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The great tragedy of Science—the slaying of a beauti-
ful hypothesis by an ugly fact.

– T. H. Huxley
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David K.Makes aMistake

• Interest in reaction time began in the eighteenth century,
when an assistant at the Royal Observatory in England
was fired because his reaction times did not agree with his
employer’s reaction times.
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David K.Makes aMistake

• Astronomers in those days recorded the time and position
of astral events by observing when a celestial body crossed
a line in the eyepiece of their telescope.

• A nearby clock ticked every second, and the observer was
expected to note the crossing time to the nearest tenth of a
second.

• When the crossing times of Kinnebrook, the unfortunate
assistant, were checked by his boss, they were always too
great.

• Kinnebrook was warned but could not shorten his
observation times, so he was fired.
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David K.Makes aMistake

I THINK it necessary to mention that my Assistant, Mr. David
Kinnebrook, who had observed the transits of the stars and planets
very well, in agreement with me, all the year 1794, and for great
part of the present year, began, from the beginning of August last, to
set them down half a second of time later than he should do, according
to my observations; and in January of the succeeding year, 1796, he
increased his error to 8/10ths of a second. As he had unfortunately
continued a considerable time in this error before I noticed it, and did
not seem to me likely ever to get over it, and return to a right method
of observing, therefore, though with reluctance, as he was a diligent
and useful assistant to me in other respects, I parted with him.

– Reverend Nevil Maskelyne
Greenwich Observations (Volume 1787–1798, pp. 339-340)
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TheABC of Reaction Time

• A German astronomer, Bessel, heard of Kinnebrook’s
firing and wondered whether the difference between the
crossing times of Kinnebrook and his boss was caused by
something other than incompetence.

• Bessel suspected that people might observe the crossing
with slightly different reaction times.

• When Bessel and other astronomers compared their
crossing times, they consistently found systematic
differences.

• Some astronomers always made faster estimates than
others.
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David K.Makes aMistake

• This difference among astronomers in reacting to the
crossing times of celestial bodies was called the Personal
equation (人因等式), a name that highlights the fact that
people differ in their reaction times and, thus, have their
own equation for estimating crossing times.
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TheABC of Reaction Time

• The personal equation remained only a problem for
astronomers until Donders, a Dutch physiologist, realized
that he could use people’s reaction times to calibrate the
time required for various mental operations.

• Donders developed three kinds of reaction-time tasks that
are still known as Donders A, B, and C reactions.
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TheABC of Reaction Time: A

• In the A reaction, which is often called the simple
reaction, a single stimulus, say, a light, comes on, and the
observer responds by quickly pressing a key or button.

• There is only one stimulus and one response. When you
turn off your alarm clock in response to its loud signal, the
time between the onset of the sound and your depression
of the alarm button is your simple reaction time.

• Donders believed that the A, or simple, reaction provided
a baseline of the cognitive operations involved in more
complicated reactions.

• A more complex reaction is going to require what goes on
in a simple reaction, which includes sensory processes,
nerve conduction time, motor movement time, and so
forth, but it also will have additional cognitive operations.
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TheABC of Reaction Time: B

• The more complicated reactions, B and C, are also
illustrated in Figure 8.1.

• In a B reaction, which is also known as choice reaction
time, there is more than one stimulus and more than one
response. Each stimulus has its own unique response.

• As shown in Figure 8.1, the observer is supposed to make
R1 when S1 occurs and R2 when S2 occurs.

• When your car is at a traffic light, you are faced with a B
(or choice) reaction. If the light is green, you step on the
accelerator; if it is red, you step on the brake pedal.
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TheABC of Reaction Time: B

• What cognitive operations in addition to the baseline ones
are necessary for a choice reaction?

• First, you must identify the light as red or green. Then you
must select the pedal you should press.

• Therefore, a choice reaction includes the baseline
operations occurring in a simple reaction as well as the
cognitive operations of stimulus identification and
response selection.
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TheABC of Reaction Time: C

• To estimate the time required for identification and
selection, we need to determine a third kind of reaction:
the Donders C reaction, which is the bottom one in
Figure 8.1.

• Here, as in the B reaction, there is more than one
stimulus, but only one stimulus is linked with a response.

• If S1 occurs, the observer is supposed to make R1; if any
other stimulus occurs (S2), the correct behavior is to
withhold responding and do nothing.

• Waiting in line at a takeout restaurant would be an
example of a C reaction—until your number is called, you
should not respond.
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TheABC of Reaction Time: C

• What cognitive operations are needed to perform a C
reaction?

• As in the B reaction, you must identify your number when
it is called.

• However, once this is accomplished, there is no need to
select a response, since only one response is appropriate.

• So the C reaction adds stimulus selection to the baseline
operations but does not include response selection.
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TheABC of Reaction Time: C

• We can now estimate the time required for the cognitive
operations of identification and selection by subtracting
appropriate pairs of reaction times.

• The C reaction measures identification plus assorted
baseline times.

• Therefore, subtracting the A reaction time (RT) from the
C RT tells us how long identification takes.

• Similarly, subtracting the C RT from the B, one estimates
stimulus selection time, since the B reaction includes
identification, selection, and baseline times, but the C
reaction includes only identification and baseline times.
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TheABC of Reaction Time: C

• This procedure of estimating the time it takes to perform
various cognitive operations is called the Subtractive
method (减法法).

• The subtractive method using the Donders A, B, and C
reactions is illustrated in Figure 8.2.
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(Choice reaction time)
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TheABC of Reaction Time

• Early in the history of psychology, Wundt and his
students devoted much effort to studying reaction time
using the subtraction method.

• However, the method soon came under attack from
psychologists who relied on introspection as a method of
gathering data.

• Introspection (内省) was a systematic way of examining
one’s own consciousness, which was heavily used by
Titchener, the American structural psychologist, and his
students.
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TheABC of Reaction Time

• When trained introspectionists performed the Donders
reactions, they noted that a C reaction did not feel like an
A reaction plus something else, nor did a B reaction feel
like a C reaction plus something else. Instead, the three
reactions all felt completely different.

• Because many psychologists at that time thought that
introspection was a powerful tool for understanding
cognitive processes, Donders‘s subtractive method was
discredited.

• Today, experimental psychologists rely less heavily on
introspective data, and Donders’s methods provide the
basis for substantial amounts of important research and
theorizing, some of which are examined later in this
chapter.
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• The contemporary study of complex mental processes,
such as attention, tries to divide a complex process into a
set of component parts or modules.

• How can we identify these component modules? An
important criterion is Separate modification (独立修正).
This is a form of independence that occurs when one
component module can be changed without changing the
other.

• If module A, for example, response execution, can be
changed without altering the mental functioning of
module B, for example, perception, and module B can be
changed without altering module A, then the two mental
processes are separately modifiable.
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• Thus, the three components of a Donders B reaction
(Figure 8.2) are distinct and separate modules (or stages)
of information processing.

• This is a theoretical statement and needs to be confirmed
by appropriate experiments.

• If Donders was correct, then we would expect the three
stages to be separately modifiable.

• To test this theoretical model of information processing,
we must find some measure (dependent variable) that is
influenced by all the processing stages or modules.

• As Figure 8.2 shows, reaction time is such a measure.
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• But we cannot yet test separate modifiability until we first
specify how each processing stage contributes to the
measure.

• One simple combination rule is that total reaction time is
the sum of the individual stage reaction times. Because
this rule states that we should add up the individual stage
times, this method of analysis is called the Additive-factor
method (加法法).
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Confounding: Pure Insertion

• When mental processes are separately modifiable, the
addition (or deletion) of one process does not affect the
other processes.

• The method of additive factors includes the assumption
that the duration of a stage (stage-processing time) does
not depend on the duration of other stages.

• Thus, when some other mental process is added or deleted,
nothing happens to the duration of the original stage.

• This is called the assumption of pure insertion (纯粹插
入): A mental module can be added or deleted without
altering the duration of other modules.
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Confounding: Pure Insertion

• It is important to realize that while Donders stage model
predicts an ordering of A, B, and C reaction times, it does
not directly test the assumption of pure insertion.

• In mathematical terms, there are three equations and three
unknowns that are estimated by these equations.

• Since the number of equations and unknowns is equal, it is
not mathematically possible to test the validity of the
assumption of pure insertion.

• (In other words, the assumption was used to generate the
results and there are no remaining degrees of freedom to
validate the assumption.)
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Confounding: Pure Insertion

• While early researchers rejected the assumption of pure
insertion based on introspective reports (Kulpe, 1893),
contemporary researchers prefer more objective tests of
behavior.
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• Thus, it might prove helpful to add another measure in
addition to reaction time.

• Response force (按键力度), the amount of pressure
exerted on a response key, has been shown to be a useful
additional measure in studies of human information
processing.

• For example, response force increases as stimulus intensity
is increased (Miller, Franz, & Ulrich, 1999) and can even
be observed and related to independent variables when no
overt response is demanded and reaction time cannot be
measured (Kantowitz, 1972).
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• A series of five experiments that measured both RT and
force-dependent variables for A, B, and C reactions was
conducted by Ulrich, Mattes, and Miller (1999).

• Their first experiment presented a visual stimulus (green
LED) either to the left or right of a central fixation point.

• For the A reaction, participants responded to either light
with the same hand.

• For the B reaction, they responded to the left light with
their left hand or to the right light with their right hand.

• Figure 8.3 shows their results. B RT was significantly
higher than A RT, as we would expect.
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Confounding: Pure Insertion

• However, integrated force (the area under a curve showing
force as a function of time) did not differ for the two
reactions.

• This outcome is consistent with the hypothesis of pure
insertion, because response force is the same regardless of
type of reaction.
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Confounding: Pure Insertion

• However, there are some potential problems with this
experiment.

• Confounding (混淆) occurs when more than one
independent variable is simultaneously varied so that we
cannot be entirely sure which variable is responsible for
the outcome.

• In a standard Donders A–reaction experiment, usually
only one stimulus is mapped to the response.

• In this experiment, two stimuli (left and right LEDs) were
mapped to the response.

• Thus, the possibility exists that having to divide attention
between two lights, instead of having to focus only on a
single light, might change the way this modified Donders
A reaction is performed.
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• Furthermore, RT is also proportional to the intensity of a
visual stimulus (Ulrich & Mattes, 1996) so that brighter
stimuli yield faster RT.

• This becomes especially important for C reactions where
the participant only needs to look at the light that is
mapped to the response.

• The authors were concerned that apparent brightness was
confounded in the C reaction and did a special experiment
(experiment 5) to check for possible confounding.

• We will get to that experiment shortly, but first we must
discuss their experiments that compared B and C
reactions.
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• Figure 8.4 shows the results of an experiment that
measured force and RT for B and C reactions.

• In the C reaction, participants were required to respond
only to the LED on one side of the fixation point; no
response was required for the other LED.

• Again, there was no difference in integrated force.
However, there was also no difference between B and C
RTs!

• This is not at all what we should expect: The B reaction
should take longer than the C reaction. While the authors
attempt to explain this result, they are not convincing.
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Confounding: Pure Insertion

• Strictly speaking, equal RTs argue against the model
presented in Figure 8.2. Thus, the authors of this book
(especially the one writing this chapter) are skeptical about
the results and interpretation of this experiment in the
series.
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Confounding: Pure Insertion

• Figure 8.5 shows the results of an experiment that
measured force and RT for A and C reactions. In this
experiment, both RT and force were significantly different
for A and C reactions.

• The RT difference is what we would expect from Figure
8.2. However, the greater force for the C reaction is not
consistent with the hypothesis of pure insertion.
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RT and Integrated Force for A and B Reactions

• The authors performed another experiment because of the
possible confounding of apparent stimulus intensity in the
C reaction where participants could focus their vision
entirely on one of the two stimuli.

• In this experiment the LEDs were replaced by the letters
X and S on a computer screen. Since the letters were
always presented in the center of the screen, participants
could not focus on just one side for the C reaction.

• Figure 8.6 shows the results. These results are very
satisfying. First, the B reaction takes longer than the C
reaction, as expected. Second, force is the same for both
reactions, which is consistent with pure insertion.
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RT and Integrated Force for A and B Reactions

• How might we summarize the results and conclusions of
these experiments? The results are more difficult to
compare because each experiment tested only two kinds of
Donders reactions.

• The experimenters did this intentionally to minimize
negative transfer across reactions.

• In within-subject designs, there is the possibility that
exposure to one condition changes performance in a
subsequent condition.

• However, the best way to avoid negative transfer is to use a
between-subjects design where each participant is exposed
to only one kind of Donders reaction.
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RT and Integrated Force for A and B Reactions

• If negative transfer is not anticipated, within-subject
designs where each participant experiences all three
Donders reactions are more efficient.

• The experimenters chose a weak compromise by including
only two Donders reactions. If they were truly concerned
about negative transfer, a between-subjects design would
have been preferable.

• If they were not very concerned about negative transfer, it
would make more sense to test all three Donders reactions
in the same experiment.

39/107



RT and Integrated Force for A and B Reactions

• If negative transfer is not anticipated, within-subject
designs where each participant experiences all three
Donders reactions are more efficient.

• The experimenters chose a weak compromise by including
only two Donders reactions. If they were truly concerned
about negative transfer, a between-subjects design would
have been preferable.

• If they were not very concerned about negative transfer, it
would make more sense to test all three Donders reactions
in the same experiment.

39/107



RT and Integrated Force for A and B Reactions

• If negative transfer is not anticipated, within-subject
designs where each participant experiences all three
Donders reactions are more efficient.

• The experimenters chose a weak compromise by including
only two Donders reactions. If they were truly concerned
about negative transfer, a between-subjects design would
have been preferable.

• If they were not very concerned about negative transfer, it
would make more sense to test all three Donders reactions
in the same experiment.

39/107



RT and Integrated Force for A and B Reactions

• If negative transfer is not anticipated, within-subject
designs where each participant experiences all three
Donders reactions are more efficient.

• The experimenters chose a weak compromise by including
only two Donders reactions. If they were truly concerned
about negative transfer, a between-subjects design would
have been preferable.

• If they were not very concerned about negative transfer, it
would make more sense to test all three Donders reactions
in the same experiment.

39/107



RT and Integrated Force for A and B Reactions

• Results from the experiment shown in Figure 8.4 are
problematic. It would be a good idea to replicate this
experiment including all three Donders reactions in the
same experiment.

• However, based on the other experiments in the series, it
seems reasonable to conclude that the model proposed by
Donders (Figure 8.2) is correct and that the assumption of
pure insertion is valid.

• However, the experimenters accept this conclusion only
for Donders A and B reactions and argue that the force
data reject pure insertion for the C reaction.
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RT and Integrated Force for A and B Reactions

• Their argument depends, in part, on discussions of the best
way to score response force that are too detailed for this
book.

• It is clear that even five experiments are not sufficient to
evaluate pure insertion, and although it has been more
than a century since Donders (1868) introduced the
method of subtractive logic, modern researchers will
continue to study and ponder his ideas.
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Perception with explicit awareness

42/107



Perception with explicit awareness

42/107



Perception with explicit awareness

43/107



Perception with explicit awareness

43/107



Selection of the Dependent Variable: Speed–
Accuracy Trade-Off



Selection of the Dependent Variable

• As discussed in Chapter 3, the experimenter selects one or
more dependent variables from the large number that are
possible. In that chapter, we suggested that it is often very
important to have more than one dependent variable in an
experiment.

• We will illustrate just how important it is to have more
than one dependent variable in this section.
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Selection of the Dependent Variable

• An extremely popular dependent variable used in research
on attention and information processing is RT. Indeed,
this variable is so popular that the study of reaction time
has become virtually a content area in itself.

• When experimental psychologists get together, it is quite
common for some of them to identify their research
interests by stating, “I’m in reaction time.”

• This may sound odd to you, since a psychologist studying
memory would not say, “I’m in percent correct,”but it
does indicate that a dependent variable may become so
important that it is not only a means of investigating
specific content areas but also an object of study in its own
right.
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Selection of the Dependent Variable

• At first, one might think that RT would be a poor topic to
illustrate selection of a dependent variable, since by
naming reaction time we have already made the selection.

• It is true that some psychologists routinely measure RT
with little thought about the implications of this selection
decision.

• Right now, RT is “in.”The speed with which a task can be
performed is often taken as an indication of the
attentional requirements of the task.

• Things that can be done quickly are interpreted as having
small attentional requirements.

• This logic is not always correct, since attention can be
operationally defined in ways that need not involve
reaction time.
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Selection of the Dependent Variable

• There is an inverse relationship between the speed and
accuracy of performance.

• When you try to do something very fast, you make more
mistakes than if you do it slowly.

• Conversely, if you try to do something, such as type a term
paper, very accurately, you must go more slowly to achieve
the desired accuracy.

• Psychologists call this relationship the Speed–Accuracy
Trade-Off (速度与准确性权衡). It has important
implications for studies that measure RT as the dependent
variable.
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RT and Error Rate
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Selection of the Dependent Variable

• This can be illustrated by an experiment conducted by
Theios (1973), in which the task of the participant was
quite simple. A digit was presented visually; the
participant needed only to name the digit.

• The independent variable was the probability (relative
frequency) of the digits, which varied from .2 (a particular
digit was presented 20 percent of the time) to .8. RT data
from this experiment are shown in Figure 8.7.

• Theios concluded that stimulus probability had no effect
on reaction time.
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Selection of the Dependent Variable

• This conclusion appears quite reasonable when errors are
ignored. But when the error data also shown in Figure 8.7
are considered, another interpretation emerges (Pachella,
1974).

• The average error rate of 3 percent may not seem very high
to you, but stop and think about how simple the task was.

• All that was required was to name a digit—hardly a
devastating task for college students.

• Even worse, the error rate varied systematically according
to stimulus probability, the independent variable.

• The highest error rate (6 percent) occurred with the lowest
stimulus probability; as the probability increased, error rate
decreased.
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Selection of the Dependent Variable

• What would the RTs have been if the error rates were
equal for all levels of stimulus probability?

• According to the speed–accuracy trade-off, reaction times
in the low stimulus–probability conditions would have to
increase to decrease the error rate.

• Pachella (1974) has suggested that to lower error rates to 2
percent, RT in the .2 stimulus–probability condition
might have to be increased as much as 100 ms.

• So the conclusion that stimulus probability does not affect
RT must be questioned once error rates are considered.
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Selection of the Dependent Variable

• The basic problem here lies with the selection of RT as the
only important dependent variable.

• Since reaction time depends, in part, on the error rate, we
must consider both speed and accuracy as dependent
variables.

• In short, RT is not a univariate dependent variable but a
multivariate variable.

• It may reduce to a single dependent variable in some cases
where error rate is constant across all levels of the
independent variables; but in general, two dependent
variables - RT and error rate - must be jointly considered.
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Selection of the Dependent Variable

• This point will be emphasized by reference to divided
attention experiments conducted by Pashler (1989).

• These experiments also illustrate that examining more
than one dependent variable can be crucial to
understanding the psychological processes involved in the
experimental task.

• In a series of six experiments, Pashler used a modification
of the Donders B (choice reaction time) task (see Figure
8.1).

• The important modification was that S1 and S2 were not
presented simultaneously. Rather, there was a brief delay
between the two stimuli.

• An interval between S1 and S2 is called Stimulus onset
asynchrony (SOA,刺激呈现不同性), and the procedure
is shown in Figure 8.8.
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Psychological Refractory Period

• Pashler was interested in looking at the effects of varying
SOA between S1 and S2 because it had long been known
that as the SOA became shorter, the reaction time to S2
became longer (e.g., Herman & Kantowitz, 1970).

• Thus, there is an inverse relation between the length of
SOA and the speed of making R2. This phenomenon has
been dubbed the psychological refractory period (心理不
应期), a period in which additional cognitive activities are
difficult to manage.

• Apparently, there must be a fairly long delay between
stimuli so the activities necessary to make R2 do not
intrude on the refractory period.
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Psychological Refractory Period

• An example of the psychological refractory period is
illustrated in Figure 8.9. The reaction time of R2 is shown
by the solid line.

• As the length of the SOA is shortened (the interval
between the two stimuli), the time to make R2 gets longer.

• Notice, too, that errors increased as reaction time
decreased.

• This is a clear example of a speed–accuracy trade-off.
Although the increase in errors across SOAs is small
(about 1.5 percent), it is a statistically significant increase.

56/107



Psychological Refractory Period

• An example of the psychological refractory period is
illustrated in Figure 8.9. The reaction time of R2 is shown
by the solid line.

• As the length of the SOA is shortened (the interval
between the two stimuli), the time to make R2 gets longer.

• Notice, too, that errors increased as reaction time
decreased.

• This is a clear example of a speed–accuracy trade-off.
Although the increase in errors across SOAs is small
(about 1.5 percent), it is a statistically significant increase.

56/107



Psychological Refractory Period

• An example of the psychological refractory period is
illustrated in Figure 8.9. The reaction time of R2 is shown
by the solid line.

• As the length of the SOA is shortened (the interval
between the two stimuli), the time to make R2 gets longer.

• Notice, too, that errors increased as reaction time
decreased.

• This is a clear example of a speed–accuracy trade-off.
Although the increase in errors across SOAs is small
(about 1.5 percent), it is a statistically significant increase.

56/107



Psychological Refractory Period

• An example of the psychological refractory period is
illustrated in Figure 8.9. The reaction time of R2 is shown
by the solid line.

• As the length of the SOA is shortened (the interval
between the two stimuli), the time to make R2 gets longer.

• Notice, too, that errors increased as reaction time
decreased.

• This is a clear example of a speed–accuracy trade-off.
Although the increase in errors across SOAs is small
(about 1.5 percent), it is a statistically significant increase.

56/107



Psychological Refractory Period

• An example of the psychological refractory period is
illustrated in Figure 8.9. The reaction time of R2 is shown
by the solid line.

• As the length of the SOA is shortened (the interval
between the two stimuli), the time to make R2 gets longer.

• Notice, too, that errors increased as reaction time
decreased.

• This is a clear example of a speed–accuracy trade-off.
Although the increase in errors across SOAs is small
(about 1.5 percent), it is a statistically significant increase.

56/107



Psychological Refractory Period

57/107



Psychological Refractory Period

• The results shown in Figure 8.9 come from an experiment
(Pashler, 1989, experiment 4) in which S1-R1 were tones
leading to key presses with the left hand and S2-R2 were a
display of digits and a vocal response - the observer called
out the name of the highest digit in a display of eight
digits.

• This task is not very demanding, especially since R1 and
R2 are markedly different, but note that lengthening the
SOA by 100 ms (a tenth of a second) led to a speedup in
reaction time of about 75 ms.
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Psychological Refractory Period

• Lengthening the SOA from 150 to 650 ms further
reduced the time to make R2 by about 140 ms.

• Thus, even with rather elementary behaviors, the
psychological refractory period puts severe limitations on
our ability to respond quickly to a second stimulus.

• The speed-accuracy trade-off in this experiment is
interesting, because in an otherwise identical experiment
Pashler showed that R2 accuracy was unrelated to SOA
when the subjects were not required to respond quickly to
S2.

• Thus, the accuracy of R2 suffers only when it must be
made quickly.
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Psychological Refractory Period

• Had Pashler just examined the accuracy of R2, he would
have observed the converse of a psychological refractory
period.

• This illustrates the importance of having multiple
measures of behavior.
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Psychological Refractory Period

• What are the causes of the refractory period effect seen in
Figure 8.9?

• One possibility holds that the closer in time the two
stimuli are, the more difficult it is to execute two
responses.

• This seems unlikely, given that the two responses were very
different - one manual, the other vocal.

• Indeed, making vocal and manual responses in everyday
tasks, such as driving, seems trivially easy.

• Is it a stimulus selection difficulty? This too seems
unlikely, because the stimuli are very different from each
other.
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Psychological Refractory Period

• In experiments in which S1 and S2 are highly similar,
Pashler found that the error rate on R2 is highest for very
short SOAs.

• This is the opposite of what is seen in Figure 8.9.
• The selection effect at short SOAs probably arises because

of the overlap of similar perceptual processes when the two
stimuli are highly similar.

• Stimulus selection problems cannot account for the
psychological refractory period when the stimuli are
dissimilar.
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Psychological Refractory Period

• The work by Pashler is especially clear in illustrating the
utility of carefully selecting the dependent variables in an
experiment.

• He was able to increase our understanding of the
psychological refractory period by a judicious selection of
several dependent variables.

63/107



Psychological Refractory Period

• The work by Pashler is especially clear in illustrating the
utility of carefully selecting the dependent variables in an
experiment.

• He was able to increase our understanding of the
psychological refractory period by a judicious selection of
several dependent variables.

63/107



Psychological Refractory Period

• The work by Pashler is especially clear in illustrating the
utility of carefully selecting the dependent variables in an
experiment.

• He was able to increase our understanding of the
psychological refractory period by a judicious selection of
several dependent variables.

63/107



Theoretical Explanations of the
Psychological Refractory Period
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Psychological Refractory Period

• As was explained in Chapter 1, science requires both data
and theory. The psychological refractory period paradigm
has been quite productive in generating models to explain
how people process overlapping tasks.

• The first model (Telford, 1931) was based on an analogy to
the refractory period of a single neuron: When a neuron is
excited, it is unable to fire again within a short period after
the original excitation.
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Psychological Refractory Period

• This explanation of overlapping tasks maintained that the
entire brain was refractory and that processing the first
stimulus prevented, for a brief time, any subsequent
processing of stimuli.

• While this model has been rejected for many reasons
(Herman & Kantowitz, 1970), the incorrect descriptive
title “psychological refractory period”remains as sort of an
historical vermiform appendix.

66/107



Psychological Refractory Period

• This explanation of overlapping tasks maintained that the
entire brain was refractory and that processing the first
stimulus prevented, for a brief time, any subsequent
processing of stimuli.

• While this model has been rejected for many reasons
(Herman & Kantowitz, 1970), the incorrect descriptive
title “psychological refractory period”remains as sort of an
historical vermiform appendix.

66/107



Psychological Refractory Period

• This explanation of overlapping tasks maintained that the
entire brain was refractory and that processing the first
stimulus prevented, for a brief time, any subsequent
processing of stimuli.

• While this model has been rejected for many reasons
(Herman & Kantowitz, 1970), the incorrect descriptive
title “psychological refractory period”remains as sort of an
historical vermiform appendix.

66/107



Psychological Refractory Period

• Current theoretical models fall into two classes: central
bottleneck and central capacity sharing.

• Central bottleneck (中央瓶颈理论) (Navon & Miller,
2002; Pashler, 1994) state that some common
internal-processing stage is required by both tasks so that
processing of the second task must be deferred until the
stage that is busy processing the first task becomes
available.
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Psychological Refractory Period

• Central capacity sharing (中央资源共享理论)
(Broadbent, 1971; Kantowitz & Knight, 1976; Tombu &
Joliceur, 2003) postulate a theoretical resource called
capacity, in many ways similar to the
information-processing throughput capacity of a computer
system that must be shared across tasks.

• While two tasks may be processed simultaneously, this will
be accomplished with lesser efficiency than if the system
had only one task to process.
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Central bottleneck

• Figure 8.10 shows how bottleneck models explain longer
RT to the sec- ond stimulus as SOA decreases. The
processing bottleneck is the shaded bar.

• At short SOAs, processing for task 2 must wait until the
task 1 bottleneck is cleared.

• At long SOAs, there is no overlap in bottleneck
processing, so that RT to the second stimulus is not
delayed.

• At intermediate SOAs, there is partial overlap so that RT
to the second stimulus is partially delayed.
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Central bottleneck

• Central capacity models make the same prediction but for
a different reason.

• At short SOAs, each stage is operating at less than full
efficiency since capacity must be shared during task
overlap, as indicated by the center shaded portion of
Figure 8.11. Hence RT is increased.
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To Tease Apart theTheories

• Since both classes of models predict the psychological
refractory period effect, how can we determine which is
correct? One way is to examine RT to the first stimulus.

• At short SOAs, this is also delayed (Herman &
Kantowitz, 1970).

• Bottleneck models predict no delay in RT because the
processing for task 2 does not start until task 1 processing
is completed.

• Capacity-sharing models predict a delay because capacity
for task 1 processing decreases as soon as task 2 processing
begins.
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To Tease Apart theTheories

• Tombu and Joliceur (2003) carefully reviewed both kinds
of models and have concluded that capacity-sharing
models are preferable, in large part because of delayed RT
to the first stimulus.

• Their conclusions are based on data and theory published
more than 30 years ago as well as recent experiments. In
science, good data and models are eternal.

• Unlike fashion, the latest publication is not automatically
the best. The worth of earlier ideas and results does not
necessarily fade over time.

• This is one reason that scientists place a high value on
publication of results: It is possible that our work will
remain useful long after we are no longer active
researchers.
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Researcher Degrees of Freedom: The Psychological
Refractory Period in Driving



Researcher Degrees of Freedom

• Researcher degrees of freedom (研究者自由度) refers to a
set of decisions made by the experimenter that guide
collection and analysis of data.

• In this section, we illustrate the construct by describing
two recent studies that investigate the psychological
refractory period.

• The first is from a respected journal that features
theoretical research.

• The second study comes from a well-known applied
journal that seeks to use research to solve important
practical problems.
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Researcher Degrees of Freedom

• Let us start by describing a fictional ideal experiment that
uses X as its dependent variable. X could be anything we
can measure.

• An ideal study would never need to omit data. All values
of X collected would be analyzed.

• Furthermore, all of the statistics calculated (see Appendix
B) would be computed directly on X itself: There would be
no need for mathematical transformations of the data.

• Happy is the fortunate experimenter who can use X as the
dependent variable.
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Researcher Degrees of Freedom

• But sometimes problems arise when RT is the dependent
variable and there can be good reasons for omitting or
transforming RT data.

• For example, most statistical analyses depend on assuming
a normal distribution of data (see Appendix B). Normal
distributions are symmetrical about their mean.

• RT data have a lower bound; RT cannot be less than zero.
So an RT distribution is not normal. We can make the
distribution look more like a normal distribution by
omitting some extreme data points.
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Researcher Degrees of Freedom

• This will usually not be sufficient to create a true normal
distribution and so experimenters are tempted to appease
the gods of statistics by transforming the data in some way
(e.g., taking the logarithm, or the square root, or the
reciprocal, etc.) that will make the distribution appear
normal.

• This might be putting the cart before the horse in many
cases. We do not perform experiments to enjoy the
pleasures of statistical analyses. Statistics are useful when
they help us to understand the data better. Statistics that
distort the data or make the data harder to grasp are
seldom helpful.
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Researcher Degrees of Freedom

• Furthermore, a great advantage of laboratory research is
the ability to use balanced experimental designs with equal
numbers of subjects in each condition.

• When this is done, inferential statistics such as analysis of
variance often are robust; the requirement to have normal
distributions is less vital.
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Transformation

• So should a researcher using RT as a dependent variable
omit and/or transform data? The best practice would be to
always report data that are complete and untransformed.

• Then, if the experimenter deems it necessary, she could
also report additional analyses that manipulate the set of
data.

• Now we turn to actual experimental results to illustrate
this point.
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Omit extreme data points

• Levy, Pashler, and Boer (2006) used a simulated driving
task to investigate central interference. Participants
followed a lead car that would occasionally brake. Brake
RT was defined as the time between the illumination of
the tail lights of the lead car and the subject depressing the
brake pedal.

• The theoretical reason for using this task was that the
braking response for an experienced driver is highly
practiced. The typical laboratory psychological refractory
period experiment allows only limited amounts of practice
with tasks.

• The experiment was designed to discover if the
psychological refractory period effect (Figure 8.9) persisted
with a highly practiced response.
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Omit extreme data points

• Brake RT data points greater than 3,000 msec were
excluded from the analysis. The authors did not report
how many such trials were excluded.

• Results showed that the psychological refractory period
effect was maintained with a practiced braking response.

• Best practice would be for the authors to have reported an
analysis with all data points. Second best practice would
have been to at least report the number of trials that were
excluded.

• While we suspect that omitting these data probably did
not alter the conclusion, without full reporting we cannot
know for sure.

• We continue by examining an applied research study of
driving.
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RT as the dependent variable

• Hibbad, Jamson, and Carsten (2013) replicated the work
of Levy et al. (2006) by adding a haptic (touch) modality
to the in-vehicle choice task that preceded the braking
task.

• This experiment had the applied goal of looking for a
minimally intrusive format for the in-vehicle task that
would be less likely to interfere with the subsequent
braking task.

• Their hypothesis was that the haptic condition would
decrease the psychological refractory period effect.
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RT as the dependent variable

• Only brake RT data in the range of 200 to 3,500 msec
were analyzed; they reported that this represented 93.8
percent of the 5,376 data observations.

• Statistical tests showed that the brake RT data were not
normally distributed. Therefore, the statistical analyses
reported were based on reciprocal-transformed data.

• However, results were reported using untransformed brake
RT as the dependent variable.

• Comparing the two studies, it is obvious that the Hibbard
et al. (2013) experiment exhibits greater researcher degrees
of freedom with more constraints on the data set.
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RT as the dependent variable

• Results showed that haptic and auditory stimuli for the
in-vehicle task produced similar brake RT functions that
were both faster than visual stimuli. However, the size of
the psychological refractory period effect (e.g., the parallel
shapes of the curves) was similar for all in-vehicle stimuli.
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Two experimental studies: Levy et al. (2006)

Because sessions were time limited, subjects completed
varying numbers of blocks. The data from subjects who
completed only a single block in a session were not ana-
lyzed (n 5 6; 4 females); the data of the remaining sub-
jects were collapsed across sessions. Trials on which the
brake RT exceeded 3,000 ms or the choice response was
incorrect were excluded from RT analyses.

(Levy, Pashler, & Boer, 2006)
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Two experimental studies: Hibbad et al. (2013)
A total of 5376 observations were collected. Brake or sur-

rogate in-vehicle task reaction time data within a range of
200–3500 ms were subjected to further analysis (93.8%
of data). Dual-task brake reaction time data were analysed
from correct in-vehicle task response trials only. All data were
subjected to the Kolmogorov–Smirnov test for normally-
distributed data and the Levene’s Test of Equality of Error
Variances. Brake reaction time data produced significant re-
sults in both cases and as such the analyses were performed on
reciprocal-transformed data. A split-half analysis of possible
trial exposure effects on brake reaction time showed no signifi-
cant effect thus confirming that brake reaction time data from
the experimental phase could be pooled across all 112 trials.

(Hibberd, Jamson, & Carsten, 2013)
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RT as the dependent variable

• Best practice would have been to analyze and report all of
the untransformed data before presenting the modified
analyses.

• It is particularly difficult to interpret a transformed
dependent variable, which is probably why the authors
chose to present figures based on brake RT rather than on
reciprocals.

• But best practice demands that the same data be presented
and analyzed.

• So the authors could have resolved this dilemma by (1)
presenting data and analyses based on untransformed data,
(2) presenting data and analyses based on transformed
data, or (3) presenting both (1) and (2).
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RT as the dependent variable

• Finally, the authors take on a greater burden by seeking to
apply their results to a practical situation (see Chapter 15).
This is a difficult but very necessary task.

• While theoretical conclusions are fascinating, the real
payoff of science occurs when society can benefit by
applying theory to practical situations.

• The authors obtained an unusual theoretical result because
the expected psychological refractory period effect only
occurred at short stimulus intervals.

• Brake RT was actually faster than its single-task control
condition at longer intervals. Discussion of possible
confounding that might explain this odd result is beyond
the scope of this section.
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RT as the dependent variable

• However, the authors made the practical recommendation
that “For the 350 ms period before a lead vehicle braking
event, it would appear sensible to suppress the
presentation of any simple in-vehicle task that requires an
immediate response”(Hibbad et al., 2013, p. 1101).

• This advice implies that to benefit from this study,
designers of in-vehicle devices must invent an intelligent
forecasting system that can predict the future behavior of
leading vehicles by at least 350 msec.
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RT as the dependent variable

• It also implies an unlikely identity correspondence
between the simulated driving laboratory environment and
the real-world driving environment when a precise value
such as 350 msec is offered as practical advice.

• While successful extrapolation from laboratory results can
be accomplished, some caution is required (Kantowitz,
2001).
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Interaction Effects: Cognitive Control



Interaction

• An Interaction (交互作用) occurs when the effects of one
independent variable are not identical across different
levels of other independent variables.

• the search for interactions is a major reason for including
more than one independent variable in an experiment.

• You can spot interactions in graphed results by looking for
lines that are not parallel.

• Understanding interaction effects often poses some
difficulty for the new researcher,
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Cognitive Control

• The ability to dynamically shift your focus of attention
from one aspect of a stimulus to a different aspect is
termed Cognitive control (认知控制) and is a mainstream
topic in the study of attention that has been of interest to
psychologists for many years.

• Imagine an experiment where you must respond as fast as
possible to one of four stimuli: a red square, a red circle, a
blue square, and a blue circle.

• If you have no advance information before the stimuli are
presented, this is a four-choice Donders B reaction-time
task.
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Cognitive Control

• But if you had partial advance information that limited the
set of possible alternatives to only two stimuli—for
example, if you knew in advance that a square would be
presented—your reaction time will be faster than a
four-choice RT.

• If the time between the cue that presents partial advance
information and the stimulus is sufficiently long, RT to
the cued stimulus will equal two-choice RT (e.g.,
Kantowitz & Sanders, 1972).

• The time between the cue and the stimulus is called the
cue-stimulus interval; it is often in the range of 100 to
1,000 ms.
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Stress and Cognitive Control

• It is interesting to wonder how stress might affect
cognitive control. There are two major possibilities.

• First, handling stress could require capacity or attention,
thereby decreasing performance because resources devoted
to stress are no longer available for processing stimuli
(Broadbent, 1971).

• Second, people might adapt to depleted resources by
selecting a more efficient processing strategy for dealing
with perceptual stimuli so that increased selectivity
improves performance (Steinhauser, Maier, & Hübner,
2007).

• (There are, of course, even more possibilities, such as stress
creating new additional capacity, that we will not consider
here.)

95/107



Stress and Cognitive Control
• It is interesting to wonder how stress might affect

cognitive control. There are two major possibilities.

• First, handling stress could require capacity or attention,
thereby decreasing performance because resources devoted
to stress are no longer available for processing stimuli
(Broadbent, 1971).

• Second, people might adapt to depleted resources by
selecting a more efficient processing strategy for dealing
with perceptual stimuli so that increased selectivity
improves performance (Steinhauser, Maier, & Hübner,
2007).

• (There are, of course, even more possibilities, such as stress
creating new additional capacity, that we will not consider
here.)

95/107



Stress and Cognitive Control
• It is interesting to wonder how stress might affect

cognitive control. There are two major possibilities.
• First, handling stress could require capacity or attention,

thereby decreasing performance because resources devoted
to stress are no longer available for processing stimuli
(Broadbent, 1971).

• Second, people might adapt to depleted resources by
selecting a more efficient processing strategy for dealing
with perceptual stimuli so that increased selectivity
improves performance (Steinhauser, Maier, & Hübner,
2007).

• (There are, of course, even more possibilities, such as stress
creating new additional capacity, that we will not consider
here.)

95/107



Stress and Cognitive Control
• It is interesting to wonder how stress might affect

cognitive control. There are two major possibilities.
• First, handling stress could require capacity or attention,

thereby decreasing performance because resources devoted
to stress are no longer available for processing stimuli
(Broadbent, 1971).

• Second, people might adapt to depleted resources by
selecting a more efficient processing strategy for dealing
with perceptual stimuli so that increased selectivity
improves performance (Steinhauser, Maier, & Hübner,
2007).

• (There are, of course, even more possibilities, such as stress
creating new additional capacity, that we will not consider
here.)

95/107



Stress and Cognitive Control
• It is interesting to wonder how stress might affect

cognitive control. There are two major possibilities.
• First, handling stress could require capacity or attention,

thereby decreasing performance because resources devoted
to stress are no longer available for processing stimuli
(Broadbent, 1971).

• Second, people might adapt to depleted resources by
selecting a more efficient processing strategy for dealing
with perceptual stimuli so that increased selectivity
improves performance (Steinhauser, Maier, & Hübner,
2007).

• (There are, of course, even more possibilities, such as stress
creating new additional capacity, that we will not consider
here.) 95/107



Stress and Cognitive Control

• To answer this question, does stress improve cognitive
control, Steinhauser and associates (2007) performed a
straightforward experiment. They created two levels of
stress, high and low, by presenting multiple-choice
questions that were easy or difficult: Indeed, some of the
high-stress questions were insoluble.

• After this IQ test was completed, they presented stimuli
consisting of a digit and a letter (e.g., 6M).

• Cues specified that subjects should respond to the digit or
to the letter.

• For the letter task, subjects had to decide if the letter was a
consonant or a vowel.

• For the digit task, subjects had to decide if the digit was
odd or even.
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Stress and Cognitive Control

• Subjects responded by pressing one of two buttons and RT
was recorded.

• The cue–stimulus interval was either short (200 msec) or
long (1,000 msec).

• Blocks of short and long cue–stimulus intervals
alternated, and the starting block was counterbalanced
across subjects

• On successive trials within a forty-eight–trial block, tasks
could either be repeated (e.g., digit followed by digit) or
shifted (e.g., digit followed by letter).
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Stress and Cognitive Control

• Results of this experiment are shown in Figure 8.12.
• For the Low-stress condition, there was an interaction

between Cue–stimulus Interval and Task
Shift-Repetition.

• This interaction disappeared for the High-Stress
condition.

• Although mean RT was similar for both groups, the
patterns of cognitive control were different.

• Under Low stress, there was a relatively greater cost for
shifting tasks at the Short cue–stimulus interval.
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Stress and Cognitive Control

• In other words, the difference between the two RTs for
the Short interval was greater than the difference for the
Long interval when stress was Low.

• But under High stress, the cost of shifting tasks was the
same for Short and Long cue–stimulus intervals.

• This outcome is consistent with the second prediction
given at the start of this section: Introducing stress causes
a change in cognitive strategy.
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Dependent Variables

• Reaction time
• Percentage of correct responses
• SDT: d and β

• EEG and ERP, CT
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Independent Variables

• The need for the human to make decisions and the rate at
which such decisions can be made.

• The number of alternatives in a choice reaction task
• The presentation rate of a series of stimuli
• The task complexity
• The key point in manipulating attention is to gradually

increase task demands until the person is hard-pressed to
keep up with them.
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Control Variables

• Perceptual factors, such as the intensity and duration of
stimuli;
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Measuring Attention

• How can we determine the amount of attention or mental
effort that any arbitrary task might require?

• Increased attentional demands will be accompanied by
increased stress, which will show up as a change in some
physiological measure of body function.

• The amount of attention required by driving can be
measured by reaction time for a simultaneous Donders B
reaction task.
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