

the available data are well fitted by the Confirsion Funstion except

Henmon's (19o6) and those of Green et al. (t95il, Swets et al. (lgSg)
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and Schouten and Bekker (tg61). Crossman (lgSS) claims that Hen-
mon's results are reasonably fitted by Eq. 2.22 and Vickers has pointed
outthat Henmon's lines could hardlyhave been drawn acclratelyenough
to merit precise treatment. The results of Green et al. are probably
involved with threshold effeas so that they are hardly relevant to our
present discussion, and those of Swets et al. are really for a different
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Figure 2.t7. The data shown in Fig. 2.r3 plotted against Eq. z.zz.

type of task: instead of grving a single exposure until decision is ob-
tained, the subiea is given a series ofexposrues on each of which he may
be presumed to make a tentative iudgment before arriving at a final deci-
sion. Schouten and Bekker's task is also of a different tlpe since their
subiects were making choices benn een clear signals rather than fine
discriminations.

The Confusion Function as represented in Eq. 2.22 seems, therefore,
to be able to account in a general way for all the relevanr data available.

It must be emphasised, however, that it can only provide an approxi-
mate, overall statement. There are likely to be several comp[cating
factors in particular circumstances, especially at low absolute stimulus
magninrdes. Other complications are implied in results obtained by
Audley and Wallis (lg6+), l7allis and Audley Gg6+), who found that
responses were quicker to ttre brighter of two relatively intense stimuli



Simple Decisions 59

or the higher of two high tones, but slower to the brighter of two rela-

tively weak stimuli or the higher of trro low tones.

A great many snrdies have shown that reaction time shortens as the

intensity or duration of the signal is increased (e.9. Pi6ron, rgzo, 1936,

Chocholle, r94o, 1943, Raab, t962, Kaswan and Young t965a, b) and

it seems reasonable to suppose that this is trnderlain by similxi processes

to those considered in this chapter. The problem of working out a
coherent scheme of funaional relationships berreen stimulus intensity

and reaction t'me is, however, formidable. Some of the present data

are not precisely quantifiable, many results are insufficient for treating

in the present terms and many also seem likely to be complicated by the

factors which operate at low absolute magnitudes. Added to all this,

high intensities of ambient stimulation may have a facilitatory effect on

response so that constant dS/.S may yield shorter reaction times when S

is relatively intense (Raab and Grossber& 1965). Again, short duation
signals sometimes yield relatively short reastion times (e.9. Botrnrinick

et al., 1958), as if the subiect decided that no further data were forth-
seming and so that he might as well react at once. We shall, therefore,

not attempt to consider this evidence here. It seems fair to suggest,

however, that if what has been said here is tnre, reaction will normally

occur when d' has been built up enough to reach a critical level. The

essential problem is thus to understand the several factors contributing

to d' and the course of their operation over time.



III

Identification and Choice

Why does it take time to react? Vhat happens during a reaction time?

The answers to these questions which have been grven during the last

20 years are fundamental to much of our present understanding of the

factors determinirrg the speed ond, as we shall see, the accuacy of
performance. Broadly speaking, reaction time as usually measured

includes, first, the time taken by the stimulus to activate the sense

organ and for impulses to travel from it to the brain; second, the cenual

processes concerned with identiffing the signal and initiating a response

to it; and third, the time required to energise the muscles and to produce

an overt recorded response. The first and third components are in
most cases relatively short although there are substantial differences of
reaction time to stimuli applied to different sense organs - for exaurple

visual reactions commonly take some 50 msec longer than auditory.

FIow far this is due to the sense organ and how far to the associated

central mechanisms, however, is at present open to question. In any

case, most studies which have attempted to establish laws about reaction

time have been able to proceed as if the whole time is taken up by

cenual processes, without running into anornalies. This is surprising

and merits more thought than it has hitherto received. Are, for example,

the three components uuly successive in time, or do they overlap so

that cenual processes begin before the signal has been fully received

and motor processes are initiated before the prograrnme for their fine

control is complete?

Dtuing the time taken by the central processes the subiect resolves

uncertainty arising from two sources: firstly, he may not know exactly

wlrcn the signal is coming and therefore when to respond; secondlS in
choicereaction tasks where different responses have to be rnade to

each of several possible signals, he may not know which signal is coming

and therefore which response to make. The fact that choice-reactions

take longer than simple has been known since the pioneer experiments

of Donders (1868) who distinguished what he called the a-reactiotrr

60
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with only one possible sigual and response, from the b-reaction having

more than one and thus involving identification and choice. It was also

recognised that reaction-time rose progressively with the number of
possible choices, but why and to what extent were not understood.

HIcK's INFoRMATIoN-THEoRY LAw

An important break into this last problem was made by Hick (r95za)

who proposed, on the basis of his own data and also those of Merkel
(t885), that in making choice-reactions the subjea gains 'information',
in the information-theory sense of the term, at a constant rate.

Merkel had presented his subiects with signals rangrng in different

trials, from one to ten alternatives. The signals consisted of the arabic

numerals r-5 and roman numerals I-V, printed round the edge of a
disc. The subiect waited for each signal with his fingers pressed on ro
keys snd, when a number was illuminated, released the corresponding

k.y. The arabic numerals corresponded in order to the fingers of the

right hand, and the roman to the left. When less than ro choices were

required some of the numerals were omitted.

Hick's own experiments used as a display ro pea-lamps arranged in a
'somewhat irregular circle'. The subject reacted by pressing one of
ro morse keys on which his fingers rested. Choices of less than ro were

again obtained by omining some of the lights. The frequencies of the

various signals for any given degree of choice were carefully balanced

and presented in an irregular order so as to ensure as far as possible

that the subiect should not be able to predict what signal was coming

next. Each light appeared S sec after the completion of the previous

response - an interval too long for the subiect to iudge accurately when
the sigual would appear.

Hick fotrnd that if the number of possible signals is taken as n and

reaction time is plotted against log (n + r), the observed reaaion times

for different numbers of signals lie on a straight line which dso passes

through the origin, as shown in Fig. 3.r. \[e can thus write

Mean choice reaction time - K log (z f l) G.r)

where K is a constant. If we work in logarithms to the base 2,

log (z f r) : r when n - r, so that K is the simple reaction time - a

convenient result. A table of these logarithms for whole nunrbers up to
roo is given in the Appendix. The log, unit is known as the brr.

The obvious question arises, why (n + r) and not z? Hick pointed

out that if the subject is uncertain when a signal will appear he is faced
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with the task, when it does appear, not only of deciding which it is, but
also of deciding that a signal has ocqured at all: failue to do so will
result in his either reacting when there is no signal present or failing

to react when there is one. The additional task of guarding against such

errors can be conceived as adding one to the number of possible states

of affairs that he has to distinguish - instead of states corresponding to
signals rt 21 3, . . . nhe has to deal with states corresponding to o, Tr 22 Jt

0.6

234 6

L0G2 (n+ l)

Figure 3.r. Data from a choice-reaction experiment by Hick (r95za)
plotted in terms of Eq. 3.r. The total number of reactions represented
is over 2r4oo recorded after extensive practice.

. . . n. lf the subiect were in no doubt when a signal was comingr 8sr

for example, if he were to determine the point of time himself at which

the signal light came on, the * r in Eq. 3.r would not be required since

there would be no temporal uncertainty to be resolved. We may denote

the sum of the possibilities includi.g 'no signal' as N, defining N as

the equioalmt total number of equally probable alternatives from which
the subject has to choose, and may then rewrite Eq. 3.r as

Mean choice reaction time - K log N (3.2)

This formulation we may call Hick's Law.It should be trnderstood that
it is an 'ideal' formula and that time lags in the apparatus or in the

making of a response may add a constant to the time: for example

Costa et al. (lg6S) have shown that 4o-To msec may elapse between

the first recordable electrical activity in the muscles and the making of
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a mictoswitch contact. Hick took elaborate care to avoid lags due to
apparahrs in his experiments. Since reaction-time can be a remarkably
precise measure, such accuracy is well repaid in clarity of results.

Hick's approach was quickly extended by Crossman (lgSf) to another
task demanding identification and choice, namely the sorting of playing
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Figrrre 3,2. Data from a card-sorting experiment by Crossman (lgjg)
The points along each line represent, in order from left to right:

Deding cards in pre-arranged order
Soning into Red/Black.

Pictures /Red plain/Black plain.
Suits.
Red picttrres/Black picrures/Plain in 4 suits.
Suits, dividing 6 and below from 7 nd above.
Numbers.
Numbers, separating red and black.

cards. The subiect held a well-shuffied pack face down in one hand:
with the other he nrrned up the cards one by one and sorted them into
various classes, working as quickly as possible without making errors.
The number of classes was varied in different trials from z (Red/Blac$
uP to z6 (the 13 numb€rsr dividing red from black). Additional trials
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were given in which the cards were in a pre-arranged order such as

alternate red and black so as to provide a measrue of the time taken

to turn and place the cards when no identification or choice was

required - in other words a measure of movement time. The results are

shown by the upper line in Fig. 3.2. Roughly speaking

Time per card - Movement time + Klogn G.E)

where z is the number of piles. The * r of Eq. 3.t is omitted in this

case because, as the pack was always available, there was no trncertainty

about when a fresh signal would appear. The point that falls farthest

away from the line is that for the 13 nurrbers: these seem often to be

easier to deal with than less familiar sets of signals. 'W'e shall return to
this point later.

The question is sometimes raised of whether it is sufficient to esti-

mate movement t'me by dealing on to only two piles: should dealing

not be on to as many piles as there are classes to give a different esti-

mate for each ntrmber of classes? An indication that this elaboration is

unnecessary is contained in the results Crossman obtained with the

pack held face up so that the subiect could see each card immediately

he had removed the previous one. The lower line of Fig. 3.2 shows that

the time per card was either the movement time or roughly Klogn
whichever was the longer. It appears that identification and choice can

overlap with movement, so that the two can develop together. Extra

movement time required with large numbers of piles can thus be

absorbed in the extra time needed for identification and choice.

Creneralisation of Hick's Law

Hick's line of approach is supported by three further findings:

(a) The amount of information transmitted in a choice reaction task

is reduced if the signals are not all of equal frequency. The amount of
information due to uncertainty about which signal will occru can be

worked out by summing the amounts of information conveyed by each

signal weighted according to the probability of its occurrence. We can

therefore write in place of log n in Eq. 3.3

io,rori, G.+)

and in place of log (z f t) in Eq. 3.t

iu,,"*(i*,) (r.s)
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where pe is the probability of each signal in the set taken in turn. These

expressions reduce to log n and log (z f r) respectively when all the
probabilities are equal. Hyman (tgSf) fouud reductions of about the

expected amounts in average choice reaction times when signal fre-
quencies were unequal, and Crossman (tgSf) found approximately the

expected reduaions in the times to sort packs of cards containing

nnequal frequencies of d,ifferent classes. A table of p log, + and of,AP

p losrG . ,) tr given in the Appendix.

(b) Information transmitted is also reduced when signals tend to

follow one another in recogRisable sequences or when any signal is

followed by any other more often than expected by chance, even though

the overall sigual frequencies are equal. This is really an extension of the

foregoing case: the probabilities of different signals are functions of pre-

vious signals, and are thus unequal at any given point in the series al-

though the inequalities even out over the series as a whole. Hyman

(lgSl) found the expected shortening of average reaction times in these

cases.

(c) The amorurt of information gained is reduced if the subject

makes errors. A convenient method of cdculating the amount gained

when effors are present is to make a table with, say, a column for each

signal and a row for each response, including o in each case where

appropriate, and to enter the responses made to each signal in the

corresponding cells. We can then write

Information gained

Ir"bs*+ > pnbs*-)a",roe* 6.6):z

where ps is the probability of signals in each column, ?Rthe probability

of responses in each row and Psathe proportion of signal-response pairs

observed in each cell. The summation X is made over each coltrmn,

row or individual cell respectively.* This equation is a flrndamental one

for calculating the information uansmitted from signal to response.

* Hick has given the following formula which provides a convenient practical

method of calculation:

Inforrration gained : log M + fiz"r(1"" "t,#)
where M is the number of readingsr.fs is the total of the signals in eadr coltmn
taken in turn, .fa the total of the resporures in each row taken in turn and.fs*
the nnmber of readings in each cell taken individually. Hick (r95za) sets out
alexample from his experiments.
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\[hen there are no errors so that each signal always leads to its own
particular response, the equation reduces to Eq. 3.4, or when signal
frequencies are all equal, to Eq. 3.2. It is also a means of providing an
information measure of discrimination (Garner and Hake, r95r) by
using, in the simple case, thefourprobabilities of 'Correct Yes', 'Correct
No', 'Miss' and 'False Positive'mentioned on p. 33, or in the multiple
case discussed on p. 4o, the several categories of signal provided and
response allowed.

Hick found that the shortening of reaction times when substantial
numbers of errors were made was by approximately the amounts ex-
pected. By the same tokens we should expect the -F r in Eq. 3.1 to be
reduced if premature responses occurred or responses were omitted.
We have noted in the previous chapter that Schouten and Bekker Gg6l)
also found a very clear increase of errors as reaction time shortened,
and that Taylor et al. (tg6il analysed this relationship in rerms of a
linear increase of d'2 with time. They linked this with the linear gain
of information with time implied in Hick's tlpe of model through the
fact that both can be treated in terms of signal-to-noise ratio. Evidence
regardiqg the effects of both errors and sequential probabiliry comes
from experiments by Moray and Taylor (rgS8) and Triesman (1965)
who showed that when a subjea had to repeat words played to him by
tape-recorder, the accuracy of performance increased as the words
approximated more and more to connected English, to an extent which
implied a constant rate of information-transfer. Howell and Kreidler
(lg6f) and Fitts (1966), who compared groups of subjecrs performing
choice reaction tasks with instmctions for speed, for acc,uracy or for
both, confirmed that overall rates of information gain were not sig-
nificantly ffierent for the three gpes of instruction although the
balance berween speed and accuracy was shifted as the instructions
required, although Howell and Kreidler noted that instructions for
speed produced a greater gain in errors than speed. Fitts observed that
subjects who made very large numbers of errors seemed, to gain infor-
mation at lower rates than the rest. In part this may be due to Fitts
having ignored the * r in Eq. 3.r; in part it may be that Eq. 3.6 tends to
underestimate performarrce. It does so because a subject may well have
gained some information while still making an error, but unless he
makes the same error several times he will get little credit for this
information. Hick in a private communication has pointed out that
Eq. 3.6 assumes that all errors are equally 'bad' and suggests that this
may not in fact be correct: in other words the information gained is
not a complete measure of performance.
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In so far as the information measure is adequate, it provides a valtrable

means of combining speed and accuracy into a single score, snd empha-

sises the important fact that times for different tasks are comparable

only if errors are held constant, snd conversely that error rates can be

compared only if times are held constant.

Guarding against false reactions

The * r in Hick's formulation has not always proved easy to under-

stand and an alternative equation proposed by Hyman (rgSf) and also

by Bricker (rgSSa) has often been preferred. They proposed in place

of Eq. 3.r,

Choice reaction time - a + blogn (l.l)
where a is the simple reaction time and D log n represents the increase

over the simple reaction time due to the need for identification and

choice. A few sets of results such as those of Suci et al. (t96o) are about

equally well fitted by both Hick's and Hynran's formulae, but in most

cases Hick's fits better. This is tnre not only of Merkel's and Hick's

data but also of Griew's (1958b, c), Brown's (196o), Hilgendorf's

(1966) and Hyman's own, some of which are shown in Fig. 3.3.
As can be seen from Fig. 3.3, the reason why Hyman's formula fits

less well than Hick's is that it underestimates simple reaction times: for
degrees of choice above fotr the two formulae fit about equally well.

It is conceivable that Hyman's approach is basically correct but that

there is a minimtrm time required by some stage betrn een reception of
a signal and response to it, so that observed reaction time is either this

minimum or the time required for identification and choice, whichever

is greater.

The main difference benreen Hick's and Hyman's approaches seems

to lie, however, in their treament of the effects of preventing premature

or false responses if there is uncertainty about when signals will appear.

According to Hym"o these effects should be dealt with separately from

those of uncertainty about which signal has arrived. flick's approach

implies that temporal trncertainty affects the probability at any instant

of 'signal' as opposed to 'no sigual' and that the f r is not necessarily

a fixed quantity. We should, therefore, rewrite Eq. 3.1 as

Choice reaction time - Klog(n * no) G.8)

where zo is the effect of temporal uncertainty expressed in terms of n.

It might vary from zero if the subject could estimate exactly when the

next signal will appear, to substantially more than * r if he were
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deliberately misled as to the time of its arrival. Values between o and * r
ought to be found when the time of appearance is reasonably, but not

completely, prediaable.

Some evidence that this is so is contained in the results of another

experiment by Crossman (1956). In this the subject sat facing a panel
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Figure 3.3. Data from a choice-reaction experiment by Hyman (rgSl)
plotted against (A) Eq. 3.7, and (B) Eq. 3.r. Thetotalnumberof reactions

represented is about 2orooo: 5rooo from each of four subiects. The signals

were lights, two at each corner of a square, rnd the responses were the
syllables BUN, BOO, BEE . . . BATE spoken by the subiect and cor-
responding to the signals rt 2t J1 . . . 8.

of signal lights numbered r-8 beneath which was a row of eight push-

buttons. As soon as he raised his hand from a key, one of the lights

came on and he pressed the corresponding button. In different trials

lr 21 4 or all 8 lights and buttons were used. For one condition('s5rm-

bolic') the lights were in scattered positions so that the subject had to

use the number symbol to translate from signal to response. For the

other ('non-symbolic') the signal lights were directly above the buttons

so that no symbolic translation was required. The recorded time when

only one light was used was really a movement time since it was not






















































































































































































































































































































































































































































































































































































































































































































































