Chapter 11

Theory of the Correlation Between Response
Time and Intelligence
At present we can make no claims of a single unified theory that explains the correlation
between response time (RT) and intelligence in neurophysiological terms. The purpose of
this chapter, therefore, is to point out the critical features of the chronometric evidence to
date that must be considered in formulating a theory of the RT-IQ correlation.
We can no longer regard seriously the earlier criticisms of attempts to explain the basis
for this remarkable correlation by questioning its existence or validity. The RT-IQ correlation per se is an empirical fact as thoroughly proved as any phenomenon in the behavioral sciences. Yet some cognitive theorists still seem to regard this correlation skeptically.
If they acknowledge it at all, they trivialize it by pointing out that some animals - - frogs,
pigeons, and cats, for example m show quicker RT under certain species-related stimulus
conditions than humans, yet it would be ridiculous to regard these species as more intelligent than humans. This non sequitur ignores differences in species-specific behavior,
speed of sensory transduction, brain circuitry, nerve conduction velocity, and the neural
distances traversed, not to mention the striking differences in the apparatus and procedures
required for testing RT in different species.
Also, it should be kept in mind that human individual differences in highly complex
decision-making tasks are a poor reflection of basic speed of information processing,
because individuals also differ in the amounts of information they take into account in
solving a complex problem. Individuals also differ in the number of distinct elements in a
problem they have encountered previously and thereby differ in the benefit of positive
transfer. The relatively simple ECTs used in chronometric research undoubtedly allow
more experimental control of task complexity and reduce unknown sources of variance
that enter into individual differences in the speed of decision making in complex psychometric tests or in "real-life" problems. A chess master playing against a duffer, for example, makes much faster decisions than when playing against another master, because
master-level chess is played at a much more complex level of strategy and most of the
players' moves call for a much greater amount of information processing. Decision speed
accounts for over 80 percent of the variance in ratings of chess skill even among expert
tournament players (Bums, 2004).
A useful theory serves as scaffolding for the discovery of new facts about a given realm
of phenomena. A heuristic theory should have quite general predictive and explanatory
power across all of the RT and IT paradigms discussed in previous chapters. In formulating a general theory, one must "read through" the experimental and sampling "noise," task
specificity, or other unique phenomena associated with any particular study.
First, we should specify the essential variables whose intercorrelations the theory
intends to explain.
Response time : The primary variables, RT (and inspection time (IT)), are measured in
milliseconds by a chronometer under laboratory conditions in response to some form of
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elementary cognitive task (ECT) in which the reaction stimulus (RS) is either visual or
auditory.
The theory does not encompass movement time (MT), except to note that MT fundamentally differs from RT. Although RT and MT are both conceptually and factor analytically distinct variables, in practice MT usually contaminates RT to some extent, which typically
reduces the RT-IQ correlation. This is especially true when the response console does not separate the measurements of RT and MT, and it is also true, though to a much lesser degree, even
when RT and MT are measured separately by using a console on which the subject releases
a home button (RT) and presses a response button (MT). Such MT effects on various kinds of
choice RT (CRT) can be mostly gotten rid of by subtracting or partialling out simple reaction
time (SRT) from the CRTs elicited by ECTs of greater complexity than the paradigm for SRT
(Jensen & Reed, 1990). The theory also takes into account secondary variables derived from
the basic RTs on each test trial over n trials: the mean RT (RTm), median RT (RTmd), and the
standard deviation of RT (RTSD) over n trials. Other derived measures are the slope of RT as
a function of variation in task complexity and the mean square successive difference (MSSD),
a measure of intraindividual variability over n successive trials that does not reflect systematic trends in the absolute level of RT, such as a practice effect (see Chapter 4, p. 67).
Psychometric g: The present theory is not concerned with the correlation between RT
and scores on any particular psychometric test except insofar as it is loaded on the g factor.
The theory concerns the correlation of RT with the g factor ideally extracted from an indeterminably large battery of nonspeeded tests representing a great variety of mental abilities.
The theoretical, mathematical, and empirical status of the g factor has been spelled out elsewhere (Jensen, 1998b; 2002), but it may be useful to summarize the main points.
9 The number of specific cognitive abilities is indeterminably large. Cognitive refers to
conscious voluntary activity involving stimulus apprehension, discrimination, decision,
choice, and the retention of experience or memory.
9 Individual differences in any specific cognitive ability have many causes: neurological
limitations on basic information processing; knowledge or skills acquired through interactions with the environment; and opportunity, predisposition, and motivation for particular kinds of experience.
9 Individual differences in many abilities can be assessed with psychometric tests.
Individual differences in all cognitive abilities are positively correlated to some degree,
indicating they all have a common source of variance. A mathematical algorithm can be
used to analyze the matrix of correlations among many diverse ability measurements to
reveal the significant independent common factors in the matrix, termed principal components or factors. About 50 such independent factors have now been reliably identified.
However, they differ greatly in generality and importance in life.
9 The factors can be visualized as a triangular hierarchy, numbering about 40 of the least
general primary factors at the first (lowest) level, eight or nine more general second-order
factors at the next higher level, and the one most general factor (g) at the apex. Each factor in this hierarchical structure represents a statistically independent component of individual differences. The total variance of any particular test comprises g and possibly one
or more of these first- and second-order factors. (The total variance on any test also
includes specificity, an unidentified but reliable source of variance that is specific to a
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particular test, and random measurement error or unreliability.) At present, these are all
the reliable factors revealed by factor analyses of hundreds of various tests of human abilities. Some future psychometric or chronometric tests might result in the discovery of
additional factors that are independent of all the presently identified factors, except g.
Every cognitive ability that shows individual differences is loaded on the g factor. Tests
differ in their g loadings, but their g loadings are not related to any particular kinds of
knowledge or skills assessed by various tests. The possible cognitive indicators of g are
of unlimited diversity. Although g is certainly not the only important factor, its extraordinary generality makes it the most important factor. In a large battery of diverse cognitive tests, g typically accounts for some 30-50 percent of the total population variance
in test scores, far exceeding any of the subordinate factors.
It is also important to understand what g is not. It is not a mixture or an average of a
number of diverse tests representing different abilities. Rather, it is a distillate, reflecting the single factor that all different manifestations of cognition have in common. In
fact, g is not really an ability at all. It does not reflect the tests' contents per se, or any
particular skill or type of performance. It defies description in purely psychological
terms. Actually, it reflects some physical properties of the brain, as yet unknown, that
cause diverse forms of cognitive activity to be positively correlated, not only in psychometric tests but in all of life's mental demands. IQ scores are an attempt to estimate g
and they typically do so quite well. The average correlation between various IQ scores
and g is about .85. But because an IQ test is necessarily just a vehicle for g, it inevitably
reflects other broad factors as well such as verbal, numerical, and spatial abilities,
besides the specific properties of any particular IQ test. Yet, under proper conditions, the
IQ is a good estimate of an individual's relative standing on g.
Although g is manifested to some degree in every expression of cognition, some tasks
and abilities reflect g much more than others. Usually, g is positively related to differences in the complexity of a task's cognitive demands. Also, g is the platform for the
effective use of the abilities represented at the level of first-order factors and for the
expression of musical and artistic talents.
More than any other factors, g is correlated with a great many important variables in the
practical world, like educability, job proficiency, occupational level, creativity, spouse
selection, health status, longevity, accident rates, delinquency, and crime.
Also, g is uniquely correlated with variables outside the realm of psychometrics, particularly biological variables having behavioral correlates:
o The heritability (i.e., the proportion of genetic variance) of various tests is directly
related to the tests' g loadings.
o Inbreeding depression of test scores is a genetic effect that lowers a quantitative trait.
It results from the greater frequency of double-recessive alleles in the offspring of
genetically related parents, such as cousins. The degree of inbreeding depression on
various mental test scores is strongly related to the tests' g loadings. The larger the g
loading, the greater is the effect of inbreeding depression on the test scores.
o Certain anatomical and physiological brain variables are related to differences in tests'
g loadings: brain size, brain glucose metabolic rate, the latency and amplitude of cortical-evoked potentials, brain nerve conduction velocity, brain intracellular pH level,
and certain biochemical neurotransmitters. Thus, g reflects biological components of
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intelligence more strongly than any other psychometric factors (or any combination
thereof) that are statistically independent of g.
The group factors residualized from g have peculiarly low or nonexistent correlations
with all of these biological variables, with the exception of the visual-spatial and probably
the auditory factors. It seems likely that the variance represented by all of the other group
factors results from the experiential interaction of g with various forms of content afforded
by the environment, such as specific verbal and numerical knowledge and skills. Tests of
vocabulary, verbal analogies, and word similarities, for example, are all so very highly g
loaded as to leave almost no reliable non-g variance to be independently correlated with
genetic or other biological variables. A higher level of g allows greater acquisition and
retention of verbal knowledge in a social and scholastic environment. In contrast, tests of
spatial and auditory abilities retain fairy substantial factor loadings on their respective
group factors independently of g. Although variance in spatial and auditory skills probably
comes about to some degree through interaction with certain visual and auditory aspects of
environmental stimulation, it appears to have a more substantial biological anlage, independent from that of g, than is the case for verbal and numerical knowledge.

The Two Basic Chronometric Variables: RT and RTSD
For any given individual, the RT on any single trial is a virtually worthless measure,
regardless of the sensory modality or the intensity of the RS. A reliable measure of an individual's RT requires that a considerable number of RT trials be summarized by their central tendency, either the mean (RTm) or the median (RTmd). Their reliability coefficients,
and hence their potential for correlation with any other variables, depends on the measurement technique used and the number (n) of practice trials that precede the n test trials
on which RTm or RTmd are based.
Because the distribution of individual RTs is nonsymmetrical, being always skewed to the
right, RTm is necessarily always a larger value than RTmd. (In the normal distribution or any
perfectly symmetrical distribution the mean and median are identical.)
Intraindividual trial-to-trial variability in RT, measured as the standard deviation of individual RTs over n trials (RTSD) is more important from a theoretical viewpoint than the measures
of central tendency. The important fact for our theory is that, given a large number of trials,
there is a near-perfect correlation between individual differences in RTm and RTSD. Hence the
coefficient of variation (CV = RTSD/RTm) for individuals is virtually a constant value for any
given RT task. Empirically measured diameters and circumferences of different-size circles are
no more highly correlated than are RTm and RTSD. The slight deviations of their correlation
coefficient from unity are simply measurement errors. In the case of the correlation between
RTm and RTSD, measurement error consists of some contamination by systematic trends in
RTs across trials (e.g., a practice effect) in addition to the inevitably imperfect reliability of both
RTm and RTSD when the RTs are measured in some limited number of trials. It is also important for theory that, although the reliability of RTmd is generally slightly higher than that of
RTm, RTmd is typically less correlated with RTSD than is RTm.
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Oscillation Theory
Despite the near-perfect correlation between RTm and RTSD, it can be postulated that
RTSD is theoretically the more basic variable than RTm. The theoretical argument for this
supposition, then, is the point at which we must introduce the oscillation theory of individual differences in RT. Its basic empirically observed elements are the following:
A. Every individual has a naturally imposed physiological lower limit of RT. This limit
increases systematically as a function of increasing task complexity. For any individual, the limit varies slightly from day to day and throughout each day, reflecting subtle changes in physiological states associated with diurnal fluctuations in body
temperature, time elapsed since the ingestion of food, certain drugs, previous amounts
of sleep, and emotional state (mood, anxiety level, and the like).
B. Despite these diurnal fluctuations in physiological states, there are highly reliable
individual differences in the natural physiological limit of RT.
C. Reliable individual differences in the physiological lower limit of RT are of lesser
magnitude than individual differences in any externally evoked RTs that exceed the
lower physiological limit of RT.
D. In any succession of single evoked RTs over n trials, the intraindividual trial-to-trial
fluctuations of RT necessarily vary in magnitude only uni-directionally, i.e., above the
individual's present physiological limit of RT.
E. Trial-to-trial variation in the RTs of a given individual appears random across n successive trials, assuming there is no systematic practice effect throughout the n trials.
Under this condition, the RTSD is a valid measure of intraindividual trial-to-trial variation in RT.
F. Any single RT comprises the sum of the individual's physiological limit plus a positive deviation from that limit. In a given test session of n trials, an individual's RTm
is the sum of RT/n.
G. The total distribution of a given individual's RTs over n trials is not symmetrical but
is necessarily skewed to the right (i.e., longer RT), because there is a lower physiological limit of RT and there is no naturally imposed upper limit of RT.
H. Because of the positive skew of the RT distribution, an individual's RTm will necessarily exceed the RTmd (i.e., RTm > RTmd). Also, RTm is more highly correlated
with RTSD than is RTmd. In fact, RTm and RTSD are both aspects of intraindividual
variability, conceptually distinct but perfectly correlated, like diameters and circumferences of various circles. The perfect correlation between individual differences in
RTm and RTSD is not a mathematical necessity or a statistical or measurement artifact, but represents a natural phenomenon.
I. Theoretically, individual differences in RTm can be causally derived from whatever
causal phenomenon is measured by individual differences in RTSD, but the reverse is
not the case. Therefore, intraindividual variability in RTs (measured as RTSD) represents a theoretically more fundamental aspect of individual differences in speed of
information processing than does RTm.
,I. The hypothesized cause of RTSD is the oscillation of neural excitatory potential.
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Ancillary Comments on the above Propositions E and G
E'. Trial-to trial fluctuations in RT as measured by RTSD constitute two potential sources
of variance: (1) systematic changes in RT resulting from practice effects spread across a
series of trials, and (2) nonsystematic or purely "random" variation in RTs. "Random" is
in quotes, because, although the RTs may look random and conform to statistical tests of
randomness, this apparent randomness may be attributable to the virtual randomness of the
experimenter-controlled times of presentation of the RS on each trial.
A measure of fluctuations in RTs that cannot reflect practice effects or any other systematic trends affecting the RTs across trials is the MSSD previously explicated (Chapter 4,
p. 67). In the absence of any systematic trends, however, RTSD and MSSD are perfectly
correlated. A fair number of practice trials lessens systematic trends in RTs in the test trials.
Practice effects are also lessened by a higher level of stimulus-response compatibility in the
given ECT. Practice effects are more pronounced and RTs are faster when there is an optimum interval between the preparatory signal and the RS. Practice effects are also more evident when the subject has some voluntary control over the timing of the occurrence of the
RS, such as by pushing the home button to elicit the RS, which appears after a brief fixed
interval (and to a lesser degree for two or three different fixed intervals that occur at random). Presumably, over some n trials individuals gradually develop a subjective momentto-moment feeling of fluctuation in their readiness to make a quick response and this feeling
becomes more synchronized with the voluntary elicitafion of the RS. The subjective sense
of "readiness" and the practice effects on the quickness of RTs are also enhanced by the
subject's receiving informative feedback of the RT on each successive trial.
But it is still empirically unknown precisely which testing procedures result in the most
informative measures of RTSD (or MSSD) with respect to their correlations with g. This
can only be determined by parametric studies of a given ECT.
G'. Theoretically, measures of individual differences in the degree of positive skewness
(Sk) of the RT distribution are perfectly correlated with individual differences in both RTm
and RTSD. However, it is technically impossible to show reliable measures of individual
differences in Sk. The hindrance to achieving a suitable reliability coefficient for measures
of Sk, such as we can obtain for RTm and RTSD, is inherent in the indices of Sk, which
are based on the difference between an individual's RTm and RTmd or on the ratio of the
third and second moments of the individual's distribution of RTs. Such measures are so
plagued by the worst disadvantages of difference scores as to be condemned to near-zero
reliability. Because of this, an index of Sk is unsuitable as a measure of individual differences. If Sk happens to show a significant correlation with any other variable the correlation should be suspected as being some kind of artifact. 1

The Worst Performance Rule
This phenomenon was described in Chapter 9 and Figure 9.13, p. 185. An individual's slower
RTs, which constitute the positively skewed tail of the individual's RT distribution, are more
indicative of the level of IQ or g than are the individual's faster RTs. Also, the RT variance
between subjects increases monotonically from the fastest to the slowest RTs produced by
each subject. These observations are a consequence of the differing degrees of Sk of the
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RT distribution for individuals, which is predictable from the theory of individual differences
in neural oscillation rate.
It is also important to note that the effect of increasing task complexity is to
increase the slower RTs much more than the faster RTs, and the increasing task complexity also magnifies the RT differences between groups that differ in g (e.g., normal
and retarded groups) much more for the slower than for the faster RTs. Increasing task
complexity has a constant multiplicative effect on all of a subject's RTs. This effect is
reflected in the RTm and RTSD for any given subject and also for the differences
between subjects. These RT effects are evident in all ECT paradigms that differ in task
complexity, or information processing load. So general are these effects not only in
studies of individual differences in RT, but also in studies of learning and memory or
gains in task proficiency with increasing practice (except when performance is limited
by a low ceiling effect), that I have called them the first and second laws of individual
differences:
First Law of Individual Differences. Individual differences in learning and performance
increase monotonically as a function of increasing task complexity.
Second Law of Individual Differences. Individual differences in learning and proficiency increase with continuing practice and experience, provided there is not an intrinsically low ceiling on task performance.
Task Complexity
This concept, which is prominent in comparing various RT paradigms, does not have a univocal definition or a single objective unit of measurement independently of RT. It may
even be premature to impose a too restrictive criterion for its scientifically useful meaning.
In the present context, the term complexity refers to the information load of the given task,
which is usually described in terms of (1) the number of task elements the subject must
attend to; (2) the degree of prior uncertainty about the required response; (3) the degree of
essential stimulus or response discrimination involved in the task; (4) the degree of stimulus-response compatibility; (5) the number of decisions that have to be made to achieve
a correct response; or (6) the amount of prior-learned information that must be retrieved
from short- or long-term memory to make the correct response. Reliable measures of RT
are highly sensitive to remarkably slight variations in any of these conditions of complexity. In groups of college students, for example, there is an average difference of 40-50 ms
even between SRT and two-CRT, when there is an optimal preparatory signal and the RS
in each case is simply a bright green light going "on," always in the same location (SRT),
or randomly in one of two locations (CRT).

Neural Oscillation as the Basis of Intraindividual Variability
Although neural oscillation is proposed as a hypothetical construct in the present theory, it
has well-established analogues in neurophysiology that are an empirical reality, genetically called "brain waves." These periodic variations in the brain's electrical potentials are
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usually measured in microvolts from various electrodes attached to the scalp; the weak
potentials are amplified and recorded by the techniques of electroencephalography. The
periodicity of the electrical potentials between different regions of the brain registers the
spontaneously synchronized effect among a multitude of neurons (Abeles, 2004; Buzsaki
& Draguhn, 2004; Ikegaya et al., 2004; Strogatz, 2003; Bodizs et al., 2005). The effective
action of the brain in cognition and behavior depends on the concerted coordination or synchrony of smaller groups of neurons, whose electrical effects can be reflected in response
to a specific stimulus, producing an event related potential (ERP). These ERPs have shown
reliable individual differences that are correlated with individual differences in psychometric g. Thus communication between different regions of the brain required for any coherent perception, cognition, or memory consists essentially of synchronized neural activity
and periodicity, or oscillations, of action potentials in the neural circuits of the brain. The
most commonly identified waves found in different regions of the brain and in various
states of sleep or consciousness also differ in their mean periodicity, or rate of oscillation,
measured in cycles per second (cps): delta waves (<3 cps), theta waves ( 4 - 7 cps), beta
rhythm ( 1 3 - 3 5 cps), gamma rhythm ( 3 0 - 1 0 0 cps), and alpha frequency ( 8 - 1 2 cps). The
alpha frequency increases with age and there are large individual differences in alpha
waves. Also, there is evidence for a neural pacemaker that limits the detection of temporally separated events, with a "neural window" of about 3 0 - 4 0 ms (Poppel, 1994). The
main point here, in brief, is that the concept of periodicity or oscillation of neural impulses
is not at all unrealistic or far-fetched.
What is assumed to oscillate in synchrony among a large number of neural impulses is
their level of excitatory potential, or the momentary probability that an external stimulus
will set off a train of neural impulses that is synaptically transmitted between neurons. A
stimulus or a particular synaptic connection is maximally effective at the peak of the wave
of excitatory potential and least effective at the trough of the wave, which can be imaged
as a sine curve. The trough includes the neural refractory period in which excitatory potential is zero.
The theory posits that intraindividual variability in RT (i.e. RTSD) reflects the length of
the period (i.e., the rate of neural oscillation of the sign wave of an excitatory potential. A
longer period (i.e., slower oscillation) results in a larger RTSD.
The theory also posits consistent individual differences in the rate of oscillation across
reliably measured RTs in different ECTs. In other words, oscillation rate is a stable characteristic of individual differences that produces positive correlations among all reliable
measures of RTSD (or RTm) obtained from various ECTs. The size of the correlation
between RTs on any two ECTs measured with an equal reliability depends on the tasks'
complexity, because more complex tasks involve more neural "choice points" at which the
effect of individual differences in oscillation rate are manifested. This increases the reliability of the RTSD, much as increasing a population sample increases the reliability of any
of the sample statistics.
Individual differences in RT as a function of differences in task complexity reflect the
multiplicative effect of stable individual differences in oscillation rate X task complexity
(i.e., number of neural choice points required by the task). The empirical consequence of
this multiplicative effect of oscillation rate X task complexity is most strikingly displayed
in Brinley plots (shown in Chapters 5 and 6).
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The oscillation rate affects not only the time that the initial excitatory potential is activated by the RS, but also all the subsequent interneural communication that intervenes
between the occurrence of the RS and the subject's overt response, which comprises the
measured RT on a given trial. The synaptic connections within the many brain pathways
involved in performing a given ECT are also subject to the same consistent individual differences in oscillation rates.
Figure 11.1 illustrates how differences in RTSD result from differences in the rate of
oscillation. The four waves ( A - D ) have different oscillation rates, so that within a given
interval of time (e.g., t l - t 2) there are more peaks above the threshold of response evocation (the horizontal lines) for the waves with faster oscillations. Over many test trials, a
higher rate of oscillation increases the overall probability of making faster responses to the
reaction stimuli (i.e., RSj-RS4) presented at arbitrary intervals over a given number of trials. A faster rate of oscillations necessarily results in lesser variance (hence lesser RTSD)
between RTs on successive trials than do slower oscillations.
Also, when a stimulus occurs during the below-threshold phase of the wave, the excitatory phase reoccurs sooner for the faster waves, while slower oscillation results in a
greater frequency of relatively slow RTs, which is manifested as greater Sk of the total distribution of RTs. Further, when the RS happens to occur during the excitatory phase in
either a slow or a fast wave, it makes no difference in the RT. (In Figure 11.1, the RS 2
occurring at t2 would produce nearly the same RT for individual waves A, C, and D, but it
would produce a relatively longer RT for wave B.) Thus, the shortest RTs reflect trials on
which the occurrence of the RS coincides with the wave's excitatory phase and are virtually the same for both fast and slow oscillation rates. The longest RTs reflect trials on
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Figure 11.1" Waves of neural excitatory potential with different oscillation rates for "individuals" A, B, C, and D. RS occurs at four arbitrary points in time (t). (See text for a
detailed explanation.)
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which the RS occurs during the refractory phase of the oscillation, which also produces a
greater inter-individual variance of the longer RTs. This result is reflected in the "worst
performance r u l e " - - the longer RTs produced by individuals in a given number of test trials are the most highly correlated with measures of g. Hence stable individual differences
in the rate of neural oscillation is the basic phenomenon involved in individual differences
in RTSD, general speed of information processing, and psychometric g. A further, even
more fundamental, aim of the reductionist program of research on intelligence is to identify at the neurophysiological level the basic physical cause of stable individual differences
in the hypothesized oscillation rate.
All steps in processing information in a given task take proportionally the same amount
of time for a given individual. Over many tasks the average benefit of a faster rate of oscillation (hence faster speed of processing) becomes conspicuous. Therefore, as previously
mentioned, individuals (and groups) show a linear relationship of RT to tasks varying in
complexity, as is clearly evidenced in Brinley plots.

Advantages of Faster Oscillation Rate in Higher Cognitive Processes
How does it come about that individual differences in oscillation rate and RT are causally
connected with individual differences in conventional untimed psychometric test performance and the g factor? Some of the items on such tests take not just seconds to solve, but
often many minutes, and some problems are failed even when no time limit is imposed.
The explanation takes account of several principles in cognitive psychology:
(1) The focus of attention is a one-channel information processing system with a limited
capacity, which restricts the amount of information that can be processed without storage and retrieval from short-term memory (STM).
(2) The information to be processed may come from external stimuli or from internal
sources (i.e., STM or long-term memory (LTM)).
(3) Rapid decay of stimulus information severely limits the time that the incoming information is available for operations to be performed on it.
(4) The loss of information essential for a correct response results in a breakdown of
information processing, unless the needed information can be temporarily held in
STM.
(5) The process of storing or retrieving information in memory itself takes some time,
which is therefore usurped from the time available for processing the incoming information. Overloading the system results in a breakdown, that is, a failure to grasp all
the essential aspects of the problem needed for its solution.
(6) Therefore, individual differences in the speed and consistency of processing incoming
information determines the individual's point of breakdown on the continuum of task
complexity. With a slower processing rate, the task information has to be re-entered
into the processing system and more of its elements have to be temporarily held in
working memory (WM) and then retrieved to make a valid response (i.e., one based
on all the essential information required by the task). A faster oscillation rate allows
more of the elements of task relevant information to be processed without straining
the capacity of WM to the point of breakdown, at which response errors occur. It is
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those RTs that occur just before the point of breakdown that have the largest correlations with g. This is because these prebreakdown RTs reflect both the rate of oscillation and the storage capacity of WM.

The Relationship between Working Memory and RT
The term neural plasticity subsumes all forms of memory, or the retention of experience.
It is the fact that the nervous system retains some aspects of sensory stimulation for
some length of time beyond the actual duration of the physical stimulus. The concept of
neural plasticity in relation to g theory has been most fully expounded by Dennis
Garlick (2002).
Besides neural oscillation, neural plasticity is the other basic process in the present theory. The relative importance of oscillation and plasticity as interacting sources of individual differences in g is not yet established, despite the strong claims favoring WM that are
made by some cognitive theorists (e.g., Conway, Kane, & Engle, 2000). In recent years,
the relationship of WM to psychometric g has come under extensive review and debate
(Barrett, Tugade, & Engle, 2004; Ackerman, Beier, & Boyle, 2005; Beier & Ackerman,
2005; Kane, Hambrick, & Conway, 2005; Oberauer, Schulzem, Wilhelm, & Stil3, 2005).
Although this literature is recommended as highly informative, it does not tackle the questions raised here concerning the causal primacy of the oscillation construct in accounting
for g. Probably, the main difficulty in achieving definitive empirical evidence on this point
is that measures (such as RTm and RTSD), which reflect individual differences in oscillation rate, on the one hand, and measures of various types of memory, on the other, are so
very intimately, if not inextricably, related to each other. Although in theory, individual differences in speed of processing (oscillation rate) and in neural plasticity are distinct concepts, in reality, the variance in all kinds of cognitive performance reflects, in varying
proportions, the conjoint effects of oscillation and plasticity.
Plasticity is empirically distinguishable as three main memory systems that differ in
length of retention and amount of information capacity: sensory memory (250 ms), shortterm memory (STM<20 sec), and long-term memory (years). The capacities of sensory
memory and LTM are indefinitely large, that of STM is comparatively very small (about
four or five items or "chunks").
WM, as the active function of STM, is also of similarly limited duration and capacity.
A theoretical construct introduced by Baddeley (1986), WM is a system that temporarily
holds some information in STM while simultaneously processing other information coming from the sensorium or retrieved from LTM. The usual chronometric paradigm reflecting WM is a dual task. This requires the subject to perceive and retain the first-presented
reaction stimulus (RS A) without responding to it, then respond to the second-presented
item (RS B), and then finally respond to the first RS (RS A*). For example, using a binary
response console (with keys labeled YES or NO), a dual task would go sequentially as
follows (only the boldface numbers appear on the display screen):
Time 1: Preparatory signal ('beep' of 500 msec)
Time 2: Blank display screen (1 sec)
Time 3: RS A: (750 msec duration)
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3+4

= ?

Time 4" RS B" (terminated by subject's response)
5+7-6

= 6

Subject responds YES, with RT of 700 msec.
Time 5: RS" A* (terminated by subject's response)
?=5

Subject responds NO, with RT of 800 msec.
Typically, the RTs for both tasks (Times 4 and 5) are longer in the dual task condition than
when each task is presented singly. The interposed task (at Time 4) makes a demand on
WM, which is reflected in the difference in the mean RTs for each of the tasks when they
are presented singly and when presented in the dual task condition. Importantly, the RTs
in the dual task condition are more highly g-loaded. Increasing task complexity increasingly engages WM, thereby lengthening RT until the point of a breakdown in information
processing, which results in a response error. The way an information overload breakdown
can be overcome without resorting to paper and pencil or a computer, is by rehearsal of
the essential input, which consists of self-controlled repetition or some form of transformation of the information, such as chunking or mnemonic encoding (e.g., expressing 1024
as 2 ~~or 720 as 6!). Rehearsal is the principal means for getting information into LTM. But
in our theory, the rate of rehearsal, or spontaneous recycling of sensory traces, involved in
getting information into LTM is itself a function of the same rate of neural oscillation
involved in RT. In effect, oscillation speed amplifies the capacity of WM by a multiplicative factor in which there are consistent individual differences. The first-order factors
derived from RT tasks and WM tasks are correlated between .40 and .60 in various different data sets (Colom, Rebollo, Palacios, Juan-Espinosa, & Kyllonen, 2004).
Psychologists Lehrl and Fischer (1988, 1990), in the Erlangen University in Germany,
have formulated the capacity of WM (C) in terms of a multiplicative function of the speed
of processing (S) and the duration (D) of accessible stimulus traces in STM:
C bits = S bits/sec X D sec.
Individual differences in the empirically estimated value of C is a stronger predictor of
psychometric g than is either S or D alone, but C and S differ only slightly (Kline, Draycott,
& McAndrew, 1994). The g loadings of these parameters were C = .92, S = .84, and
D = .49. Further evidence of the close association between STM capacity and RT is
explained in Chapter 12.
Because the theory posits that oscillation processes both of RT and of WM in rehearsing and storing information in LTM have a common oscillation rate, measures of RT and
WM should be substantially correlated. They are not perfectly correlated, however,
because actual measures of RT and WM each have their own first-order factor and their
specificity in addition to their common factor, which shows up in their substantial loadings
on g. Measures of both STM and LTM are known to have a very considerable domain and
content specificity. But individuals gain information at different rates in whatever domains
they are exposed to. Hence there is a high g loading of psychometric tests of "general
information." Also, there is a substantial correlation between a general RT factor and a
comprehensive test of scholastic achievement, for which the individuals have had much the
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same opportunity for acquisition. A striking example of this phenomenon is described in
Chapter 9 and Figure 9.2, which compares the RTs of groups of average and intellectually
"gifted" youngsters with the RTs of university students on eight different ECTs. The RTs
of the gifted youngsters and the regular university students do not differ significantly on
any task. The average youngsters, however, differed significantly from the other two
groups on every ECT. Most noteworthy is that the gifted and university groups, which differed 7 years in age, obtained virtually the same raw scores on the Scholastic Assessment
Test and the Advanced Raven Matrices. Also, the gifted students got high grades in their
university courses. By age 13, they evidently had acquired about the same amount of general knowledge and the same level of cognitive skills as possessed by the regular undergraduates, who were 7 years older, in a highly selective university that admits only the top
12.5 percent of high school graduates, based on GPA and SAT scores. Hence, it appears
that individual differences in the rate of information processing, acting over a considerable
span of time, can result in marked individual differences in the amount and complexity of
the cognitive skills and knowledge acquired in the course of living.

Convertibility of RT into Error Rates
Are individual differences in untimed psychometric test scores of the same casual nature as
individual differences in RT tasks? The theory posits that they are essentially the same.
Response errors result from information overload that strains the capacity of WM to the point
of breakdown, and individual differences in this point for a given task are determined jointly
by individual differences in the speed of information processing and the capacity of WM.
A paradigm for empirically demonstrating this phenomenon based on a semantic
verification test (SVT, described in Chapter 2, p. 20), was presented in Chapter 9
(pp. 167-168). It showed that the difficulty levels of 14 different SVT items as measured
by their mean RTs in university students are highly correlated (Pearson's r = .70,
Spearman's p = .79) with the same 14 SVT item's error rates when the SVT was administered as an untimed paper-and-pencil test to elementary school children aged 8--9 years.
The SVT items with longer RTs for the university students had larger error rates for the
children, as shown in Figure 11.2. This demonstrates the convertibility of RT and untimed
error rates as indices of item difficulty or complexity. Response errors indicate a breakdown in processing, and some of the SVT items are evidently beyond the processing
capacity of many third graders (ages 8-9 years) even when no time limit is imposed. It is
likely that the error rates for adults taking an untimed test like the Advanced Raven
Matrices are of the same nature; some items exceed the processing capacity of bright university students, and in fact the mean times taken for correctly answered Raven items
under a nonspeeded condition in a group of college students is directly related to the mean
item error rates based on a group of university students.
Error rates on items in many untimed but highly g-loaded tests, such as vocabulary and
general information in the Wechsler IQ tests, have other determinants than just speed of
processing. The meaning of a given word or the item of information called for may never
have been encountered or acquired in the first place. Or if it had been acquired it may have
been forgotten and is not accessible to immediate memory at the required time. Yet the
scores on such untimed g-loaded tests calling for past-learned knowledge are correlated
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(1984).

with various measures of RT. The reason, first of all, is that individuals who process information more quickly consolidate and store more of the information to which they are
exposed in LTM per unit of time than do individuals who process the available information at a slower rate, and so less of the information input is consolidated for long-term
retention. Further, the acquisition of many types of knowledge content depends on inference, or relating a new item of information to old information accessible in LTM. Most of
an individual's vocabulary, for example, is not acquired by deliberately memorizing the
definitions of words, but by inferring the meaning of newly encountered words from the
contexts in which they occur. The speed with which this kind of information processing
occurs largely determines the extent of an individual's vocabulary.
Vocabulary tests, therefore, are among the most highly g-loaded tests. They are highly
correlated with many wholly nonverbal tests that also involve some form of inference. In
general, the RTs in ECTs that call for virtually no knowledge content are most highly correlated with the more g-loaded psychometric tests, regardless of their particular knowledge
content. And when g is partialled out of the substantial correlation ( - . 5 0 t o - . 7 0 ) between
psychometric test scores and RT, the g-partialled correlation drops to near zero.
Still another avenue through which processing speed comes into play is in the speed of
retrieval of information from LTM, such as measured by RTs in the Posner paradigm and
its variations (see Chapter 2, pp. 20-21).
Psychometric test items that call for specific knowledge content acquired by the subject
in the past and must be accessed in LTM are said to measure crystallized intelligence, or
Gc, in contrast to items that depend little if at all on accessing any specific content in LTM
but requires on-the-spot inference or problem solving, are said to measure fluid intelligence,

Theory of the Correlation between Response Time and Intelligence

213

or Gf. The vocabulary and general information subtests of the Wechsler scales are typical
examples of Gc, and Block Designs and Raven Matrices are examples of Gf In large subject samples comprising individuals with a common language and similar schooling, Gc and
Gf, are very highly correlated, and when they are residualized in a hierarchical factor analysis of a wide variety of tests, most of the variance in Gc and virtually all of the variance in
Gf is "absorbed" by the single third-order factor that tops the factor hierarchy, namely,
Spearman's g. The correlations between untimed psychometric tests and the RTs in ECTs
result from the fact that they both reflect one and the same g factor.

Note
1. The coefficient of reliability of the difference (ra) between variables x and y is: ra =
(rxx-ryy-2%)/(2-2rxy ), where r~ and ryy are the reliability coefficients of x and y, and
r~y is the correlation between x and y. Measures of Sk are related to either a difference
(between the mean and the median of the distribution) or to a ratio (between the third
and second moments of the distribution, i.e., E (x - x)3 / E (y - y ) 2 ) . Variables
consisting of either differences or ratios are similarly afflicted by their liability to low
reliability. For example, consider the above formula for ra, assuming x is the mean and
y is the median of an individual's RT distribution over n trials. Typical figures for the
reliability of the mean and the median of RT are about .90, and typical values of the correlation between the mean and the median are also about .90. When these figures are
used in the formula for r d, the result yields a near zero reliability coefficient for a measure of Sk, whether it is based on a difference or a ratio. As the correlation between the
component elements approaches their reliability, the reliability of their difference (ra)
approaches zero. If our theory posits that error-free measures of the mean, median, variance, and Sk of an individual's RT distribution all reflect a single unitary phenomenon,
it follows that the index of Sk would have zero reliability. To make matters worse, the
variables (x and y in the formula) that enter into the formula for the reliability of the Sk
index have correlated error components, because both measures are derived from the
same set of data. These reliability problems can be largely obviated, however, by testing
hypotheses regarding the relation between Sk and some external variable simply by
aggregating subjects so as to create subgroups that differ clearly on the external variable
(e.g., IQ). The hypothesis, then, is tested by comparing the index of Sk based on each
group (rather than on individuals) with the groups' means on the extemal variable. This,
in effect, exchanges the measurement error of individual data (which is averaged out in
the group means) for the sampling error of the means, which is entirely tractable as a
function of sample size. If our theory is correct in positing that Sk reflects no source of
variance in RT that is statistically independent of RTm, RTmd, or RTSD, then of course
there is no practical need for measuring the Sk of RT in individuals.

Chapter 12

The Relation of RT to Other Psychological
Variables
Various reaction time (RT) paradigms have also been used as a tool in the experimental
analysis of psychological variables besides individual differences in the normal range of
intelligence. Their focus is usually on the study of more basic psychological processes
p e r se. Historically, the analysis of individual differences in these processes has less often
occupied center stage. The most comprehensive literature reviews focused mainly in the
traditional domain of experimental psychology are provided by Posner (1978) and Welford
(1980a,b). But all these uses of chronometric methods, whether experimental or differential, are made possible because the mental processes of interest are intrinsically time
dependent at the level of basic causal mechanisms. This is easily overlooked when, at a
superficial level of observation, the subject's performance does not appear to be speeded
or time dependent. Typically, however, processing time is itself part and parcel of the specific cognitive process under chronometric analysis.

Short-Term Memory Span
Memory processes are a good example of this. They have been subjected to chronometric
study, probably more than any other class of variables (McNicol & Stewart, 1980). Various
studies include short-term memory (STM), long-term memory (LTM), and retention loss
following delayed recall and the effects of proactive and retroactive interference.
Scientific advances consist, in part, of discovering constants, ratio properties, or invariance in the quantitative features of a given phenomenon. This is illustrated in the recently
discovered properties of the m e m o r y span. Memory span is one of the earliest and simplest
tests of STM capacity (Dempster, 1981). It was included in the first intelligence test by
B inet in 1905 and has been retained in present-day IQ tests. Though it is not typically
administered as a timed test in psychometric batteries, its chronometric features, which
have come under recent study, show that memory span is not in the least a trivial or superficial variable in the realm of cognition. Its comparatively poor reputation as a subtest in
IQ batteries, such as the Stanford-Binet and the Wechsler tests, results from psychometric
and statistical artifacts. These result in the memory span subtest's having a considerably
lower g loading than most of the other subtests included in such batteries. The reasons are
several:
(1) An individual's memory span is generally reported on a cardinal scale (e.g., the
largest whole number of presented items that can be correctly recalled on 50 percent
of the trials), which is a much too crude scale for accurate estimation, dividing virtually the total range of memory span in the population into a discrete 10-point scale,
with the vast majority falling around the famous "magical number 7 +__2" (Miller,
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1956). An individual's memory span oscillates from trial to trial, so the mean (or
median) of the distribution of the individual's spans over n trials provides the more
precise measure.
(2) The low reliability because of too few trials in the span test.
(3) The high-content specificity of the span test when it is based on only one type of stimuli (e.g., digits).
(4) Oscillation of response strength at the threshold of recall, which is more prominent in
the more elementary cognitive processes, thus affecting the reliability of STM more
than of LTM as represented in the most highly g loaded subtests, such as vocabulary
and general information.
Therefore, the construction of a battery of memory span subtests consisting of diverse
stimuli (e.g., digits, letters, words, shapes, colors), with at least 10-20 test trials on each
type of stimuli would markedly increase the reliability, diminish the specificity, and
increase the g loading of the composite memory span score. These conditions are critical
for the study of individual differences in STM variables, such as memory span because the
time dependency of memory span is the basis of its correlation with psychometric g.
Before presenting the evidence for this hypothesis, however, the essential constancies
of individual differences in memory span should be noted.
(1) Memory span is a unitary variable across visual and auditory modalities. There is a perfect disattentuated correlation between visual and auditory memory span for digits
(Jensen, 1971).
(2) There is a perfect disattenuated correlation between (a) memory scanning rate for digits held in STM (i.e., the Sternberg paradigm) and (b) the rate for visually scanning the
same number of digits displayed visually (i.e., the Neisser paradigm, described in
Chapter 2, p. 22) (Jensen, 1987a,b). This implies that the same time-dependent
processes (i.e., scanning rates) govern both the rate of initial visual intake of information into an individual's STM and the rate of its recall from STM.
(2) The rate that individuals can read aloud a presented list of numbers or simple words
predicts their memory span for the same type of stimuli. It turns out that individuals
can recall as many random words in STM as they can articulate on average in about
1.8 s, regardless of the number of syllables in each item (Baddeley, Thomson, &
Buchanan, 1975). This implies a time constraint on the rate at which the intake can be
rehearsed before time-lapse decay of the memory trace or retroactive interference from
any further input that exceeds STM span.
Repetition or rehearsal of the information input through what Baddeley has termed the
"phonological loop" consolidates fresh information for later recall, which is related to the
rate of speed with which individuals can verbally articulate the items to be later recalled.
This rehearsal speed of the stimulus input, therefore, is a time-constrained function of
working memory by which the traces of newly input information in STM is consolidated.
This is well illustrated in a large-sample developmental study by Kail and Park (1994) of
children 7-14 years of age in the United States and Korea. A causal modeling analysis was
based on the composite scores of two different tests for each of the three experimentally
independent variables: (1) speed of information processing, and (2) speech articulation rate
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(for digits and letters). The best-fitting causal model indicates that, for both the United
States and Korean samples, the age-related increase in memory span (for digits and letters)
is mediated by age-related changes in information processing speed, which in turn governs
vocal articulation speed. Because the speed-of-processing tasks themselves make minimal
demands on either verbal articulation or STM, processing speed has primacy in the causal
pathway (i.e., processing speed --) articulation speed --) memory span).
The same overall conclusion was drawn in more general terms in the most comprehensive, thoroughly analytical, and integrative review of the evidence on the relationship
between processing speed and working memory in children that I have found m a "must
read" prize-winning article. The authors stated that "...most of the effect of the age-related
increase in [processing] speed on intelligence appears to be mediated through the effect of
speed on working memory. Finally, most of the effect of the age-related improvement in
working memory on intelligence is itself attributable to the effect of the increase in speed
on working memory, providing evidence of a cognitive developmental cascade" (Fry &
Hale, 2000, p. 1).
The very lawful generality of memory span data across highly diverse item contents is
seldom appreciated. A classic meta-analysis of span data based on seven distinctly different
classes of stimuli used in 45 independent studies shows that a constant information processing rate is the basis for the observed regularity or lawfulness of the memory span data
(Cavanagh, 1972). The analysis makes use of the Sternberg memory scan (MS) paradigm
(see Chapter 2, pp. 21-22), in which a subject is presented a short list of items of a particular type, then is presented a single probe item of the same type, to which the subject
responds "yes" or "no" depending on whether the probe was or was not a member of the
presented list. The subject's RT, then, reflects the processing rate required for scanning the
memorized list of items for the presence or absence of the single probe. The related datum
of interest is the typical measure of memory span for the particular class of stimuli namely,
the largest number of stimuli that can be recalled after one presentation (at a rate of
1-2 s/item) on 50 percent of the trials. The span for any particular class of stimuli is unitized by taking its reciprocal. All the subjects in the various data sets represented in this
meta-analysis were adults, and all the span stimuli were presented only visually. Figure 12.1
shows the near perfect linear relationship between the mean processing rates (millisecond
per item) for the given stimuli and the reciprocals of the memory spans for the same types
of stimuli. Since the data points here are group means, it would be of considerable interest
to determine the degree to which individual data fit the linear function. Cavanagh notes that
"the [average] time required to process a full memory load is a constant, independent of the
type of material stored, with a value of the order of one-quarter of a second, the slope of the
regression line [243.2 msec] in Figure 12.1" (p. 529). Conversely, the faster the processing
time for any given type of stimuli, the greater is the memory span for such stimuli. The
mean memory span for different classes of stimuli differs depending on their complexity
(i.e., the mean number of features per item that need to be stored for correct immediate
recall); the memory span therefore is smaller for more complex items. Thus, memory span
and processing rate are both measures of the same processing system. The storage capacity
of STM as represented by the memory span can be conceived basically as a time-dependent process governing the number of items that can be reported before the memory trace
decays.
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of the memory span for seven classes of stimuli. (From Cavanagh, 1972, with permission
of the American Psychological Association.)

Long-Term Memory, Consolidation, Retrieval, and Forgetting
When the amount of information to be retrieved exceeds the immediate memory span (for
a given type of stimuli), rehearsal of the input over repeated trials becomes necessary. At
this point, we cross the fuzzy boundary between STM and LTM. It is exemplified by the
classical serial rote-learning paradigm in which the subject must memorize (up to a given
criterion of accurate recall of the items in the presented order), such as a list of words,
numbers, nonsense syllables, or other stimuli that clearly exceeds the subject's immediate
memory span. This acquisition process is highly time dependent in two fundamental ways:
(1) the item learning rate (and hence the number of trials needed to attain a given criterion
of mastery) is systematically affected by the experimenter-controlled presentation rate of
the items on each learning trial; and (2) in the absence of interference occurring shortly
after the last learning trail, and without further practice, the newly learned material
becomes increasingly consolidated in an LTM store through an autonomous physiological
process that strengthens the neural memory trace over a number of hours. Thus, LTM actually refers to two distinct but closely related phenomena: (1) the initial learning and retention of material that exceeds the capacity of STM, and (2) the autonomous neural
consolidation or preservation of memory traces so that they can be accessed over a very
long period of time, and even long after the initial consolidation their strength can be
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increased by further practice or rehearsal. It has long been experimentally established in
animals and humans that this autonomous time-dependent biological process of long-term
neural consolidation is basic to learning and long-term retrieval (McGaugh, 1966).
A chronometric method was used to discover that the process of retrieval fundamentally
differs for items within the span memory and for the same kinds of items in super-span
lists that characterize serial rote learning. This was shown by the marked difference in
retrieval rate of items in the two conditions when they are subjected to the Sternberg paradigm (Chapter 2, pp. 21-22). In a study by Burrows and Okada (1975), subjects memorized lists of words to a criterion of two perfect trials. The lists varied in length from 2 to
20 words. Retrieval rate is a bilinear function of list lengths distinguishing STM and LTM,
being very much slower for lists within the range of memory span (i.e., 2-6 words) than
for super-span lists (i.e., 8-20 words), as shown for two experiments in Figure 12.2. (The
different procedural conditions affecting overall task difficulty in experiments 1 and 2 are
not germane to the point being made here about the difference between STM and LTM.)
A detailed critical discussion of this study, however, questions its generality, noting other
studies in which retrieval (scanning) rates are not unilinear even within the range of the
STM memory span (McNicol & Stewart, 1980, pp. 279-281).
Although there are probably different acquisition and retrieval processes for STM and
LTM, the correlation of individual differences between them or their relationship to other
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variables, such as age, IQ, or various brain pathologies has not yet been systematically
investigated under uniform methodological conditions.
The well-known Posner paradigm (Posner et al. (1969) and its variations (see Chapter
2, pp. 20-21) has been the typical chronometric method for studying the speed of retrieval
of information from what is clearly LTM. The main feature of this paradigm is that it contrasts two kinds of RT: (1) the RT for discriminating between a pair of stimuli that are
either physically identical or physically different (known as the PI condition), which makes
virtually no demand on LTM, and (2) the RT for discriminating between a pair of stimuli
the names of which are semantically either the same or different (the NI condition) which
demands the retrieval of information from LTM. The difference in mean RTs (NI-PI) indicates the time required to access highly overlearned information in LTM. A classic study
of individual differences using the original and simplest form of this paradigm (where the
paired stimuli are single upper-case and lower-case letters) found that the mean NI-PI difference in RT discriminated between groups of college students that differed on a standard
verbal test of intelligence (Hunt et al., 1975).
In a more demanding version of the Posner paradigm, the PI condition has pairs of
words that the subject must distinguish as physically the same or different (e.g., dog-dog
versus dog-fog), and NI condition has paired words that are semantically the similar or
different meanings (e.g., evil-bad versus evil-good). In a related paradigm that depends on
retrieval of information from LTM, the subject discriminates (Yes or No) between pairs of
words that belong to the same category or to different categories (e.g., chair-bed or
apple-lake).
The latency of retrieval varies for different items of general information held in LTM.
This phenomenon can be used to analyze the organization of the LTM storage system and
the strategy of accessing LTM for the recall of information. The subject simply responds
True or False to a variety of ostensibly simple information items, such as "President
Lincoln was shot" or "The Mississippi River is in Southern India." As the main variable of
interest is the speed of accessing items most likely to have at one time entered the subject's
LTM, the items are selected to ensure low error rates for the class of subjects being tested.
Using this technique in experiments in which knowledge acquisition is controlled by
teaching novel "facts" and measuring their retrieval latencies, John Anderson (1983) has
discovered features of recall latency that he explains in terms of a spreading activation
("fanning") through the neural network to retrieve the specific information called for. It
involves neural pathways fanning out from a more general conceptual node to the more
specific information being searched for. Anderson's "spreading activation" model and its
associated chronometric methods could be fruitfully applied to studying what we know to
be the very wide range of individual differences in the retrieval of information in LTM;
particularly, differences associated with cognitive aging and with various brain pathologies. Because the strength of memory traces is not an all-or-none phenomenon, RT is an
especially sensitive-graded measure of memory.
The effects of time elapsed between initial reception, and the rates of increase in both
proactive and retroactive inhibition of memory traces are very sensitively registered bythe
continuous recognition memory paradigm (McNicol & Stewart, 1980, p. 283). The subject is presented a continuous list of stimuli of a given type (e.g., words, nonsense syllables, numbers, symbols, etc.) one at a time. On each presentation, the subject leaves the
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home button and presses one of two response buttons labeled NEW (if the item is encountered for the first time in this list), or OLD (if previously encountered in the list).
Following the subject's response another item appears on the screen. The sequential intervals between new and old items are typically varied throughout the sequence. Both RTs
and errors for new and old items are registered in terms of their sequential intervals,
which reflect the effects of proactive and retroactive inhibition of retrieval as well as the
effects of number of previous exposures and the time elapsed since the nth exposure. This
method so far has been little used in individual differences research except for the detection of brain pathology.
Access to vocabulary, too, is not an all-or-none variable. It can be assessed as a continuous variable chronometrically by presenting a sequence of fairly common words of
graded difficulty (e.g., in terms of their population p values or their Thorndike-Lorge word
frequencies) randomly interspersed by a given proportion (1/2, 1/3, etc.) of paralogs (i.e.,
pronounceable letter combinations that merely look much like words yet are not found in
any unabridged English dictionary or dictionaries of slang, e.g., 'byscenity'). The subject
responds to buttons labeled YES or NO as to whether the given item is an authentic word.
RTs and errors are recorded on each trial.

Automatic Retrieval of Basic Skills from Long-Term Memory
The automatizing of a basic cognitive skill involves short-circuiting its defining operations,
thereby greatly quickening its retrieval. The sheer recall of simple arithmetic number facts,
such as adding, subtracting, or multiplying single-digit numbers, which are memorized
and practiced repeatedly requires a conceptually much less complex level of cognition than
understanding abstractly the mathematical operations that define addition, subtraction, and
multiplication. It is important to know these operations so that they can be applied when
needed in a given problem. That granted, it is also useful, and often crucial, to have speedy
access to specific "number facts" stored in LTM, especially in solving complex thought
problems, in which it is advantageous when several of successive operations can be performed within the time span of working memory. Bright pupils, who otherwise have no
problem grasping mathematical principles, can have difficulty with arithmetic thought
problems and also with acquiring the higher levels of proficiency in math. The explanation
is usually that they have not sufficiently automatized the retrieval of basic tools, such as
simple number facts stored in LTM (Bull & Johnston, 1997). The same principle applies
to acquiring automatic recognition of mathematical symbols and commonly occurring
components or symbol clusters in math and statistical formulas, phonemic decoding of
printed words, and musical notation, to name a few. Elementary education in recent years
has focused so strongly on conceptual learning and has so depreciated rote memory and
drill that many pupils are left without the automatized skills needed for further advancement in math beyond the elementary grades. Even performing long division and fractions,
typically taught in grade 4, becomes almost impossibly difficult for some pupils because
of insufficient automatization of the more basic arithmetic skills.
Chronometry affords the sensitivity and precision required to assess the degree to which
basic skills have been automatized. This can seldom be detected by ordinary PP tests with
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right/wrong item scoring. A chronometric paradigm called the math verification test
(MVT), however, reveals a wide range of individual and group differences in RTs to basic
number facts that usually are mastered before grade 4 (Jensen & Whang, 1994). Such RT
differences were revealed by the MVT even among pupils in grades 4-6 all of whom
achieved 100 percent perfect scores on a liberally timed PP test coveting the very same
basic skills as assessed by the MVT. There are still large individual differences in automatization of number facts, as well as consistent intraindividual variation in the accessibility of different number facts. The MVT is a RT measure of speed of accessing elementary
number facts from LTM: addition, subtraction, and multiplication of single-digit numbers.
For example, using a binary response console with a home button (see Figure 2.4, p. 19),
the subject responds (YES or NO) to items such as 2 + 4 = 6; 7 - 2 = 4; 2 X 3 = 5,
etc. Retrieval speed on the MVT is related to Raven Matrices Scores (as an index of g)
and, independently of g, to performance in more advanced levels of arithmetic as measured by standardized achievement tests. However, the critical question that cannot be
answered by a purely correlational study is the degree to which extensive practice on
number facts speeds their retrieval and particularly whether this is related to later math
achievement independently of nonnumerical measures of RT. The answer, of course, will
have to be sought by a long-term experimental study - - essentially the paradigm for
measuring the transfer of training. Automatization of a certain class of skills (e.g., mathematical, verbal-linguistic, musical, mechanical, athletic) is invariably a major component in the acquisition of high levels of expertise and it is probably the one variable that
most clearly distinguishes between experts and the run-of-the-mill in most fields of
performance.

Mental Retardation
For a long period during the mid-1900s when chronometric research was at its lowest ebb
in general experimental and psychometrics, its empirical revival in the late 1960s
occurred in research on mental retardation (MR) in hopes of finding a more sharply analytic means of describing the nature of cognitive deficits than is afforded by conventional
psychometric tests.
The chief pioneers in this effort were Alfred Baumeister and co-workers. Their extensive empirical research on retardation is closely linked to the well-known variables of
experimental chronometry. In many experiments using analysis of variance designs not
only were very large differences found between retarded and normal groups in main effects
(e.g., RT means and RTSDs), as expected, but also there were often significant interactions
between groups and variations in experimentally manipulated variables, such as stimulus
intensity, preparatory interval, response-stimulus interval, effects of rewards, stimulus and
response complexity, and stimulus compounding (see the references Baumeister & Kellas,
1967, 1968a,b). Systematic research in this tradition was later pursued in the University of
Adelaide, Australia by Nettelbeck and others (e.g., Nettelbeck, 1980; Nettelbeck &
Brewer, 1976).
What is not clearly established by these experimental study designs is whether the
reported significant interactions between groups (retarded versus normal) and procedural
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conditions represent truly dichotomous differences unique to the group difference but do
not also occur within each group. The interaction effect in the groups • conditions design
can suggest uniqueness of a group difference when the seeming dichotomous effect actually represents a continuous variable consistently running throughout the total range of
ability encompassed by both groups.
A striking example is seen in a study of the Hick paradigm with severely retarded young
adult subjects (mean IQ 38.5) (Jensen, Schafer, & Crinella, 1981). Besides their showing
very slow RT and MT, there were two effects that differed markedly from all other groups
we had tested at that time, including mildly retarded young adults (mean IQ 70), using the
same RT-MT apparatus. The severely retarded did not display Hick's law and, unlike any
other individuals or groups we had ever tested, their MT was greater than their RT. The
severely retarded group thus appeared to be entirely unique with respect to the RT-MT difference, just the opposite of the general finding. This reversal would constitute a strong
interaction in terms of the groups • conditions (RT-MT) design. Yet by looking at the ratio
RT/MT for simple RT (i.e., 0 bits in the Hick test) in several other groups differing widely
in mean IQ, the observed reversal effect in the severely retarded does not appear to be at
all unique, as it falls on the same linear continuum that holds for other groups of much
higher IQ, going from the mildly retarded (IQ 70) to university students (IQ 120), shown
in Figure 12.3.
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A remarkable analysis by Kail (1992) revealed a similar linear continuity of RTs
between normal and retarded groups (mean IQs 33-72) across RT measures representing
a great variety of experimental conditions that made for a considerable range of task
difficulty. For each such RT test, there was a mean RT for a retarded group and a mean RT
for a nonretarded group, comprising in all 518 pairs of mean RTs. The groups were stratified by age and IQ level, allowing six separate regression analyses in each of which the
retarded groups' RTs were regressed on the normal groups' RTs. This analysis shows that
the retarded groups' RTs across the wide variety of tasks are well predicted by a single
multiple (m) of the normal groups' RTs, with m ranging from 1.4 to 2.3. The goodness of
fit to the linear regression is indicated by values of R 2 ranging from .904 to .989 for the six
groups. Only the most borderline retarded (IQs 68-71) showed a departure from linear
regression, which Kail speculates could reflect differences in response strategy in this borderline group. The main conclusion of the study, however, is summarized by Kail as follows "These results are consistent with the view that differences in processing speed
between persons with and without mental retardation reflect some general (i.e., nontask
specific) component of cognitive processing." (p. 333).
All of the most generally agreed upon conclusions drawn from the chronometric studies of MR as clinically diagnosed by standard psychometric tests (IQ < 70) are predictable
from the theory outlined in Chapter 11 (e.g., Baumeister & Kellas, 1968a,b; Liebert &
Baumeister, 1973; Detterman et al., 1992; Nettelbeck, 1980; Nettelbeck & Brewer, 1976;
Vernon, 1981):
(1) The psychometric differences between the retarded (R) and nonretarded (NR) are predominantly related to the tests' g loadings.
(2) R and NR groups always differ in mean median RT on every chronometric paradigm
that has been used.
(3) The largest R-NR differences, measured as effect size, are found for the intrasubject
trial-to-trial variability in RT.
(4) When both RT and MT are measured on various tasks that differ in complexity, R and
NR differ on both RT and MT, but the RT differences are more highly sensitive to differences in task complexity and g loading, whereas the corresponding MT differences
though considerable between R and NR groups, show hardly any sensitivity to differences in task complexity or g loading (e.g., Vernon, 1981). This suggests there is a
slowing of both the cognitive (RT) processing and psychomotor (MT) functions in the
retarded.
The main debate still going on in this field is whether the cognitive deficit associated
with retardation is unitary and quantitative, as a downward extension underlying the
distribution of biologically normal variation in g. Or is MR better described behaviorally
as a number of multidimensional deficits? The unsettled issues of the debate are prominent in a major discussion on the subject set off by the report of an impressively large
study by Detterman et al. (1992), accompanied by critical commentaries. As the largest
chronometric study of MR ever performed, both in sample size (N > 4000) and the
number of chronometric measures (nine distinct tasks yielding 31 variables). The authors
argue that retardation, and normal variation in g as well, depend on what they call a
modal model. It consists of a small number of very basic processing modules, including
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very short-term memory (VSTM), STM and LTM, and an Executive that governs the
deployment of the lower-order modules for the execution of a given cognitive task. The
modules are related temporally in terms of the order in which they come into play in processing stimulus input. Thus, if module number 1 in the temporal order is defective or
inefficient, all of the higher-order modules (2, 3, etc.) are thereby handicapped. Hence,
the degree of severity of the effect of a weakness in a given module depends mainly on
whether the module comes into play earlier or later in the temporal order of information
processing.
The large-scale study intended to test this model yielded somewhat supportive but less
than compelling evidence for it. The essential problem with this study, as with so many
others in this field, is the now very well-established fact that, in terms of biological etiology, there are many different causes of MR. Hence, behavioral tests of a modular theory
are rendered indecisive by the blurred biological discontinuity between what is considered
"normal" variation in g or IQ and the cognitive deficiencies associated with clear organic
defects, whether endogenous or exogenous.
MR is typically defined psychometrically as IQ < 70. But that cut-score arbitrarily
divides what is actually a mixture of various etiologies that have overlapping distributions
of ability detectable at the behavioral level. Brain defects of biological origin most probably occur throughout the whole range of the IQ, but their relative frequency markedly
differs as a continuous variable in different segments of the IQ scale. It increases proportionally at a greatly accelerated rate as we go toward the lower tail of the IQ distribution.
(A specific identifiable biological defect [chromosomal, genetic, brain damage, etc.] is
increasingly probable the lower the IQ; what is uncertain is the lowest point on the IQ
scale below which the continuum of biologically normal variation ceases to be causally
decremental. In other words, what would be the lowest possible IQ in the absence of biological defect?) Therefore, the average of psychometric or chronometric characteristics
for a group of persons diagnosed as mentally retarded by a given cut-score on any behavioral test represents a mixture of etiologies and very likely a mixture of many distinct
defects.
The precision of measurement made possible with chronometric techniques makes
them an ideal means for creating a differential taxonomy of the particular cognitive deficits
among persons psychometrically classified as MR. But analyzing the nature of cognitive
defect in terms of information processes calls for a quite different approach than what is
usually t a k e n - that is, contrasting the means of an unselected MR group (e.g., IQ < 70)
and a "normal" group (e.g., IQ > 100) on various tests. The retarded group, then, is itself
too heterogeneous and can only be described as retarded in general. The chronometric
search should begin with contrasting carefully selected sex- and age-matched groups with
specific known etiologies. (Many types of retardation can now be identified by genetic
analysis and MRI or PET brain scans.) It is important first to establish the degree of individual variability that exists even within the most homogenous etiological categories. The
analysis of a chronometric battery of ECTs would not be based simply on mean differences
between the selected etiological groups but by suitable multivariate methods that indicate
the validity of grouping individuals in terms of information processes. The use of a factor
analytic method known as Q-technique lends itself to this kind of typological analysis. (Qtechnique is explicated in most textbooks on factor analysis.)
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Q-technique is the factor analysis of a number of individuals each measured on a number of tests, in contrast to the usual R-technique, which is the factor analysis of a number
of tests given to a group of individuals. As R-technique sorts various tests into groups (i.e.,
factors) in terms of the tests' degree of similarity, so Q-technique sorts individuals into
groups in terms of their degree of similarity across a number of different tests. By means
of Q-technique applied to a relatively heterogeneous group those individuals whose profile of scores on a variety of different, narrowly focused tests are most similar are sorted
into much more homogeneous groups in terms of their ability patterns (not their overall
mean scores). Hence, different subgroups of MR can be distinguished at the overt ability
level even if these subgroups all had the very same mean IQ. We know there is a true etiological or physical typology for many forms of MR that involve more than just the lower
extension of psychometric g. If there is also a clear typology of information processing
abilities among persons with MR, it would be revealed by Q-technique. The degree of congruence between the processing typology and the physical typology of MR would be of
great interest, mainly for the light it might throw on the physical basis of information
processes within the normal range of IQ. Knowledge of the specific ways in which an
inscrutably complex system occasionally fails can often provide clues about how the system normally works.

Giftedness and Special Talents
The term gifted as used in an educational context commonly refers to a high level of general mental ability, or psychometric g, which is typically associated with accelerated
progress in scholastic achievements. In a broader context, gifted may refer to exceptional
special talents or any abilities or personality traits m artistic, musical, athletic, interpersonal - - that are out of the ordinary (Jensen, 1996, 2004a; Simonton, 2003).
The criterion for academic giftedness in most school systems is a score on highly g
loaded tests that is two or more standard deviations above the mean of the general population (IQ > 130). As such, we should expect chronometric tests to show differences
between gifted (G) and nongifted (NG) pupils to the extent that such chronometric tests
are correlated with psychometric g. What comes as a surprise to many parents and educators is that groups selected as G differ quite markedly from the much larger NG segment
of the school population in their speed of information processing even when the processing tasks are very simple and have no content of a scholastic nature. The N G - G difference
is clearly shown in a study (Kranzler et al., 1994) that compared groups of G and NG students (aged 11-14) on three processing tasks: simple RT (SRT), 8-choice RT (CRT), and
discrimination RT (DRT) based on the odd-man-out paradigm (described in Chapter 2,
p. 30). Figure 12.4 shows the results for mean RT (panel A) and for intraindividual variability (RTSD) (panel B). The NG-G differences in both the mean RT and the SDRT
increase as a function of task complexity. Although the differences may appear small in
absolute magnitude, in terms of effect size (ES = mean differences between the groups
divided by the average SD within groups) the ES is approximately .25 on SRT, .75 on CRT,
and 1.30 on DRT for both the mean RT and the mean SDRT. The long-term effects of this
magnitude of differences in speed of information processing over an extended exposure to
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(NG) groups on each of three cognitive tasks: Simple reaction time (SRT), Choice RT
(CRT), and Discrimination RT (DRT). (From Kranzler et al., 1994.)
many learning experiences easily accounts for the marked superiority in general knowledge and other cognitive skills and achievements accrued by G as compared with NG
pupils with equal opportunities over any given period of time.
What has not yet been determined is whether the highest levels of the g dimension that
can be convincingly assessed by standardized psychometric scales are measurable by
speed of information processing on relatively simple chronometric tasks. Within the range
of standardized psychometric IQ up to about 160, there seems to be no departure from a
linear relationship between IQ and either CRT or DRT. More extraordinary levels of a specific kind of cognitive performance probably represent some quite specialized and highly
focused investment of g in a very narrow sphere of cognition. Shakuntala Devi, one of the
most astounding numerical calculators in the world, for example, tested only within the
average range for college undergraduates on both psychometric and chronometric tests,
except for the one chronometric test based on a numerical version of the Sternberg paradigm, which measures the speed of STM scanning of series of 1-7 digits. Devi's performance did not show the typical Sternberg effect (a linear increase in RT as a function of the
number of digits presented), a phenomenon that has always appeared in the hundreds of
undergraduates tested under exactly the same conditions (Jensen, 1990). Scanning even as
few as seven digits in memory is evidently performed by some quite idiosyncratic process
by a numerical savant like Devi, who could mentally calculate the 20th root of a 200 digit
number in less than one minute.
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Surpassing Talent
I have not found an application of chronometric methods to the study of individual differences in special talents, such as aptitude for musical and artistic performance p e r se.
The nearest thing to it is the Seashore Musical Aptitude Test and its similar offshoots,
which objectively measure variables involving time, such as thresholds of pitch discrimination (measured in hertz) and durations of tones (in millisecond). The sum of such elemental aptitudes, however, do not add up to musical talent by any means, although it is
highly likely that well above-average performance on such tests of auditory discrimination is a necessary-but-not-sufficient condition for a successful career as a professional
musician.
The most interesting use of chronometry in this realm that I have come across, however,
is in the purely objective analysis of musical performance p e r se. Music critics' evaluations
of concert performances and their characterization of different musical interpretations of
masterpieces in the standard repertoire have long been a literary art form. It typically
describes and compares, in largely musical terminology along with evocative similes and
metaphors, the critic's subjective impressions and evaluations of noted concert artists' performance of famous masterpieces. Although these highly subjective impressions have
some broad consistency and validity, they also show many differences among critics. They
are too broad-brushed for precise comparisons, leaving much of whatever properties differentiate musicians in a literary limbo of mystery. One of the typical questions in this
realm, for example, is what distinguishes the performances of the acknowledged great and
famous concert artists from those of outstanding conservatory graduates and successful
professionals. One thing is clear: it is not technical skill and accuracy p e r se. Concert audiences do not fill Carnegie Hall to hear letter-perfect renditions of their favorite masterpieces. That is mere baseline expectation, and even a few technical imperfections in
performance are overlooked, provided the audience experiences certain appealing qualities. The audience seeks a "musical experience," a kind of aesthetic excitement. But this is
strictly auditory and it comes through on recordings as much as in an observed live performance. It has nothing to do with the performer's appearance, on-stage personality,
showmanship, or publicity hype.
What are the essential features of performance itself that distinguishes the super-talents
B a Kreisler and a Heifetz, a Paderewski and a Horowitz, a Casals and a Rostropovich, a
Callas and a Flagstad, a Toscanini and a Furtw~ingler m from the performances of those
excellent professionals who never attain such exceptional acclaim?
The answer seems to lie in the entirely unique and idiosyncratic distortions of the musical score in subtle ways that evoke an emotional response in most musically sensitive listeners, a kind of aesthetic excitement. A strictly accurate, literal rendition of the work
hardly evokes such a response. The departures from literalness are not a flouting of the
composers intentions as shown in the printed musical score, but are an idiosyncratic
attempt to express the composer's inspiration. In this effort, the great performers differ
much more among themselves than do the adequate but less gifted performers. An expert
can immediately recognize whether the interpretation of a famous work is performed by,
say, Kreisler or Heifetz, Rubinstein or Horowitz, Toscanini or Stokowski. Each of these
great artists has a unique and recognizable "musical personality" that infuses virtually all
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Figure 12.5: Chronometric measurement of tempo fluctuations in two performances
(recorded live in 1951 and 1953) showing Furtw~ingler's rendition of the first movement
of Beethoven's Ninth Symphony (From Rink, 1995, with permission of Cambridge
University Press.)
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the works in their repertoire. One of the musical dimensions in which "musical personality" is most prominently expressed is in tempo and its fluctuations.
Recently, some musicologists have subjected these purely tempo aspects of musical
interpretation to entirely objective and fine-grained analysis by means of chronometric
technology applied to recorded instrumental and orchestral performances by famous
instrumentalists and conductors (Rink, 1995). A striking example of this is the analysis of
tempo fluctuations throughout the first movement of Beethoven's Ninth Symphony as
conducted by Wilhelm Furtw~ingler, generally acknowledged as one of the greatest conductors of the twentieth century. He was highly acclaimed for his interpretations of
Beethoven's orchestral works, especially the great Ninth ("Choral") Symphony, which he
recorded with several of the world's great orchestras. Although the last and most technically advanced of these recordings were made in the early 1950s, they are still in demand
by the musical cognoscenti.
A brief example of the chronometric analysis of Furtw~ingler's rendition of the first
movement of Beethoven's Ninth is shown in Figure 12.5. The ordinate indicates the tempo
within each measure of the score in standard metronome units (i.e., number of beats per
minute); the abscissa marks the measures of the musical score, which is in 2/4 time
throughout the first movement. (Shown here are only 429 measures of the total 547 in the
first movement.) Beethoven's own metronome marking printed at the beginning of the
score is 88 and if performed consistently at that tempo throughout would create a graph
with a straight line through all the measures at the 88 point on the ordinate, except for three
places in the score where Beethoven indicates a retard in just the second half of each of
these measures, which occur at different points in the first movement. Incidentally, no
major conductors observe Beethoven's metronome marking of 88, considering it a mistake, possibly resulting from Beethoven's total deafness at that time. The overall average
tempo of most conductors in this movement is about 75. But the most conspicuous feature
in Figure 12.5 is the great variability in tempo, varying almost from measure to measure.
Evidence that the tempo fluctuations are not merely haphazard or due to any lack of control of the orchestra is shown by superimposing the graphs made from two different performances two years apart (1951 and 1953) with different orchestras (Berlin Philharmonic
and Vienna Philharmonic). The degree of similarity in the tempo fluctuations of these two
performances is equivalent to a reliability coefficient of about .97. It is clear that
Furtw~ingler's unique rendition of Beethoven's Ninth (as with virtually everything else he
conducted) was entirely intentional and a result of a superb, almost magical, fine-grained
control of the orchestral forces. This degree of inducing such expressive subtleties
throughout the entire movement, however, could never be achieved merely through
Furtw~ingler's instruction and rehearsal, but must necessarily come about almost entirely
emphatically, by every player's involuntarily reflecting the conductor's individual feeling
of the musical expression. Only the greatest conductors, such as Furtw~ingler, Toscanini
and Stokowski, can induce such a wholly unique emphatic response from a great orchestra.
From a purely subjective musical standpoint the tempo fluctuations that appear so
conspicuous in Figure 12.5 seem hardly noticeable in the heard performance, yet they
evoke the important emotional features of the music that mysteriously create its subjectively moving and heroic character, making it sound peculiarly "Beethovean."

Chapter 13

Clinical and Medical Uses of Chronometry
In the quarter century since Nettelbeck's (1980) selective review of the literature on pathological conditions that affect reaction time (RT), there has been a virtual explosion of the
uses of RT measurements in this sphere. A comprehensive bibliography of medical
research studies since 1980 utilizing chronometric methods would overwhelm the entire
bibliography of this book, and an exhaustive search of the medical literature might well
turn up more references to RT than that now exist in the psychological literature per se.
For the most part, however, the many reports of the varied clinical uses of RT tests contribute little to our understanding the basis of RT correlations with other psychometric
variables, except to underline the fact that RT generally is highly sensitive to many physiological conditions that affect brain functions, which are also reflected in behavior.
Because the medical literature involving RT is so surprisingly vast, yet so specialized and
heterogeneous, no attempt is made to review it in detail or to provide specific references.
Those wishing to delve into these specialized uses of RT will find most of the literature referenced and abstracted, with an option to obtain the full articles in the Internet website
http://www. MEDLINE. com/(also medscape.com), by entering the key words with the name
of the medical condition of interest 4- reaction time (e.g., Alzheimer disease + reaction time).
Prominent among the highly diverse medical topics involving research with RT tests are:
cognitive effects of normal aging, mild cognitive impairment, senile dementia, traumatic brain and closed head injuries, mortality, under-nutrition and malnutrition in
children, eating disorders, parasitic infections, neurological effects of HIV and AIDS,
drug effects and addictions, multiple sclerosis, sleep disorders, diabetes, attention
deficit and hyperactivity disorder (ADHD), stroke, vascular dementia, degenerative
brain diseases associated with aging (Huntington, Alzheimer, Parkinson), epilepsy,
chronic fatigue syndrome, hypoxia, post-traumatic stress disorder (PTSD), psychiatric
disorders (anxiety, schizophrenia, depression, bipolar), yoga and meditation, chemical,
pharmaceutical, and nutriceutical (e.g., Gingko biloba) agents.
The most general conclusion that can be drawn from these studies is that in practically
all of the above-mentioned conditions, the proband group when compared with a control
group or a placebo control, showed statistically significant effects on RT and RTSD as
measured by the diverse RT paradigms used in these studies.
It is hardly feasible to review this vast medical literature in the present book. RT itself seldom holds center stage in the overwhelming majority of these studies, as RT is usually
included in a battery along with various psychometric tests, while the main focus is on the particular medical condition. Theoretical interpretations of the relationship between the particular medical condition and RT is typically nil or unsystematic. This does not imply that the
study itself is not of considerable importance for reasons quite aside from its findings on RT.
After my perusal of over 100 recent articles in this medical literature, it appears that the
main obstacle to a systematic review lies in the extreme heterogeneity of the chronometric
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methods used. Although they report statistically significant RT effects for a particular condition, some findings fail replication, or there are marked differences in effect size.
However, true replications across different laboratories are seldom seen. The heterogeneity
of studies includes a lack of uniformity in the paradigms, apparatuses, and procedures for
measuring RT, such that method variance alone is inevitably huge, consisting of the direct
effects of these varied testing conditions and also their statistical interactions with the great
variability among studies in the age and sex of the probands. Another uncontrolled source
of variance is the stage of development of the particular medical condition at the time RT is
measured. The many combinations of all these variables are unique to virtually every study.
Although the methodological uniqueness of a given study does not necessarily preclude its
unique validity, it makes a meta-analysis highly problematic, if not impossible. This high
degree of heterogeneity and methodological uniqueness of the vast majority of studies
clearly hinders the development of a systematic and cumulative applied science of mental
chronometry. Yet the development of such a systematic applied science could prove highly
useful in medical and pharmaceutical research, and in monitoring the effects of treatment.

Normative and Ipsative Applications
The distinction between normative and ipsative measurements is useful in discussing two
broad classes of the medical uses of chronometry: (1) diagnosis of a condition and (2)
monitoring the effects of treatment. Judging from the research literature so far, the diagnostic use of chronometry is the more problematic, particularly when it depends on normative data.

Normative Differential Diagnosis
This is the comparison of an individual's performance on a test with the average performance of a normative (or control) group, which is usually a random sample of the general
population, usually stratified by age. Even with ideally uniform methods and procedures
for measuring RT, there is still the problem that the mean RT of any large group of patients
with any kind of pathology that affects brain function will show a statistically significant
difference from the normative group's mean, regardless of the particular RT paradigm.
This phenomenon virtually rules out the comparison of a proband's RT with normative
data as a discriminating tool for any differential diagnosis of an individual's specific condition, except possibly for probands that fall at the extremes of the population norms.
Diagnostic precision might be moderately improved by stratifying the normative sample
by age, IQ, education, occupation, and other major correlates of RT in a random population sample whose mean RT for a given paradigm reflects a multitude of variables that
affect RT in general.

Ipsative Diagnosis
This is based on the individual's pattern or profile of scores on a number of different tests,
all measured on a common scale. The individual is his or her own "control." Although the
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overall average of the scores itself might be of diagnostic significance in its own right, the
particular profile of high and low scores on the separate tests (e.g., different RT paradigms)
offers the possibility of greater diagnostic specificity. But the kind of research that would
be most informative regarding this possibility has not yet been done. First of all, it would
call for a factor analysis in a normally diverse population, of a number of standard RT paradigms to determine the extent to which they reflect different latent factors besides the
large general factor, or g, that appears to be common to all RT paradigms. To make this
determination, it would require at least three forms of tests intended to measure the main
information processing feature of each paradigm. For example, say we have three or more
different forms or stimulus modalities of (a) the inspection time (IT) paradigm for measuring stimulus intake speed, (b) the Hick paradigm measuring RT of stimulus apprehension (SRT) and choice (CRT), (c) the Sternberg paradigm measuring RT for retrieval of
information in STM, (d) the Posner paradigm measuring RT for retrieval of information
from long-term memory (LTM), and (e) one or more dual task paradigms that reflect working memory capacity. The modality or type of information content would differ within
each form of the RT paradigm. The question addressed to a factor analysis then is whether
individual differences in each of these paradigms actually represent substantial uncorrelated factors, in addition to their one common factor. A nonsignificant or even very small
factor for any particular paradigm would make it of questionable value as a discriminating
diagnostic screening test in the general population. This paradigm, however, might still
discriminate a pathological brain condition that is very scarce in the general population.
For example, in a normal population, visual memory span and auditory memory span are
perfectly correlated (after disattenuation), thus representing a single common factor. But
the visual and auditory spans are almost totally uncorrelated in certain kinds of brain damage. Similarly, different RT paradigms that are not factor analytically distinguishable in a
normal population could possibly show unique profile differences that would distinguish
various brain pathologies. Some of the chronometric studies of Alzheimer disease and
Parkinson disease, for example, note that Alzheimer mainly slows RT (decision time),
reflecting cognitive impairment, whereas Parkinson mainly slows movement time (MT),
reflecting impaired motor control.

Criterion Analysis
One of the possible factor analytic methods for discovering the particular RT paradigms
that may have unique diagnostic significance for a given well-defined and clearly identified condition is known as criterion analysis (Eysenck, 1950). It requires a normal control
(C) group and a proband (P) group that has been diagnosed for a given condition as accurately as possible by the best means currently available. A factor analysis is performed on
a battery of diagnostic tests (both chronometric and psychometric), including the pointbiserial correlations of the C and P groups (quantized as 0 and 1) with each of the variables. An unrotated principal factor analysis reveals the location of the diagnostic criterion
in the factor space, indicating the factors and tests most closely associated with the C-P
distinction. Rotating the factor axes so that one of them passes directly through the C-P
criterion further identifies the particular test variables that most strongly reflect the diagnostic criterion.
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Reaction Time and Movement Time

The RT literature is made problematic by the inconsistency across studies to employ methods that distinguish between the cognitive decision and the motor components of the task,
treating them as if they are equivalent or indistinguishable. This occurs for all methods that
measure only a single overt response to each presentation of the reaction stimulus (RS),
thereby combining two different time components in the single measurement. But the decision and motor components clearly represent different latent traits, so combining them into
a single measure will attenuate their distinctive significance. Three distinct time components are empirically measurable by the method that, on the occurrence of the RS, requires
the subject to (A) release a home button which is the same for all tasks and (B) to press a
selected response button. The total measured time for A when it is followed by B is called
the RT or decision time (DT). The interval between A and B is the MT. But A actually consists of two distinguishable time components: (A1) the time for perception and encoding
of the RS and the cognitive information processing operations involved in making the correct discrimination and choice response and (A2) preparation time or programing for the
specific motor response called for by the RS. Thus RT = A1 +A2. The time interval A2 is
measured by requiting the subject to release the home button on the appearance of the RS,
but not to press any response buttons (all of which may be completely covered). The nonmotor or strictly cognitive information processing component of RT, then, is measured by
subtraction: A1 = RT-A2. In the Hick paradigm, at least, the motor preparation component of RT is typically quite small compared to the cognitive component, so it is usually
not determined (Jensen, 1987a). Theoretically, however, it would be valuable to know just
how factor analytically distinct the motor preparation time is from the strictly cognitive
processing time.
RT and MT are factor analytically distinct factors. Also, while RT shows large mean
variations as a function of differences in the cognitive complexity of the purely information processing demands of the task, MT reflects this aspect only if the cognitive demands
are also associated with considerably greater perceptual-motor demands on the response
panel per se. The slight but significant correlation (r<.30) often found between RT and
MT has not yet been thoroughly analyzed, but their small common factor does not seem
to be g but rather some task specific factor not even identifiable as a true factor common
to different RT-MT paradigms. The low correlation of MT with IQ, which unlike RT does
not increase as a function of task complexity, could well be what has been termed an
extrinsic correlation m a correlation without any functional connection between the two
extrinsically correlated variables (Jensen, 1998b, pp. 139-143). The correlation between
height and IQ is an example of extrinsic correlation, as shown by the fact that although
these variables are correlated about + .20 in the general population, there is zero correlation between height and IQ among full siblings, which proves that there is no functional
relationship between height and IQ. The correlation between MT and IQ could be of the
same nature; but this hypothesis has not yet been tested. It could be most rigorously tested
in a reasonably large sample of dizygotic twins, which would obviate any statistical corrections for age differences as would be required if ordinary siblings were used. (The
genetic logic and analytic methodology for this kind of study are explained in the above
reference, p. 141.)
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Monitoring Cognitive Change
The practical application in health care for which chronometry is probably most ideally
suited is monitoring temporal changes in cognitive functions in (a) the normal course of
aging, (b) the progression of some brain pathology that affects cognition, and (c) the
response to treatment by drugs, physiotherapy, or other remedial interventions. Also, many
drugs that are prescribed for ailments other than a cognitive condition can also have a sufficiently significant effect on cognition to call for monitoring, especially if the effect is
related to activities of importance in the normal course of the patient's life, such as work
efficiency, persistence, and attentional vigilance.
Compared to conventional psychometric tests, chronometry is especially well suited for
all these purposes because of its high sensitivity for detecting variation in cognitive efficiency and its virtually unlimited repeatability.
The sensitivity of RT is attested by the fact that it is affected by small doses of stimulants or depressive drugs (e.g., caffeine and alcohol), normal diurnal metabolic fluctuations
in body temperature, and the effects of physical (aerobic) exercise. Also, some RT measures have been shown to reflect early signs of mild cognitive impairment even before this
condition can be detected by clinical assessment using conventional psychometric tests of
memory, such as the memory test.
The repeatability of RT tests is probably their greatest advantage in monitoring cognitive efficiency. One and the same RT test (or a virtually unlimited number of practically
exact equivalent forms) can be administered repeatedly, unlike the conventional tests based
on items calling for specific knowledge or skills or the solution to problems that can be
retained in the subject's memory or can be improved upon from one administration of the
test to each subsequent administration.
Establishing an Individual's Reaction Time Baseline

Ideally, from a medical diagnostic standpoint, every individual's general physical examination would include a chronometric screening of several basic cognitive functions that
can be measured efficiently with a set of computer-administered RT-MT paradigms. The
interpretation of the results obtained on each subsequent physical exam depends, of
course, on initially establishing the given individual's baseline performance on each of
the RT tasks over a period of several days, preferably under drug-free conditions and at
the same time each day. The sensitivity of the highly accurate chronometric measures (in
milliseconds) results in their considerable fluctuations from day-to-day and even at different times of the same day. Therefore, after sufficient practice trials on a given paradigm
have been administered until familiarization with the task is assured and the initially large
practice effects have leveled off, the individual's normal day-to-day variability can be
determined as the level of "noise" above which that individual's RT must differ for it to
indicate statistically significant change. It is analogous to noting changes in a person's
weight or blood pressure on each periodic exam, as these measures, too, normally fluctuate around that person's central tendency. Because there are individual differences in
the person's normal temporal variability, it must be taken into account for each person. At
present, we do not have satisfactory normative data on intraindividual differences in daily
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fluctuations in the RT obtained on the several classic RT paradigms, although such normative data for given age groups would be most useful. At present, however, such norms
would hardly be worth obtaining unless truly standardized methods of chronometric
measurement were generally adopted, though alas, this desideratum has not yet been reali z e d - more than a century since Donders (1868/1969) introduced mental chronometry
to psychology! The importance of achieving such standardization is the entreaty of the
following chapter.

Chapter 14

Standardizing Chronometry
The history of science is replete with evidence that important theoretical advances in
empirical disciplines often depend on the development of highly standardized methods for
measuring the phenomena under investigation. Universal agreement among scientists on
the standardized CGS (centimeters, grams, seconds) units of measurement was essential
for the remarkable progress of the physical sciences in the nineteenth century.
Standardized measurement will be similarly important for the advancement of the behavioral and brain sciences in the twenty-first century.

Psychometric Standardization
In traditional psychometrics, test standardization has two main features: (1) administering
the test follows a standard procedure with explicit instructions for testing individuals qualified to take the particular test in terms of age, ability, language, and educational background. (2) The test is standardized, or "normed" in a sample of some clearly defined
population (the normative sample). The distribution of raw scores in the normative sample
is the basis for deriving standardized scores such as percentile ranks or Z scores (or some
linear transformation of Z, such as IQ). The scores derived from this standardization are
wholly unique to the particular test and the normative sample. Individuals who score in
widely different ranges of the total distribution may not even have taken the same items
because many are either too easy or too difficult to contribute reliable variance outside a
very narrow range of ability. Both the raw scores and any standard scores derived from
them constitute an ordinal (rank order) scale. Any monotonic transformation of these
scores remains an ordinal scale. Score intervals throughout the range are not necessarily
equal units of the variable being assessed, nor are the interscore intervals necessarily
equivalent to those of any other specific test intended to measure the same variable. Rank
scores on different tests, however, can be very highly correlated even if they are not numerically equivalent, but the only standardized or constant features of psychometric tests are
the test materials and the explicit administration procedure.

Chronometric Standardization
Here, both historically and at the present time, the only standardized feature, ideally, is that
in all chronometric studies the units of measurement are standardized as seconds (usually
registered in terms of milliseconds) in the international CGS system. The timing mechanisms of present-day chronometric apparatuses are presumably accurate within a margin
of error at the most of a few milliseconds. These units of time of course constitute a true

238

Clocking the Mind

ratio scale, with all its noted advantages. At present, this is virtually all that is truly standardized in chronometric research.
Method Variance
In examining the chronometric test apparatuses improvised by many psychological laboratories in America, Europe, and Asia, I have found diversity even among apparatuses
intended to measure response times (RTs) for nominally the same elementary cognitive
task (ECT), for instance, differences in the angle of the response console, the size of the
push-buttons and the force they require, and the degree of stimulus and response compatibility. These seemingly small differences between apparatuses used for nominally
the same ECT yield consistently different absolute values of the sample means and standard deviations (SDs) of RT and movement time (MT), even though the distinctive pattern of the statistics for a given ECT generally remains ordinally the same across
different apparatuses.
The discrepancy in the absolute measurements of nominally the same variable constitutes method variance. We have little knowledge of its overall magnitude in the chronometric research literature, although it is probably considerable.
From a scientific standpoint, method variance is unacceptable. It is confounded with
subject-sampling variance and also interacts with the experimentally manipulated variables in any given ECT, making it impossible to know how much of the variation between
studies from different laboratories consists of subject-sampling differences and how much
is due to variation in the RT apparatuses and testing procedures. Of course, this adulterates
the unique precision and generality of chronometric ratio-scale measurement, which are
especially consequential for differential psychology (Jensen, 2004b). There is enough
uncontrollable error variance in psychological research without allowing this tractable
source of method variance to persist.
The solution is to standardize the chronometric apparatus and the testing procedures.
Establishing norms for a given population is not intrinsically essential for most chronometric research, yet it may serve special purposes such as studying population trends in
cognitive abilities or assessing an individual's cognitive status among a normative sample
of age peers.
The summum bonum of having standardized chronometric methods in differential
research, however, is that statistical differences between studies of nominally the same
chronometric variables exclude method variance as much as possible and represent only
variance between subjects and between explicitly different experimental conditions.
Measurements representing absolute values in mental chronometry then would be directly
comparable across studies conducted in different laboratories. They would be equivalent
to standardized measures of physical variables that are universally accepted in the natural
sciences. In principle, the same subjects should show numerically identical true-score
measurements when they are obtained in different laboratories. This is a much more
demanding and scientifically valuable criterion for RT measurement than simply finding
that the data and statistics obtained across various studies based on different apparatuses
and procedures are only ordinally similar.
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Desiderata for a Standardized Chronometric Apparatus
It would be desirable, if possible, for an international consortium of chronometric
researchers to agree on the important features to be incorporated in a uniform, standardized apparatus and procedure that are recommended for adoption by all laboratories
engaged in chronometric research. To set this prospect in motion, it might be useful to outline the main methodological problems that should be considered. Granting that present
proposals are arguable and many details remain to be worked out, I shall not hesitate to
voice my opinions on the critical issues.
The aim of chronometric standardization incorporates two main features: (1) a uniform
standard RT apparatus consisting of a display screen for presenting the response stimuli
(RS) of various standardized ECTs, along with the subject's response console for registering RT accurately in milliseconds; and (2) a set of explicit procedures for obtaining
chronometric data with this apparatus.

Procedures
Explicit uniform instructions for taking the particular ECT would be given by the examiner. A set number of practice trials on the task would precede the test trials. When it is
questionable that the subject has understood the task, instructions are repeated and additional practice trials are given and recorded. Practice trials should be typical of the RS
items used in the test trials and should be presented (or repeated) in a different random
sequence to prevent the subject's memorizing nonessential features of the task (e.g., the
serial order of the RS). All practice trials are recorded as such.
The number of test trials to be given depends on the reliability of the summary measures of the subjects' RT performance required for testing the hypothesis of interest in the
particular study. Many RT studies in the past were based on very limited samples, resulting in statistical type 2 error (i.e., not rejecting the null hypothesis when it is false).
Whichever ECT is used as the primary focus of the particular investigation, an essential element in describing the subject sample in addition to the usual descriptors such as
age, sex, education, or other demographic variables, is the descriptive statistics on the
study sample's RT performance on brief tests of simple and choice RT and MT. This information based on standardized apparatus and procedure serves as a primary gauge, or baseline, for anchoring a particular subject sample's SRT and CRT, allowing comparison with
subject samples in other studies. This summary information should be routinely reported
in the appendix of every published study.

Apparatus
Detailed descriptions and specifications of apparatus are inappropriate in the present context, but a few conditions should be considered regarding the stimulus display screen and
the subject's response console. These features are crucial for standardization.
The subject sits in front of the display screen in a secretarial chair (without arm rests)
adjustable for height to ensure the subject's comfortable view of the screen when it is tilted
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at about a 45 ~ angle in relation to the horizontally placed response console directly in front
of the display screen.
The display screen involves the variables of (a) size, (b) background color and contrasting stimulus color, (c) luminosity of the displayed stimulus and the ambient lighting
in the testing room, and (d) the screen's refreshment time for the displayed stimuli.
Comments on the above: (a) the screen should not be too large, preferably about 25 cm 2.
(b) RT is relatively sensitive to variation in visual-perceptual conditions, so the screen background should preferably be either white, blue, or black, with a uniformly contrasting color
of the displayed stimulus. The aim is to minimize the effect of individual differences in
color discrimination per se. (c) The luminosity of the display should be uniformly standardized to an optimum level, which is yet to be determined. The same goes for the ambient lighting, which can be checked with a photometer and adjusted with a rheostat. (d)
Refreshment time is the speed with which a stimulus completely vanishes from the display
screen to be followed immediately by another stimulus in the same location. Minimal
refreshment time is critical for tests of individual differences in perceptual intake speed such
as the inspection time (IT) paradigm. The fastest refreshment time that can be achieved with
today's most advanced computer technology is probably adequate, but to attain maximum
precision in measuring individual differences or subtle systematic intraindividual fluctuations in IT a display screen using light-emitting diodes (LEDs) might still be necessary.
Response consoles are probably the most variable component among the apparatuses in
current use. Each consists of one or a combination of several genetic properties: there are
three main types of response consoles.

The standard computer keyboard This typically calls for a press rather than a lift
response and seldom controls which hand or fingers the subject uses for making the
response. The four cursor keys are most frequently used. Because these keys are on the
fight-hand side of the keyboard, they possibly favor fight-handed subjects. MT is typically
not measured independently of RT, thus losing response information of value in the data
analysis. RT and MT should not be amalgamated as one measurement because RT and MT
are distinct factors that interact differently with other cognitive and motor skills, and with
age. Subjects differ markedly in their familiarity with the standard keyboard, a difference
that cannot be overcome by a few practice trials. The standard keyboard generally fails to
control irrelevant variation in the subject's method of response, which inflates the measurement error variance with an error component that is largely avoidable. Using more than
one finger of one hand for either RT or MT also introduces avoidable error variance. An
even more undesirable condition is to require responses to be made on a set one of two or
more of the keys by poising different fingers of one or both hands over a designated set of
keys. All fingers are not equal! Subjects also find it distracting or confusing to have the
whole complex keyboard exposed when only a few keys are needed for the particular task.
Of course, all of the unused elements on the keyboard can be masked out, but this
makeshift is time wasting and inelegant. Many obvious disadvantages of using a computer
keyboard as the response console make it the least desirable choice for minimizing irrelevant and unwanted sources of variance in chronometric measurements.
It is most desirable to keep the strictly response requirements of the various RT paradigms as simple and uniform as possible. Otherwise one confounds the task's stimulus
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complexity and response complexity, which have independent effects on RT and MT.
Ideally, only one and the same response (preferably lifting the index finger of the preferred
hand) on one and the same push-button is required for absolutely every paradigm or ECT,
thereby allowing only variation in response latencies. This crucial condition requires a specialized response console.

Specialized response console This simple binary response console could also be called a
generalpurpose console, because so many different tasks and problems can be presented in a
strictly binary fashion (see Figure 2.4). Designed for use with each and every RT paradigm in
which the response can be expressed as a binary choice, its central and essential feature is the
home button (HB). A trial on any given RT paradigm begins with the subject's index finger of
the preferred hand lightly pressing down on the HB, which is centrally located equidistant
below the choice response buttons (CRBs) on the response console. Then, following an auditory preparatory signal (PS), the response stimulus (RS) appears on the display screen; the
subject evaluates the RS and responds by releasing the HB and pressing the particular
response button (RB) on the console representing the appropriate choice response. These discrete events occurring within every trial create four distinctly measurable time intervals:
HB-PS (a constant 1 s).
PS-RS (called the preparatory interval, it is usually a continuous variable of 1-3 s randomized over trials.
RS-HB (after the occurrence of the RS, the subject releases the HB. This interval is the
RT or decision time (DT)).
HB-CRB (after releasing the HB, the subject presses the CRB. This interval is the MT).
Caveat. The use of RT apparatuses constructed by different laboratories, even when they
follow specifications intended to produce clones, is a doubtful means for insuring the benefits of standardized measurement. My experience warns me not to expect complex apparatuses improvised independently in different psychological laboratories to be equivalent
and interchangeable in registering identical measurements of RT or MT for nominally the
same information-processing tasks. The benefits of chronometric standardization would be
best assured if every laboratory used an exactly uniform apparatus ~ display screen,
response console, and computer programs ~ all produced by the same manufacturers.
Standardized Elementary Cognitive Tasks
In addition to a standardized apparatus, it would also be advantageous to provide standardized computer programs for a number of classical paradigms, which were originally
intended to measure the speed of various information processes. A number of such paradigrns are described in Chapter 2. Responses to most of them can be accommodated by a
single binary choice response console consisting of an HB and two RBs. The binary choices
to be made in response to a given paradigm (such as yes-no, true-false, same-different,
etc.) can be readily changed by placing magnetized labels adjacent to the particular CRBs.
Specific paradigm programs are not hardwired in the apparatus itself. Computerized
programs are inserted on easily changeable diskettes. The computer-controlled RT apparatus would require relatively little storage capacity, because each subject's RT, MT, and
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errors on all practice and test trials are immediately recorded on a diskette for later analysis by any computer that accommodates the commercially available statistical programs.
The RT tasks, most appropriate for standardization at present are the classic paradigms;
most of them are described in Chapter 2 (also see subject index). These tests are intended
to measure perceptual intake speed (IT); simple and choice RT; RT as a function of information load measured in bits (the Hick paradigm); simple discrimination RT (odd-man-out);
scanning speed in short- and long-term memory (the Sternberg and Posner paradigms);
and the speed of simple visual scanning (Neisser paradigm); the dual-task paradigm, the
semantic verification test (SVT), running-memory tests based on various classes of stimuli: verbal, numerical, abstract spatial, pictorial, and facial stimuli.
Also recommended is the development of a chronometric measure of vocabulary. Its
rationale is that although the test words are relatively common, thereby minimizing
response errors, the RTs can estimate the subject's total vocabulary. This chronometric
spelling test consists of presenting singly on the display screen a succession of both single
words and nonwords (paralogs), to which the subject responds by leaving the HB and pressing the Yes button or the No button to indicate whether or not the presented item is an actual
word. Familiar, high-frequency words (e.g., classified as AA in the Thorndike-Lorge (1944)
word count) are randomly interspersed with an equal number of paralogs, which look like
words and are easily pronounceable letter combinations of the same lengths as the actual
test words, but are not in the unabridged English dictionary or a dictionary of slang). RT,
MT, and response errors are registered separately for words and paralogs.
To enable the discovery of latent traits in the chronometric realm, there should exist at
least two or three distinct forms of essentially the same paradigm but differing in content,
such as verbal, numerical, abstract spatial, and pictorial. Every paradigm should have a
standardized procedure for administration, departures from which, of course, would disqualify it as a standardized measurement.
Each RT paradigm should also have a programmed option for informative feedback
(visual or auditory) on response errors. Generally, however, in most RT testing informative
feedback is omitted, as it often distracts and interferes with sustained attention, slowing the
mean RT (RTm) and inflating the standard deviation of RT (RTSD). Informative feedback,
however, is useful, for example, if the experimenter wishes to shift the subject's performance toward some targeted level of speed/accuracy trade-off.
The only standardized absolute constant in the whole arrangement (besides the administration procedure) is the RT apparatus itself m the display screen and response console.
While it is most useful, even essential, to have standardized programs of the classic paradigms, the standardized RT apparatus would permit researchers to devise novel paradigms
needed for testing a particular hypothesis. All new programs, of course, should be
deposited in the office of the journal that published the research or in a special repository
for chronometric programs and data, which would provide copies on request.

Individual Statistical Summary Scores
Although the subject's specific raw data over all trials would be recorded on disc, it would
be useful if the apparatus also delivered certain basic summary measures of an individual's
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overall performance in a given set of trials. The most informative summary statistics to be
registered on disc and to be immediately printed out for the tester's inspection are: (1) the
number (n) of test trials, (2) the error rate (number of errors/n); and, separately for both RT
and MT: (3) the mean, (4) median, (5) SD, and (6) mean-squared successive differences
(see Chapter 4, p. 67).
Other derived scores or complex-scoring formulas should be viewed with suspicion, as
they may be purely ad hoc and without any theoretically interpretable metric. Some
derived scores may also lose the advantage of ratio-scale units. Such derived scores are
usually the result of attempting to combine too many performance parameters into a single composite score. Examples are seen in some scoring formulas that arithmetically combine measures of speed (RT) and accuracy (error rate). Because errors and times (RT or
MT) are conceptually different dimensions with different units of measurement, attempting to combine them by any particular formula must either be theoretically justified or altogether eschewed. There are scientifically meaningful concepts, however, that combine two
qualitatively different units of measurement, such as measuring the acceleration of gravity
in terms of m/s/s. Decisions concerning the treatment of speed and accuracy of responses
depend mainly on the hypothesis or theoretical model of the behavior under consideration.
When both speed and response accuracy are key variables, it is usually best to measure the
basic RT parameters separately for correct responses and error responses. (The treatment
of response errors is discussed in Chapter 4, pp. 69-70.)

Combining Time Measures
Suppose that we have measures of RT or MT obtained on a battery of several experimentally independent tests, and we want to combine them all as a single score that preserves
the advantages of ratio scale and the units of the original measurements. There are three
proper ways for doing this:
(1) Calculate the simple arithmetic mean of the individual RT measures on all of the tests
(only provided that all the raw measures are in the same absolute metric units, e.g.,
milliseconds). With ordinary psychometric test scores, however, the raw scores on
every test, which have numerically arbitrary means and SDs, must all be transformed
to standardized scores having the same mean and SD (e.g., Z scores).
(2) Perform a multiple regression analysis, provided there is a reliable criterion that we
want to predict from scores on a number of different tests. The regression analysis
determines the optimum weights for each of the predictors when they are combined in
a weighted composite score that achieves the largest possible multiple correlation with
the criterion variable that can be obtained with the given set of predictors.
(3) If there is no particular external criterion variable that we wish to predict, we can
derive a weighted composite score that best represents the whole test battery in terms
of having the maximum variance obtainable with the given set of tests. This is a principal components analysis of the n test variables. It must be performed on the variance-covariance matrix (not on the correlation matrix) if the ratio-scale units of
measurement are to be preserved in the principal component scores. The first principal component (PC1) is the weighting factor that yields unidimensional composite
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scores with the largest variance that can be derived from a given battery of tests. Only
by factoring the covariance matrix (with the test variances in the main diagonal)
instead of the correlation matrix (which is simply the Z-standardized covariance
matrix), is the ratio-scale advantage of chronometry fully realized. A components
analysis performed on correlations, however, converts the true zero point of the measurement scale to some arbitrary and unknown value, in effect degrading the component scores from a ratio scale to an ordinal scale (see Chapter 8, pp. 140-146 on
chronometric factor scores.)

Toward a Science of Mental Chronometry
Chronometry is a uniquely valuable instrument for measuring interindividual and intraindividual variation in many cognitive phenomena. Even though the basic time measurements obtained in laboratories worldwide are accurately scaled in identical units (viz.,
milliseconds), the unique apparatuses and procedures used in different laboratories systematically infest the data with unidentified and unwanted method variance. Without standardized measurement across all chronometric laboratories, we lose the vital benefit of a
truly cumulative science. For this reason, the potential advantage of chronometry's usefulness as an investigative tool in the behavioral and brain sciences has not been fully realized. Its promise for research in the behavioral and brain sciences, however, is apparent in
the recent uses of chronometry in laboratories here and abroad.
It is wrong, however, to conceive of chronometry as just an adjunct to psychometry, or
as a substitute. Psychometry, which is now a highly developed quantitative and statistical
technology, is commonly regarded as perhaps the most impressive achievement of modem
applied psychology. The time/cost efficiency and practical validity of psychometric tests
amply prove their utility. Hence, there is no need for chronometry to assume most of the
typical purposes of psychometric tests. Neither should psychometrics be regarded as a
higher court to which chronometry must appeal for scientific status.
It is a fact that certain chronometric measures are correlated with various external psychological and physiological variables and therefore may provide a precision tool for their
absolute scale measurement and detailed process analysis. But we should recognize that
chronometry can also stand by itself, revealing a natural domain of scientific interest in its
own fight, calling for empirical analysis and explanation. It is obviously important to
understand the intrinsic natural properties of individual variation in the different chronometric measurements themselves, regardless of whatever degree of correlation they might
have with our psychometric tests. Information gained from the investigation of chronometric measures as such seems essential for their usefulness in scientific research on psychological variation as well as in their practical applications, such as the diagnosis and
monitoring of treatments in medical conditions that affect brain functions.
Here are a few examples of the intrinsic questions concerning the most frequently used
chronometric variables that presently loom in need of definitive answers that can be
attained only through specifically aimed studies.
The nature of the relationship between RT and MT is especially puzzling. Despite the
uniformly high reliability of both RT and MT, the RT-MT correlations in different ECTs
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are highly erratic, ranging from .00 to .30 or .40. In some ECTs, such as the SVT, RTm
shows a strong relationship to task complexity, whereas MT does not vary in the least
with task complexity. RT-MT correlations also range widely with age, the scatter diagram showing a U-shaped function across age groups from childhood to the elderly. Since
RT itself necessarily involves some degree of motor response as well as cognitive processing, is RT contaminated to varying degrees with the same motor aspect that is measured by MT? Or does the cognitive aspect of RT "spill over" into the measurement of MT
in subjects who solve the ECT in mid-air, so to speak, while moving a hand from the HB
to the selected RB? Or does RT simply reflect Fitts's law, which states that the RT to the
subsequent performance of a motor task differs as a function of the complexity of the
task? But then it is puzzling to find that increasing the number of response alternatives in
the Hick paradigm, which increases the task's perceptual-motor demands, shows a strong
relationship to RT, but shows no relationship whatever to MT. By completely omitting the
MT response in the Hick paradigm, Hick's law still holds perfectly for RT; that is, the
overall RTs are slower for the larger number of available response alternatives. In largescale factor analyses, RT and MT load on uncorrelated factors, and in relation to psychometric factors RT has strong loadings on g as contrasted with the virtually zero g loadings
of MT, which loads significantly only on a factor that exclusively represents MT as measured in various ECTs.
Yet, significant first-order correlations between RT and MT of around .30 are also
found in many studies. Are these RT-MT correlations merely extrinsic, like the wellestablished correlation of about .20 between height and IQ, although there is absolutely
no functional relationship between these two variables? If there were a functional relationship between RT and MT, it should show up in a large sample of dizygotic twins. One
member of each twin pair would, on average, consistently score higher than his or her
cotwin on both RT and MT. In other words, there would be a significant within-family
correlation between RT and MT. In the absence of a within-family correlation, the population correlation between RT and MT would simply represent genetic heterogeneity in
the population along with some common assortment of the particular genes that separately affect RT and MT. If this were indeed the case, it would further underline the
importance of measuring RT and MT as distinctly as possible, and the measurement of
MT, which appears to be a wholly noncognitive variable, would still be most useful for
statistically removing or minimizing the purely motor contaminants from the RT measurements of cognitive speed. This should not imply that MT might not have other important correlates outside of the cognitive sphere. These are yet to be discovered. What now
is most needed is the secure establishment of these seemingly inconsistent relationships
between RT and MT and the formulation of a unified empirically testable theory that can
accommodate them all as well as predict as yet undiscovered phenomena involving RT
and MT. Scientific progress, in part, is a battle against the proliferation of narrowly specific ad hoc theories concocted to explain each and every newly observed phenomenon,
like having one theory to explain why a thermos keeps liquids hot and another theory to
explain why a thermos keeps liquids cold.
Another intrinsic question for theoretical analysis concerns the perfect disattenuated
correlation between individual differences in the RTm and the RTSD over n trials. What
causes this correlation? Is either of these variables causally primary u the speed of RT per se
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or the intertrial consistency of RT? This question quickly leads to questions about the neurophysiological basis of mental speed. The answer is still speculative. Is it nerve-conduction velocity (NCV), which is known to be related to the degree of myelination of axons
constituting the brain's white matter? Or is the causal factor the total number of neurons
involved in information processing, so that the greater the number of neural pathways and
their dendritic arborization involved in any particular cognitive task, the greater would be
the reliability or consistency of the neural impulses that lead to evoking a correct response?
Are the neural impulses cyclical, with individual differences in the period of the cycles
such that faster cycling speed results both in faster RT and smaller RTSD? If the action
potentials for response evocation are consistently cyclic and the cycle time differs between
individuals, it could explain the reliable individual differences in RTSD. RTSD could also
reflect a purely random intertrial fluctuation of potential but with consistent individual differences determining its maximal-minimal limits.
These are merely two examples of the kinds of basic questions that are intrinsic to
developing a science of mental chronometry. Further examples can be gleaned from previous chapters. But one hesitates to urge further basic chronometric research without first
assuring the benefits of exact replication and generalizability of the results afforded by a
standardized apparatus and procedure. Given such standardized conditions, however,
chronometry provides the behavioral and brain sciences with a universal absolute scale for
obtaining highly sensitive and frequently repeatable measurements of an individual's performance on specially devised cognitive tasks. Its time has come.
Let us get to work!
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