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Would thought also not have the infinite speed
usually associated with it, and would it not be
possible to determine the time required for
shaping a concept or expressing one’s will? For
years this guestion has intrigued me.

(Donders, 1868/1969, p. 417)

With this comment, F. C. Donders, a pro-
fessor of physiology at the University of
Utrecht, introduced the field of mental
chronometry to psychology in a paper
published in 1868 entitled “On the Speed
of Mental Processes.”

Donders’ method of measuring the
speed of mental processes, usually referred
to as the subtraction method, fell into dis-
favor around the turn of the century until
it was revived 60 years later, in a different
form, by a group of modern-day psychol-
.ogists. The most influential of these has
been Saul Sternberg, whose revision of the
subtraction method, called the additive
factors method, we describe in detail later
in this chapter. However, it is important to
understand the history of these early at-
tempts to measure the duration of mental
processes, why these initial attempts failed,
and why modern attempts to use the sub-
traction method have succeeded.

DONDERS’ SUBTRACTION
METHOD

Donders was influenced in his attempts to
measure the speed of mental processes by
the work of Helmbhaltae—dn 1850, Helm-
holtz attempted to measure the speed of
nerve transmission in the frog by measur-
ing the time between the stimulation of a
part of the frog’s body and the resulting
muscular contraction. He later applied this
technique to humans by measuring the

time to respond to a mild electri
delivered at_points of varving distance

from the brain. Helmholtz used the
method of subtraction to do this: He mea-
sured the difference in time between stim-
ulation of the elbow and stimulation of the
hand. Then, knowing the approximate
length of nerve fibers berween the hand
and elbow, he was able to use the differ-

ence in reaction time as a measure of nerve
transmission time.

Donders sought to measure processes
vastly more complex than nerve transmis-
sion time, namely, the sum of all the pro-

cesses that must intervene between presen-
‘tation of a stimulus and activation of a

voluntary response. When there is a single
stimulus o which the subject makes a sin-
gle simple response, such as moving the
hand or foot, the time elapsing between
stimulus presentation and completion of
the motor response is known as the simple
reaction time. Donders lists no fewer than
12 mental events that must take place be-
tween presentation of a stimulus and its
motor response in simple reaction time.
Present-day reaction-time theorists have
whittled the number down to three sub-
processes: sti lnput time, central pro-
cessing or decision_tj

sgnse time.
onders saw no way to disentangle the

three processes and separately measure
each component—in fact, we are in much
the same state today. However, he pro-
posed that by complicating the simple re-
action time to make it what we now call

1

choice reaction time, he could “insert’

one or more steps in_the simple reaction

time mental pr

tion, measure the time of those added

steps

In choice reaction_time, twq_gr mgre
stimuli are presented, and the sybject must
indicate _which srimulus has heea pre-
sented by producin
responses, a different response for each
stimulus. The choice reaction time must
include both the time to discriminate one
SOIMUING —ITomr—=rrOtier | discrimination
time) and the time to select one of the sev-
e jonses (mot ice time).
Thus, Donders reasoned that the difference
between simple reaction time {(which he

called the g-reactiog) and chqjce reaction
- ' t

time (whi

represent the sum of discomination tme
and motor choice time,,

Next, to get ri

to get rid of motor chaice rime_he
in(v_cm.:d_f.ha-c-maﬁen. (Today, we call it
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Donders’ c-reaction.) In the c-reaction, the
subject _1s presented with two_or_mare
sumuli, just as in the b-reaction, bug makes
only a single respo t Lm-
uli, and omi response to all o hcrs.
The c-reaction might be called a go/no-

response: the subject responds by makmg a
single motor response to one stimulus (the
go response) but omits the response to all

gthecs (no-go). This procedure, Donders
reasoned, should eliminate_motor-chaice
time and leave only disgrimination time.
The responses thus increase in complexity
from a to ¢ to b (the order of the letters
reflects the order in which they were de-
veloped rather than their complexity). By
subtracting ¢ from b, Donders was able to
measure motor-choice time, and by sub-
tracting a from c, he measured discrimi-
nation time.
To summarize:

a-reaction = stimulus input time
+ decision time
+ motor-response time
b-reaction = stimulus input time
+ decision time
+ discrimination time
+ motor-choice time
+ motor-response time

c-reaction = stimulus input time ‘g

+ decision time
+ discrimination time

+ motor-response time
Therefore

¢ — a = discrimination time,
and

b — ¢ = motor-choice time.

Donders used a variety of methods to
test the subtraction method, but the one he
reports on most fully in his paper (1868/
1969) used the experimenter’s pronuncia-
tion of one of the syllables* koo, ko, kah,
cay, key, gqueue as the stimulus and the
subject’s repetition of that syllable as the
response. In the a-reaction, only one syl-
lable is presented, and the subject always
repeats just that syllable. In the b-reaction,

* Approximarte English translation as given by Koster
(Donders, 1868/1969, p. 410,

any of two or any of six of the syllables are
spoken and the subject repeats whichever
syllable has been spoken. In the c-reaction,
one of the syllables is designated before-
hand as the target, or to-be-responded-to
stimulus, and the subject repeats that syl-
lable when it is presented and remains si-
lent for all others.

Frem this_experiment, Donders _foupd
that ¢ — a, the disgrimination time, was
about 36 ms (millisecond or 1/1000 of a
second) whereas b_— ¢, motor-choice
time, was 47 ms. These times, even by to-
day's standards, are exceedingly short,
and, as Donders points out, probably rep-
resent the minimum values for these men-
tal processes, since repeating what some-
one says is a highly overlearned task (or,
as we would describe it today, there is
high stimulus-response compatibility). Far
other, less well-learned stimulus-response

links, such as pressing a right key to a red

light and a left white 1i the

much larger nt

the time of those processes when no strang
tibili Is[s

The subtraction method was soon
adopted in other psychological laborato-
ries of the day, but with disappointing re-
sults. Firsg, the c-reaction was not always
found to be shorter than the b-reacnon,
which it must be if the method is to be
valid. Recall that in the c-reaction, the sub-
ject responds to one stimulus and refrains
from responding to a second. This reac-
tion was developed by Donders to elimi-
nate the stage of motor choice, which is
assumed to be included in the b or choice
reaction. However, experimental psychol-

ogists of that day, W.u_n_d;_amgng_;hgn

pointed out_that the c-re

Vﬂj—ﬂﬂlﬂhﬁ&:ﬂﬁﬂ%ﬂ
n%g.kj_nq—ead—nm_makjng—a-m& To
eliminate marar _choice entirely. Wunds

LIS B

sponse,the d-reactiog—ar —discrimina-
tion” reacrion. Wundt’s d-reaction is like
Donders’ b-reaction in that several differ-
ent stimuli are presented. It is like the a-
reaction in that only a single motor re-
sponse is made, and it is made to all of the

— B




‘l’.r a 5. MENTAL CHRONOMETRY 91

stimuli. The difference between the d- and
—————

a-reaction is that for the d-reaction, the
subject 1s nstructed to recognize or iden-
tify the stimulus before responding—in
short, to discriminate it from other possi-
ble stimuli. Wundt thus assumed that dis-

crimination time could be measured b
subtracting a- from d-reaction times.

As with the c-reaction, however, d-re-

action times were unreliable, sometimes
being as fast as a-reactions, and somgtl

slower than b-reactions. The problem is
that there is no way for the experimenter
(or, for tl'{at matter, rh:_,s'flbjcq:l to_know
that the stimulus has been identified before

the response is_made, since ihe same re-
sponse is made to all of the stimuli.
Another criticism of the method came
from introspections of the subjects (who
were usually the experimenters them-
selves). Subjects observed thart their inter-
nal mental operations differed in the sim-
ple and choice reaction-time tasks. For
simple reactions, the response was evoked
by the stimulus as if it were a prepared re-
flex, with little in the way of voluntary de-
cision involved. For choice reactions, in
contrast, the subjects were aware of a va-
riety of cognitive processes that intervened

between stimulus and response. I};L_add_]%

Sternberg’s contribution was to reinstate
the study of timing of mental processes by
showing how substages of mental pro-
cesses could be studied by subtraction.
Sternberg’s subtraction method differs
from Donders’ in that it does not involve
inserting or deleting a whole stage of pro-
cessing, but rather is based on manipulat-
ing variables to affect the amount of time
each stage requires. This method is called

mﬁ#the additive factors method.
After discussing Sternberg’s theoretical

contribution, we consider a number of dif-
ferent questions about the mind’s func-
tioning that have been asked using the ad-
ditive factors method, and finally we
discuss some methodological issues on the
use of reaction time as a dependent
variable.

STERNBERG’S ADDITIVE
FACTORS METHOD

The approach of the additive factors
method is to manipulate the task of the
subject in such a way that a complete stage
(such as discrimination or motor choice) is
not deleted but rather is simply affected—
either lengthened or shortened—by the
experimenter’s manipulation. Use of the

tion, motor readiness seemed to be much method can indicate how many stages
higher in the simple than in the choice re- there are, how long a particular stage, or
et 10 The SUNQIC than In the cholee Tes,

aw so the motor re-

sponse time component o -
likely to be equal. This is a particularly
devastating criticism because the subtrac-
tion method is based on the assumption
that inserting the processes of discrimina-
tion and motor choice into the a-reaction

to produce the b-reaction does not affect
the common stages of stimulus input and

combination of stages, must take, and
which variables affect which stages.

The best way to illustrate the additive
factors method is with a concrete example,
but before we describe the particular ex-
ample, we need to introduce some new ter-
minology. All of the experiments that test
the additive factors method use a binary or

two-choice reaction gime paradigm. By

motor-response gme. It this assumption is

not true, the whole method is invalidated.
Because of these problems, the subtraction
method was abandoned as a way of timing
mental events (although the use of reaction
time as a dependent measure in a variety of
tasks continued).

In the next section, we consider a rein-

terpretation and restatement of Donders’

position proposed by Saul Sternberg.

that, we mean that the subject chooses one
of two responses (usually the press of one
of two keys) in response to the presenta-
tion of a stimulus. In binary classification
experiments, there are more stimuli than
responses, and the subject’s task is to par-
tition the set of stimuli into two exhaustive
and mutually exclusive categories by re-
sponding to one set with one response and
to the second set with the second response.
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In binary classification experiments, then,
there is a many-to-one relationship be-
tween stimuli and responses.

Memory-Scanning Experiments

The particular experiment we use to illus-
trate the additive factors method is known
as a memory-scanning experiment or par-
adigm (sometimes also referred to as the
Sternberg paradigm). In this paradigm,
subjects are given a short list of items, such
as digits, letters, or words, to memorize.
The length of the list is varied within the
limits of short-term memory (see Chapter
8), so that no more than five or six items
are presented for memorization. The
length of the memory list is called the
memory set size, and the memory ser is
either varied from trial to trial, in what is
called the wvaried-set procedure, or re-
mains constant across a blocked series of
trials, in what is known as the fixed-set
procedure. The results from both proce-
dures are quite similar, and in a laboratory
that is not fully automated, the fixed-set

procedure is more convenient. However,
for purposes of illustration, we will use the
varied-set procedure as a model.

After the memory set has been presented
to the subject (usually with a visual dis-
play), a trial begins with the presentation
of the test item, or probe. The probe can
be selected from either the memory or pos-
itive szt or its complement, the negative

“set. Iﬂsh&mimm.zhumm_;h;

subije essing a Y, f,

and if it is not, the subject responds by
pressing a NO butron.

Results from some typical trials in a
memory-scanning experiment are shown
in Table 5-1. The first column in Table 5-
1 gives the trial number; the second col-
umn shows the actual memory set pre-
sented; the third column shows the set size
(the number of items in the memory set);
the fourth column shows the probe; the
fifth column shows the correct response;
and the sixth column shows a typical re-
action time.

It is apparent that the memory demands
on the subject are not great (that is, forget-

Table 5-1 Typical Trials in a Memory-Scanning Experiment
with a Varied Set Procedure, Showing the Memory Set in Use
on Each Trial, the Probe Presented, the Correct Response, and
a Typical Reaction Time

Memory set Set
Trial [visually size Stimulus  Correct Reaction

number -jisplayed} () probe response  time (RT)

1 46,1 3 1 YES 470
2 2 1 6 NO 440
3 ] 1 5 YES 390
4 7,289 4 0 NO 560
5 13,2974 6 9 YES 580
6 4,5 2 9 NO 480
7 9,5.0 3 0 YES 470
8 04,2 3 3 NO 520
9 0,796 4 8 NO 560
10 4,2,0,6,8 5 7 NO 600
11 4,03 3 3 YES 470
12 0.3 2 8 NO 480
13 1,0,3,7.4 ] 1 YES 550
14 3.7,1,8.0.4 6 0 YES 590
15 2193 4 2 YES 510
16 6,2,1,8,3 5 7 NO GO0

Note. The RTs are predicted by the following equations:
RT (YE5) = 350 + 40n
RT (NO) = 400 + 40n

The RT depends on both the set size and the response types.




5. MENTAL CHRONOMETRY 93

ting which items are in the positive set is
unlikely), so few errors occur in this task
and the major variable of interest is re-
sponse time. The substantive gquestion of
interest in this experiment is how the sub-
ject accesses items in short-term memory
(that limited-capacity memory system
holding information we are immediately
aware of) to make the yes/no decision.
Two questions are relevant ro asking how
a subject sear = ory.

irst, does it take longer to decide an itcm
is 1n short-term memory if there are more
items to choo n_(that 15, when the
memory set size is increased)? And_second
if reaction times do increase with memory
SeT size, does the way they increase tell us
anything about how the subject searches
hisor her memory? The answer to both of
these questions is “Yes.” The larger the
memory set, the longer it takes the subject
to make both positive and negative deci-
sions. Furthermore, positive_and negative
reaction times increase linearly, and at the
same rate, with memory set size. This sec-
ond result provides us with a way of deter-
mining how the subject searches short-
term memory.

Figure 5-1 shows some hypothetical
data from an experiment in which mem-
ory set size was varied from one to six
items, positive and negative items were
presented equally often, and the RT func-
tions for positive and negative responses
are plotted as a function of memory set
size. The positive and negative responses
are indicated by different lines, and mem-
ory set size increases along the abscissa.
The equations of the best-fitting straight
lines (using the linear regression tech-
niques described in Chapter 15) are shown
on the graph.

Before we reveal the secret of how we
can discover the subject’s search strategy
by the way his or her reaction times in-
crease with memory set size, let us con-
sider some possible strategies subjects
might use in this task. First, to determine
that a stimulus probe item is a member of
the positive set, the subject need only find
the item in the memory set that matches

r
P
RTyn = 400 + 400 L
~
Megative ,4’
ooh respOnSes
E
1]
E -~
g F
= r
2 T Positive
E - respOnSes
[ nind

RT yes = 400 + 350

| | l | I l
1 2 3 4 ] ]

Memory set size (n)

Fig. 5-1 Hypotherical data from a memory-
scanning experiment.

the probe. Logically, subjects could termi-
nate their search as soon as they had lo-
cated the positive item in the set, so we call
the positive decision a logically self-ter-
minating one. As an analogy, imagine
looking for a book of matches in your
purse or pocket. Once you find the
matches, you could terminate the search.

Consider, however, the problem of de-
termining that a probe item is not a mem-
ber of the positive set. In order to do this,
the subject needs to search through the en-
tire set of items in memory in order to ver-
ify that the item is not there. The analogy
to a missing book of matches in purse or
pocket should be clear. Logically, the neg-
ative decision is exhaustive in that all items
must be checked before deciding the probe
is not among the set. With this in mind, let
us consider some possible strategies that
might be used in this task, and what they
predict about the relationship between RT
and set size. These are shown symbolically
in Figure 5-2.

Parallel Self-Terminating Search. In par-
allel selt-terminating search, subjects
search the items in their short-term mem-

ory by considering all of them simulta-
neously, and terminating the search once



A, Parallel self-terminating search
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B. Serial self-terminating search
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Megative
rEspONSe

Positive

RT

Set size

Megative
response

Positive
rEspOnse

/

Set size

Negative
response

/ Positive
/ response

Set size

Fig. 5-2 Some possible strategies, and their predicted RT functions, for the memory-scanning task.
The memory set consists of the four items (1,5,2,7), and on the trial illustrated, the probe is 5 so a

positive response is correct.

the probe item is found. This process is il-
lustrated in Figure 5-2A by the arrows
from the mental eye pointing to each
member of the entire set simultaneously. If
subjects could do this with no loss of effi-
ciency as memory set size increases, then
YES responses should be unaffected by
how many items are in the positive set.
Thus, the function relating positive re-
sponses to memory set size should be flar,
as shown in the graph to the right.

For negative decisions, the situation is
somewhat different. Even though subjects
can access all items simultaneously, if
there is some variability in access times
across items and if they need to wait until

all have been accessed before they can de-
cide NO (the logically exhaustive criterion
for negative decisions), then the more
items there are, the longer it should take
for NO responses.

1f this is not clear, think of a horse race
in which we vary the number of horses
running in the race. The number of horses
corresponds to memory set size. You, the
observer, are seated at the finish line and
can only tell a particular horse ran the race
by whether or not the horse crosses the fin-
ish line. A positive decision that a partic-
ular horse was in the race can be made
whenever that horse crosses the finish line,
and that horse’s speed will be unaffected by
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how many other horses are running in the
race (disregarding all the obvious limiting
physical and psychological factors). On the
other hand, a negative decision can only be
made when the slowest horse has crossed
the finish line. The more horses there are
in the race, the slower the slowest one will
be, on the average. Another example is il-
lustrated by the problem of collecting a
group of people for a committee meeting
or for dinner at a restaurant. The larger
the group of people who must assemble to-
gether before the event can begin, the
longer it takes for the last person to arrive.
Both of these are examples of the general
rule that the larger the sample, the more
likely it is, on purely statistical grounds, to
have a very large or small value in that
sample.

Although the way in which the largest
or maximum value in a distribution in-
creases with n depends on the theoretical
distribution assumed (see Gumbel, 1958),
the value of the maximum generally in-
creased more slowly than n. Thus, the par-
allel self-terminating search model pre-
dicts that negative responses will increase
with set size, but at a negatively acceler-
ated rate, as shown in the negative re-
sponse function of Figure 5-2A. Because
we observe a very different pattern of ex-
perimental results, we will have to con-
clude that this parallel self-terminating
model is not a good description of a sub-
ject’s strategy in this task. (Here we con-
sider only a simple parallel model for this
task. There are more complex parallel
models that give other patterns of results,
but their discussion lies beyond the scope
of this chapter. These models are discussed
in Snodgrass & Townsend, 1980.)

Serial Self-Terminati ch. A second
possibility is that subjects search the items
in their short-term memory by considering
the items one by one. This is known as se-
rial processing or serial search. Suppose
that they follow a self-terminating rule
and on positive trials search through the
list of memory items until they find the
one that matches the probe. On some
trials, the matching item will be found im-

mediately, with the fi 150103 On
other trials, it will be found with the sec-
ond comparison; and on still others, it will
be tound on_the last compagison. On_the
average, subjects will need to search
through (n + 1)/2 items to find the match- 'ﬁ?’
ing_item on_paositive trials. So for a mem-
ory set of three, they will need to search
through 2. average of two, for a mgmory
set size of flve, they will need to search
throughan average of three, and so on.

The way this works is as follows: Imag-
ine there are three items in memory, and
the subject searches them in the order they
were presented on a trial. Because items
are probed across serial positions an equal
number of times, on one third of the trials,
the target will be found with the first com-
parison; on one third of the trials the tar-
get will be found with the second compar-
ison; and on one third of the trials the
target will be found with the third com-
parison. The average number of compari-
sons needed for a memory set size of three
is (1 + 2 + 3)/3, or an average of two. In
general, the average number of compari-
sons that need to be carried out for a mem-
ory set size of n is given by summing the
digits 1 ... n and dividing by n. This for-
mula can be simplified to the form (n +
1)/2 given above.

n_negati i and,

th ject wi

the memory | before concluding
that the probe item isnora member of the,

positive set. Therefore, the subject always_

needs to search through # items before de-
ciding the item was not there. The com-
bination of these two strategies—a termi-
nating rule on positive trials and an
exhaustive rule on negative trials—is
called a serial self-terminating search.
The crucial prediction for this type of

search is that the time_for positive re-
sponses will increase ar a slower rate than

the time for negative res

set size 1s ingreased. ]ncreasing the mem-
fr

ory set size by two j
five 1

of items ssazchadehy gpne (from two to

three) fw
the number of items searched by two (from
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three to five) for negativ; grials. In fact, the
slope of the positive response fupction
should be half the slope of the negative re-
sponse function, as shown in Figure 5-2B.
Because the experimental RT functions do
not show this pattern, we also reject the se-
rial self-terminating strategy as a reasona-
ble description of what subjects do in this
experiment. '

Serial Exbausxwe Search Mﬂdﬂiﬂhﬂ

ity, whi
empirical s, is that on both _positive
and negative tj b through

the entire list of ite 1= | -
1 ' because on positive

trials, the subject exhaustively examines all
items in the set, even though an exhaustive
search is not logically required. In serial
exhaustive search, increasing the number
of items in the memory set will have ex-
actly the same effects on both positive and
negative reaction times (RTs), so the two
RT functions will be parallel, as shown in
Figure 5-2C. This is consistent with the
pattern of observed data, so we conclude
the subject must be using the serial ex-
haustive search strategy for this task.
Later we consider why subjects might
adopt the strategy of serial exhaustive
search, which, on the surface, appears to
be inefficient. However, for now, let us in-
troduce the stages that Sternberg has in-
ferred must exist in this task (Sternberg,
1966, 1969a, 1969b, 1975). These are
shown in Figure 5-3.
Figure 5-3 shows the four stages that are
hypothesized to intervene bet € pre-
s (probe item) and

sentation of the stimulus
the recording of the response (key press).

Stage 1 is_stimulus encoding, by which is
meant the process of perceiving the stim-

ulus and representing it j

that it can items in
memory. The nature of this representation
is unclear, although it is probably not in an
acoustic or articulatory form. $tage 2 is se-
rial comparison of the encoded represen-

tation of the probe with the items in mem-

ory. As noted prewiousl}?,thi&i&assum:d.w

be a se.1al exhaustive search, so the nu

bewmm:hwd

Stage 3is b:mzf decision—the decrsmn
about whether or not the probe was in the
memory set. 1his decision is fed to Stage
L_wﬂich s response organizdation ;_f.nd
EXECH

It should be noted that these stages
themselves are serial and additive, in that
one stage does not begin until the previous
one has finished. Also, no stages are ever
experimentally deleted in the additive fac-
tors method. Rather, variables are manip-
ulated which are assumed to selectively af-
fect one or more stages.

Let us now try to interpret the data
graphed in Figure 5-1 in terms of the
stages shown in Figure 5-3. First, note that
for this hypothetical experiment, there
were only two independent variables: (1)
the number of items in the memory set,
which varies from one to six, and (2)
whether the probe was a member of the
positive set or not, which occurred with
equal probability.

Disregarding for the moment the dis-
tinction between positive and negative re-
sponses, the increase in RT with set size is
assumed to occur entirely in stage 2, the
serial comparison stage. As the number of
items is varied from one to six, the number
of serial comparisons that are required in-
creases from one to six. Therefore, it is

Fig. 5-3 The four stages proposed by Sternberg for the memory-scanning task.

{1 }STIMULUS (2] SIZE OF

QUALITY POSITIVE SET
STIMULUS —a{ 5 1 IMULUS
ENCODING

(3IRESPONSE (4] RELATIVE
TYPE FREQUENCY
(FOSITIVE OR OF RESPONSE
NEGATIVE ) TYPE
TRANSLATION
REspoNSE | RESPONSE
ORGANIZATION
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possible to use the slopes of the RT func-
tions to estimate the time for each serial
comparison (recall that the slope of a
straight line represents the increase in the
Y variable, or RT, for each unit increase in
the X variable, or set size). For the data in
Figure 5-1, we conclude that the time it
takes to compare the encoded version of
the probe to a single item in memory takes

approximately 40 ms, becausc the slopes

for both RT functions ed

another way, the number of comparisons
tEat Eﬁ EE EEE; in a second is equal to
1000/40 or 25,

is is an extremely rapid rate of search,

and its very rapidity gives us clues to two
puzzles that we were unable to resolve ear-
lier in the chapter: (1) why should the
search be exhaustive and {2) what is the
form of the encoded probe? The search is
:a151~|:|:1rent1'_|.-r Exhausti'r.re because t]'lE compar-

the items and thcn dctcrrnmc whether ti'gc
probe item has matched any of the items
than to stop after each comparison and
make a decision. That i is, taking the time
to decide whether or not the probe
matches each item may take much longer
than making the comparison on which the
decision is based (see Sternberg, 1975).
Before leaving the topic of the exhaus-
tiveness of the short-term memory search,
we point out here that evidence for serial
exhaustive search is not universally found
in_all search tasks. For example, Egeth
Jonides, and Wall (1972) and Neisser
(1963; Neisser, Novick, & Lazar, 1963)
found evidence for parallel search throngh
visual displays, Atkinson and Juola (1973)
found evidence for serial self-terminating
search through long-term memory, and
Theios, Smith, Haviland, Traupmann, and
Moy (1973) have argued in favor of a serial
self-terminating model for memory scan-
ning. Schneider and Shiffrin (1977) and
Fisk and Schneider (1983) have shown that
extensive practice with memory scanning
when the positive and negative items re-
main constant produces parallel search
through both memory and visual display
sets. In contrast, they found that changing

the assignment of items to positive and
negative sets produces serial self-terminat-
ing search regardless of practice.

The second puzzle, how the probe is en-
coded, is also clarified somewhat by the
rate of comparison. We are fairly sure the
form of “encoding is not acoustic or artic-
ufatnr}f (e.g., pronouncing each member of
the meme.y set to yourself to see whether

it matches the probe) because we know

from other studies that it takes much
longer than the scan rate of 40 ms to sub-
vocalize well- Iearncd | sequences, such as
the letters of the alphabet. Landauer (1962)
found that subvocalization rates were
about 170-200 ms per item for these
Accordingly, the form of encoding must
be different from implicit speech, although
whether it is a visual image or some more
abstract form is not known.

What can we say about the intercept of
the RT functions in Figure 5-1? Recall that
the intercept of a linear function is that
value of ¥ when X is zero. Thus, for the
RT functions in Figure 5-1, the intercept
corresponds to the RT when the set size is
zero—that is, when there are zero items in
memory to be searched. We cannot ob-
serve the intercept R I -value empirically—
that is, we cannot include a condition in
the experiment in which the subject never
searches memory. Rather, we_infer the
VM the zero- intercgpr sratisrical]}r In

cept nf the RT function must represcnt the
sum of the times of stage 1, stage 3, and
stage 4, e 4, since it rhcc-renca]ly represents a
case in which there are zero serial compar-
isons to be made (no stage 2). Now we con-
sider the fact that the intercepts of the pos-
itive and negative functions are not the
same but differ by 50 ms. (This advantage
of positive over negative reaction times
when their probabilities are the same is a
pervasive finding, although the size of the
difference is not as constant as the size of
the slope.) This difference between the in-
tercept of positive and negative responses
is attributed by Sternberg to the binary de-
cision process of stage 3; it takes longer to
decide in favor of a negative than a posi-
tive dec1smn
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Factors That Affect Other Stages in
Memory Scanning

So far, we have considered the effects of
memory set size and type of response (pos-
itive versus negative) on two of the four
stages. Here we consider the effects of two
additional variables—stimulu #

radation and response probability—on the
remaining two stages o? stimulus encoding
(stage 1), and response organization and
execution (stage 4). By stimulus probe deg-

radation we simply meap some manipula-
tion that makes the probe more difficult to

see.
~We might expect that stimulus degra-
dation would affect the stage of stimulus
encoding by making it longer. We might
also wonder whether it would affect the
second stage, stimulus comparison or
search as well. Sternberg (1967) compared
reaction times for intact visual probes with
degraded probes, in which the degradation
was accomplished by superimposing a
checkerboard pattern on the probe. He
found that after some practice, subiects

; ASL_ptercep or, 3

;Eaﬁuu.u.imw (the average dif-
erence was about 65 ms} but no chapgein
ulus encoding) bur not stage 2 (compari-
son). He reasoned that if the comparison

process had been slowed by the degrada-
tion of the probe, then the slopes of the

RT functions would have increased. It is
interesting that degrading the visual qual-
1 f ] i e e 2

parison fimes. This suggests that if com-
parisons of visual images underlie the
serial comparison stage, the encoded ver-
sion of the probe must be processed to
make it equivalent to a nondegraded
probe.

We expect response probability to affect
the last stage, that of response organiza-
tion and execution. Many RT experiments
show that when response probability in a
choice reaction time situation is varied by
varying stimulus probability, the more
probable response is executed faster and

the less probable Tesponse is _executed
more slnwfy Sternberg (1969a) manipu-
lated the presentation probability of posi-
tive probes (and hence the complementary
presentation probability of negative
probes) from .25 to .75. He found

tércept of the RT functions, and not their
R L Vel oun
times regardless of memory set size), and
the less probable response having a hi

intercept (overall slower RTs regardless of
memory set size). This effect is located b
Sternberg_in_sta

Q), and the lack of an
interaction berween two variables when
they are applied together is used as an in-
dication that these two variables do not af-
fect the same stage.

In summary, Sternberg’s additive factors
method is a type of subtraction method.
Here, however, rather than deleting whole
stages, variables are manipulated so that
differences in RT berween different levels
of the same independent variable are used
as measures of the duration of substages of
the major stages. Thus, we use the subtrac-
tion method in additive factors to measure
substage duration, rather than stage
duration.

POSNER’S SAME/DIFFERENT
CLASSIFICATION TASK

Michael Posner and his colleagues have
used a same/different classification task to
isolate and measure components of com-
parison times. In the Posner paradigm,
subjects are asked to classify pairs of stim-
uli as SAME or DIFFEm
of some criterion. The classthication crite-

ria may vary in abstrac sical

idenrity, to name jdenriry, to the mostab-
stract level of category or rule identity. As

abstractness increases, so do the number of
stimuli that are to be considered identical.
Posner’s method allows us to study the
classification problem under experimen-
tally rigorous conditions by using stimuli




5. MENTAL CHRONOMETRY 99

that are simple and well-learned, yet can
be classified by a variety of criteria.

The Letter-Matching Task

The basic paradigm is a letter-matching
task, in which the subject is presented with
a pair of identical or similar stimuli, such
as letters of the alphabet, and is required
to judge as quickly as possible whether the
pair is the same or different. The basic data
are the reaction times required to carry out
the task.

In a tvpi -m k (Pos-
ner, 1969; Pﬂsner &Z Keele, 1968), a_names
i ity criterion js used to classi
as same. Two letters are shown either si-
multaneously or successively. The letters
may be physically identical (AA, aa), have
the same name but different physical forms
(Aa, aA), or be different (AB, ab). The sub-

ject’s task is to classify gll the letrazsauich

the same name as same an wi -
ferentnames as differens, Thus, both phys-
ically identical and name-identical pairs
are to be classified as SAME. Figure 5-4 il-
lustrates the name-identical criterion for
same judgments under simultaneous and
successive presentation conditions.
Well-practiced subjects responding to
simultaneously presented letter pairs show

a 70- to 100-ms advantage in matchin
physically identical Gve‘rmmﬁ
subjects match phys] identical stimuli

on the QM yisual rather rhan name

cha ] ven for -
uli ¢ alphab

Posner (1969) points to other lines of
converging evidence for this conclusion.
These include the fact that letter-like stim-

uli without names are matched as Iast as
physically identical letters and that in-

verted | __h;_fghed' as quickly as up-
right letters as long as the mvmeﬁ letters
eld.
e difference in time bctwtcn physical
and name matches also suggests that it
takes between 70 and 100 ms to convert a
pair of letters into a name code (or alter-
natively, to convert one of the letters into
the opposite case).

Simultaneous matching

A A =  SAME
A a = SAME
A B == DIFFERENT
e Y |
Successive matching
A bFb—eeer A e— SAME
eS|
e
I e 2 fr— SAME
ot
e [=xag
A FP———— B pP——m DIFFERENT
I~-_—',—.--'
Interstimulus
imterval

Fig. 5-4 Examples of simultaneous and suc-
cessive matching in a Posner task with a name-
identical criterion.

Another line of converging evidence for
the visual basis of physical matches comes
from results of experiments studying suc-
cessive matching (Posner, Boies, Eichel-
man, & Taylor, 1969). What ha

second letter in a pair, so that -
1 EeCcISION mus m

the first letter? Is that memory based on the
visual appearance o tter or on
its name? Figure 5-5 summarizes the results
rom two experiments in Posner et al.
(1969) by p i tching-

loting differencesin marching
time between physically identical ﬂg_t_i
name-idengical lerer pa dentical lerer paits as a function of
the interstimulus interval. Time differ-
ences rather than absolute times are shown

because the absolute times vary widely be-
tween the two experiments because of dif-

ferences in vlewmg CGﬂd]thI‘lS I;%E ZETO
condition represen | =

sefl tion condition, and results in about a
90 ms a vantagg Fg Eh:sicallz ideng 'Eg!
over name-identical pairs. However, as the




]}

otherwise. Pairs of same letters could also
have the same name or could be physically
identical. In this task, letters that were
physically identical retained their advan-
tage over those with the same name, but
same name pairs were matched faster than
those with the same rule of classification
(i.e., letters that were both vowels or both
consonants).

The times for the four types of same
judgments are shown in Figure 5-6, along
with the times for different responses.
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Fig. 5-5 Difference in RT between name and
physical identity SAME responses as a function
of ISI between two successive letters. The open
and solid circles represent two different exper-
iments. (From “Retention of Visual and Name
Codes of Single Letters,” by M. 1. Posner, 5. J.
Boies, W. H. Eichelman, and R. L. Taylor. In
Jowrnal of Experimental Psychology, 1969, 79
(Monograph Suppl. 1), 1-16. Copyright 1969 by
the American Psychological Association. Re-
printed by permission.)

i i i increases, t an-
tage gradual ears and_| -
pletely absent after an interval of about 2
seconds, =

This suggests that subjects after that in-
terval are matching letters on the basis of
their names, since a match like AA is made

no faster than a match like Aa. Thus, the

duration of an efficient visual code for
matching appears to be short. Other ex-
periments 'E}r Posner and his colleagues
have shown that the visual memory code is
affected by other attentional demands,
since interpolation of a cognitive activity
such as addition interferes with the visual
matching process but not with the name
matching process (Posner, 1969).

Posner and Mitchell (1967) extended the
letter-matching paradigm to a matching
task involving category (or rule) identity.
Subjects were presented with pairs of let-
ters presented simultaneously and asked to

classify them as WL%IM}&L
vowels or both consonants and as different

Physical identity matches are about 70 %s
aster than na 1 ity _matches, which_
in tur r than vowel

matches. However, vowel m

more than ant
matches. The difficulty subjects have in de-
B e

ciding whether two letters are both con-
sonants presumably is because there are
many more consonants than vowels. In
fact, Posner and Mitchell present evidence
that the consonant match decisions were

Fig. 5-6 Hypotherical series of stages in Pos-
ner and Mirtchell’s study in which subjects clas-
sified letter pairs as same category (both vowels
or both consonants) or different category (one
of each). Numbers represent time in millisec-
onds. Node 1 refers to physically identical pairs
(AA); node 2 to name identical pairs (Aa), and
node 3 to category identical pairs (Ae for vow-
els and BD for consonants). (From “Chrono-
metric Analysis of Classification,” by M. L. Pos-
ner and R. F. Mitchell. In Psychological
Review, 1967, 74, 393—409. Copyright 1967 by
the American Psychological Association.
Adapted by permission.)

Mode 1 (physical identity)

Mode 2 (name identity)

“Different”

MNaode 3 (category identity)
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made by exclusion—that is, by checking
that neither letter was a vowel.

One way of interpreting the results pre-
sented in Figure 5-6 is by assuming that
subjects must proceed through all the pro-
cessing “nodes” in serial order to make the
most complex decision. Thus, to decide
that B and D are both consonants, a subject
checks the physical identity node (node 1),
next the name identity node (node 2), next
the vowel identity node (node 3), and fi-
nally the consonant identity node. If the
processing is serial, differences between
times for complex decisions and those for
simpler decisions reflect times of the inter-
polated processes. Posner and Mitchell
{1967) acknowledge that processes other
than serial ones can be invoked to account

for their results. Nnnethelcs_;_! ;bcir simele
iments provi

and_elegant experiments provide a clear
example of another application of the sub-
traction method in mental chn ELry.

Although the use of reaction time to
measure the duration of mental events still
has a long way to go, the introduction of
the additive factors and classification
methodologies into the arsenal of the cog-
nitive psychologist has brought the ulti-
mate goal of unraveling mental processes
much closer.

METHODOLOGICAL ISSUES IN
REACTION TIME

There are a number of methodological is-
sues in the use of reaction time as a depen-
dent variable. Here we survey some of
them.

What Is the Minimum Reaction Time?

RT investigators generally assume that
there is some minimum RT in simple and
choice tasks below which subjects cannot
respond. For.simple reaction time, this
represents i ime for stimulus
input, decision, and motor response time
and has been termed the irreducible mini-
mum reaction time. Estimates of this time
vary with conditions and subjects, but for

auditory stimuli, which produce fastec re-
action times jsual stimuli, the irre-

ducible minimum is generally estimated to
be between 90 and 100 ms. (Snodgrass,
1969; Woodworth, 1938).* Reaction times
shorter than the irreducible minimum are
called anticipatians. These may occur if
the subject knows with some certainty
when the reaction stimulus will occur.

Usually, subjects are warned about the pre-
timm_r_mmahma&n
stimulus.

“=The nrst stimulus, the warning signal
indicates to the subject that the second
stimulus, the reaction signal, will occur
after some time interval. This time interval
is known as the foreperiod, and may be
fixed in duration or may vary randomly
from trial to trial. When the foreperiod is
fixed, the subject very quickly comes to
know its value. For fixed foreperiods, the
optimum duration is between 1 and 2 sec-
onds (Karlin, 1959; Woodrow, 1914).
Shorter foreperiods do not permit the sub-
ject to prepare sufficiently, and longer ones
are too long for subjects to maintain opti-
mum readiness. However, a disadvantage

of fixed foreperiods is the large tempration
for the subject to anticipate the signal and

t just_after the signal. Al-
though there are experimental methods
for controlling anticipations (Snodgrass,
1969; Snodgrass, Luce, 8¢ Galanter, 1967),
these are quite time-consuming, so most
investigators solve the problem of antici-
pations by discarding those RTs that are
shorter than the irreducible minimum.
This minimum is usually taken to be about
100 ms for simple reaction time ex-
periments.

The anticipation problem is less critical
for choice reaction time, because subjects
cannot respond correctly with more than
chance performance until the stimulus has
been identified. Thus, investigators who
use choice reaction time do not usually
need to discard very short RTs.

*In New York City, the irreducible minimum RT to
a light stimulus may be defined as the time between a
traffic light’s turning green and the honk of the taxi-
cab behind you. However, this particular siruarion
has not been investigated in detail.
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The Problem of Very Long RTs
(Outliers)

The problem of long RTs, or outliers, is

characteristic of both simple and choice

RIs, Very short RTs (or anticipations) are
also outliers, but IDEE outliers are more of
a problem because they can affect the
mean RT more than spuriously short RTs.
Furthermore, there are reasons for expect-
ing subjects to produce occasional long
RTs. Often suh]ects report that on that

particular trial t

they momentarily forgot which key to

press for their response. This resulted in a
long RT that was outside the normal
range.

Accordingly, investigators adopt one of
three strategies for dealing with outliers:
(a) throw out or (b) replace those that are
unreasonably long (we will come back in a
moment to the definition of “unreasona-
ble™), or (c) use;n'n____m_s_ui;_,uf_ccnn_augp'

dency that is less sepsitive to out-
lying observations than the arithmetic

mean, such as the median.

When discarding or replacing outliers,
investigators may use either a relative cri-
terion, so that an outlier is defined for each
subject with respect to the other RT values
in that subject’s distribution, or an abso-
lute criterion, so that an outlier is defined
as any response greater than k ms. The
value of k£ may be as low as 500 ms for sim-
ple reaction time or as high as 3000 ms for
choice reaction time.

A commonly used relative criterion isto

discard any response that lies more than
r};[cg standard deviations from that suh-

ject’s mean for tha ition. This crite-
rion is based on a model for RT that as-
sumes RT values are normally distributed.
Another widely used criterion is the Dixon
test, which is a staristical method for de-
termining the likelihood that a suspected
outlier comes from another distribution of
R.Ts. In the Dixon test, we compute the dif-
ference between the suspected outlier and
the next largest observation, and compare
that difference with the entire range of
RTs. The Dixon test is described more
fully in Chapter 15 on descriptive statis-

tics. Discarding observations from a distri-
bution is known as trimming. An alterna-
tive to discarding outliers is to replace
them with the next largest or smallest
value. This procedure is known as Win-
sorizing and it, too, is described in Chap-
ter 15.

The most commonly used alternative
measuvzes of central tendency are the me-
dian and the geometric mean. The median
or 50th percentile is the middle value of a
distribution of RTs, and as such is com-
pletely insensitive to extreme observations.
For example, the median for the set of ob-
servations 140, 150, 160, 170, 180 is the
same—160—as the median for the set of
observations 140, 150, 160, 170, 400. The
median is insensitive to the replacement of
the value of 180 in the first set by the value
of 400 in the second set; in contrast the
arithmetic mean is very sensitive to the
outlier, being 160 for the first set and 204
for the second.

The geometric mean is the #th root of
the product of # scores. It, like the median,
has the property that it is insensitive to ex-
tremely long scores. For example, the geo-
metric mean of the series 10, 100, 1000 is
100, while the arithmetic mean is 370.
Using the geometric mean as a measure of
central tendency is the same as using a log-
arithmic transformation on the data and
then computing the arithmetic mean on
the logarithmic transforms. 5o, for exam-
ple, the logs to the base 10 of the series 10,
100, 1000 are 1, 2, and 3, and the arith-
metic mean of the log transforms, 2, rep-
resents the log of the geometric mean. The
usual way to calculate a geometric mean is
to convert each score into its logarithm,
compute the arithmetic mean of the loga-
rithms of the scores, and then find the an-
tilogarithm of that mean.

The use of medians or geometric means

is not appropriate when an Ler 15
mterested_in_testing an-addirive type g ey P
model, suc : data.
The reason these transformagions.aze pot

appropria es that are hy-
pothf:s:z t -
and formati t

preserve their additivity.
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Error Rates and the Speed-Accuracy
Trade-Off Function

When RTs are used as the dependent var-
iable, subjects are usually instructed to re-
spond as quickly as possible, consistent
with an extremely low (ideally 0%) error
rate. Thus, the average RT should repre-
sent an ideal performance for that subject
for that condition.

However, subjects do make errors. In
simple RT experiments, these _errors may

be :m’cn:lEanf:nvrls.= extremely slow RTs, or
omissions. In choice RT experiments, an

additional source of error is a response of
type B to stimulus A or a response of type
A to sumulus B. Regardless of how well
pMeﬂﬁfun a choice RT task,

there are invariably some small percentage
of trials (1_to 2% in the best cases) on
which subjects respond to a stimulus with
the wrong response. Subjects often explain
their errors by saying something like, “1
wasn't paying attention on that trial—my
mind wandered” or “I forgot momentarily
that the rlght hand response was the cor-
rect one.’ L_Irljwmmml.y-emlt
the error RTs from the analysis and report
the error rates alo ith the correct av-
erage RTs.

However, it is clear that subjects are ca-
pable of manipulating their speed of re-
sponse by manipulating how many errors
they make. For example, if they take a
long time to respond, they can approach

perfect performance. On the other hand, if

Slow

Fig. 5-7 An idealized speed-

accuracy trade-off function.

they respond too quickly to full

the stimulus, they can produce very fast
Elghn:ﬂmmmy. The
relationship between RT and accuracy
(with increases in RT leading to increases

in accuracy) is called the speed-gccuracy
trade-off function, and an idealized one is

presented in Figure 5-7.

Here, accuracy of performance is plot-
ted along the ordinate (y-axis) against av-
erage RT along the abscissa (x-axis). If sub-
jects are encouraged to produce very fast
RTs (with instructions emphasizing ex-
treme speed), they will also produce low
accuracy or a large percentage of errors, If

they are given normal instructions, their
RTs will ipcrease along with their accy-

racy. Subjects may differ on where they
place themselves along the speed-accuracy
operating function, depending on how

they interpret the instructions, their own

personal biases about which is more im-
portant—speed or accuracy—and so on.
We might use as an analogy taking a timed
achievement test. Some people will race
through such tests, preferring to answer all
the questions quickly at the expense of
some accuracy. Others will take their time
and may not answer all questions but will
be more accurate on the questions they do
ANSWET.

Some investigators (e.g., Pachella, 1974)
study the form of the speed-accuracy
trade-off function explicitly, by keeping
the experimental situation constant and
varying payoffs to selectively reward ac-
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curacy at the expense of speed (so that sub-
jects adopt a conservative criterion), or to
reward speed at the expense of accuracy
(so that subjects adopt a liberal criterion).
More usually, however, investigators who
are interested in the effect of one or more
independent variables on RT adopt a stan-
dard set of instructions that they hope will
produce similar criteria for speed versus
accuracy across subjects and conditions.
Thus, most investigators do not worry
about the form of the speed-accuracy
trade-off function as long as the results
from their conditions do not show such a
trade-off. When experimenters compare
RTs across a number of different condi-
tions, some conditions are usually hypoth-
esized to be more difficult in that they re-
quire more processing steps or more
complex processing than other conditions.

As long as error rares are positively corge-
lated with RT, so that low error rates ac-
company fast RTs and high error rates ac-
company slow RTs, the investigator mey

f; i ent_that the

RTs ¢ -
accuracy trade-off. On_the other hand, if
error rates are negatively correlated with
RT, then a speed-accuracy trade-off is a
possible alternative explanation to the in-
vestigator’s preferred hypothesis.

Table 5-2 shows RT and error results
from an experiment in which the pattern
of RT results cannot be explained by
speed-accuracy trade-off, and Table 5-3
shows a pattern that can be explained by
speed-accuracy trade-off.

Both experiments show hypothetical re-
sults from a same-different RT experiment

in which subjects were presented with let-
ter pairs selected either from a familiar,
well-learned class (English letters) or from
an unfamiliar, poorly learned class (Greek
letters). Within each class, letter pairs
could be the same by being physically
identical—capital A’s (AA) and capital
gammas ([T)—or could be the same by
having the same name—a capital and
lower-case A (Aa) and a capital and lower-
case gamma (I'y). The investigator hypoth-
esized that physically identical matches
would be faster than name-identical
matches (e.g., Posner, 1969), and that fa-
miliar letter pairs would be faster than un-
familiar letter pairs. (Note that subjects
must be familiar enough with the unfamil-
iar class of Greek letters to know when the
letters have the same names.)

Table 5-2 shows just the expected pat-
tern of results: familiar physical matches
are faster than unfamiliar physical
matches, and unfamiliar name matches are
longest of all. The rates of error responses
(calling a same pair DIFFERENT) corre-
late positively with RT in the sense that
fast RTs are accompanied by low error
rates and slow RTs are accompanied by
high error rates, so the RT results cannot
be the result of a speed-accuracy trade-off.

Table 5-3 shows the same RT data, but
now error rates correlate negatively with
RT—fast RTs are accompanied by high
error rates and slow RT's are accom]%anied

by low error rates. This pattern of RTs
could be explained by a speed-accuracy

trade-off. In this particular case, it would
be explained by assuming that in the hy-
pothetically “easy” conditions, subjects

Table 5-2 Correct RTs and Error Rates for Familiar and
Unfamiliar Letter Pairs in a Same/Different RT Experiment
for which no Speed-Accuracy Trade-Off Is Obtained (Only

Same RTs Are Shown)

Mean RT Error %
Familiar letters (English)
Physically identical (AA, aa) 400 2
Mame identical (Aa, aA) 550 5
Unfamiliar lerrers (Greek)
Physically identical (TT, ) 500 3
Mame identical (I'y, 4T 700 10
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Table 5-3 Correct RTs and Error Rates for Familiar and
Unfamiliar Letter Pairs in a Same/Different RT Experiment
for which a Speed-Accuracy Trade-Off Is Obtained

Mean RT Error %
Familiar letters (English)
Physically identical (AA, aa) 400 10
MName identical (Aa, aA) 550 3
Unfamiliar lerters (Greek) _
Physically identical (I'T, ) 500 5
Name identical (T'y, 4T 700 2

had a bias toward responding as quickly as
possible, thereby producing both fast RTs
and high error rates, whereas the opposite
occurred for the hypothetically “difficult™
conditions. On the basis of Table 5-3, it is
impossible to reject the notion that the
RTs are really the same across the “easy”
and “difficult” conditions, or even that the
RTs might run in the opposite direction if
error rates were kept constant across the
conditions.

SUMMARY

Mental chronometry is the measurement
of mental processes by the use of reaction
time (RT). Donders pioneered the use of
RT to measure mental processes with his
subtraction method. However, various
problems with Donders’ method led to the
ultimate rejection of his use of the subtrac-
tion method, in part because it involved
changing the experimental task so that en-
tire stages were omitted or added. Stern-
berg’s additive factors method revived the
subtraction method by manipulating vari-
ables that affect various hypothetical
stages assumed to underlie the RT, with-
out either adding or omitting stages. We
have presented one widely used applica-
tion of the additive factors method here,
namely, its use in short-term memory
scanning. By use of this method, Sternberg
discovered (a) that scanning through short-
term memory was serial and exhaustive, (b)
that degradation of the stimulus probe af-
fects the encoding stage but not the search
stage of the process, and (c) that factors
such as response probability affect only the
last stage—response organization and ex-

ecution—and not the binary decision
stage.

Posner’s experiments, which apply men-
tal chronometry to classification of letters,
showed that physical matching is faster
than name matching, which in turn is
faster than rule-based matching of vowels
and consonants. There is evidence that the
extraction of these three levels of infor-
mation proceeds in a serial fashion, and
thus that differences between the RTs for
the three matching conditions is a measure
of the time for such processing. The ad-
vantage of physical matching disappears
when the two letters are separated by an
interval of two seconds or longer, suggest-
ing that the visual code that is the basis for
matching at a physical level is of short
duration.

A number of methodological issues in
reaction time were discussed to illustrate
the correct treatment of RT data. These
include the issue of outlying observations,
both those that are very short and thus
may be produced by anticipating the reac-
tion signal, and those that are very long
and thus may be produced by a different
process than that under study, such as in-
attention or response forgetting. Finally,
the problem of speed-accuracy trade-offs
in RT was discussed.

Reaction time as a method of measuring
the speed of mental processes has become
increasingly important in recent years and
is the dependent variable of choice in
many areas. It is important to understand
the underlying logic in using reaction time
to dissect the workings of the human mind
and to be alert to possible confounding
variables in reaction time research.



