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Combination rule for redundant information in

reaction time tasks with divided attention

G. ROBERT GRICE, LYN CANHAM, and JOSEPH M. BOROUGHS
University ofNew Mexico, Albuquerque,New Mexico

Five choice reaction time experiments were conducted to investigate the redundant-signals
effect in letter identification. In two experiments, displays were large letters formed by small
letters. Three experiments used simple two-letter displays with different spatial arrangements.
Data were analyzed by the measurement model of variable criterion theory. In all experiments,
throughout the RT distributions, the strength of the redundant signals condition was an ex
tremely precise linear function of the sum of the strengths of the separate components. Each
stimulus component contributed about one-halfof its strength. The form of the distribution was
entirely determined by this additive relation. However, the superiority of the redundant-signals
condition is not produced by this summation, but by an additive constant present throughout
the distribution. It is suggested that this represents a decrement produced by a distractor in
a relevant location in single-target conditions. The results strongly favor strength theory as
opposed to separate activation models that account for the redundant-signals effect by statis
tical facilitation. Additional information provided concerns the global precedenceeffect and 8-R
compatibility.
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When human observers monitor two sources of in
formation for a target, performance is facilitated if
the target is present in both sources rather than only
one. This finding has been called the redundant-signals
or redundant-targets effect (Kinchla, 1974). Miller
(1982) has recently distinguished two classes of theo
retical accounts of this phenomenon.

In one approach, the observer isconceivedas proces
sing the two sources of information separately, but in
parallel and not necessarily at the same rate. An af
firmative decision is made if the target is detected in
either source. If the response measure is reaction time
(RT), the decision to respond is made when the target
isdetected in the first channel. The decision mechanism
may be considered an analog of an OR gate. If the
detection-time distributions of the two channels over
lap, then the average RT willbe faster with two signals
present than with only a single source. Raab (1962)
appropriately called this explanation of the redun
dant-signals effect "statistical facilitation." Such an
account is an example of a "race" model. Miller (1982)
used the term "separate activation" for this approach
and cited a number of the investigators who have used

it. More recent examples are two attention-sharing
models, based on independence, presented by Shaw
(1982). However, her models were applied to detec
tion experiments only, and she did not suggest their
extension to RT data.

The second class of theories described by Miller
(1982) is characterized by "coactivation." In this
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view, "activation" increases gradually following
stimulus onset until a criterion is reached. With two
inputs, the two sources of information combine and
the growth of activation is more rapid. Following the
electronic analogy, the mechanism leading to the de
cision to respond is analogous to an integrator rather
than an OR gate. This view is entirely consistent with
the continuous flow conception of C. W. Eriksen and
Schultz (1979), and with our own variable criterion
theory approach (Grice, Canham, & Schafer, 1982).
However, we have not previously analyzed redun
dant stimulus inputs from the point of view of vari
able criterion theory. C. W. Eriksen and Schultz re
gard the growth of activation as dependent on "re
sponse priming." In variable criterion theory, the
terms used are "excitatory strength" or "associative
strength. " The present research is concerned with
letter identification in visual displays.

Miller (1981,1982) has proposed an interesting and
important basis for evaluating the class of separate
activation theories. The method is derived from the
race property of these models, and is based on the
information in the cumulative RT distribution func
tions for the separate and combined stimulus inputs.
He points out that, according to such models, when
both stimuli (A and B) are present, the following re
lation holds for all values of time (t) following stim
ulus onset:

P(RT < t IA and B)

=P(RT < t IA) +P(RT < t IB)-P[(RT < t IA)

and (RT < t IB)]. (1)
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For independent-channels models, the subtractive
term is merely the product of the two separate prob
abilities. If the channels are not independent, the
subtractive term becomes

[P(RT < t IA)][P(RT < t IB) I(RT < t IA»).

If the channels are positively correlated, the term will
be greater than the product for independence, and
if they are negatively correlated, it will be less than
the product. In the special case of a perfect negative
correlation, the subtractive term will be zero. This
sets an upper limit on response probability when both
.stimuli are present, since

P(RT < t IAandB)~ P(RT< t IA)

+P(RT < t IB). (2)

Thus, if, at any time in the cumulative RT distribu
tion functions, the probability of response to the
combined stimuli is greater than the sum of the two
separate probabilities, Inequality 2 is violated. In this
case, this entire class of separate activation models
may be rejected for the particular set of data.

From the point of view of separate activation
theories, a negative correlation betweentwo channels
in divided-attention tasks would not be unexpected.
This is because of the possibility that the channels
may compete for resources. Even so, it should be
recognized that Miller's proposed test is extremely
conservative. One would not realistically expect a
negative correlation to be perfect. This is particularly
true in view of evidence that the cost of dividing at
tention is quite small unless separate responses are
required to the two inputs (e.g., see Duncan, 1980).

Miller has also developed a procedure for applying
this analysis to group data. The analysis is applied
to average cumulative distributions obtained by the
method of Ratcliff (1979). Throughout a cumulative
distribution, quantiles are computed at evenlyspaced
percentages for each subject separately. These quan
tiles are then averaged over subjects at the corre
sponding percentages. This produces an average dis
tribution with quantiles at the means of the subject
quantiles. Miller obtained a distribution in this way
for the condition in which both stimuli were present.
He also constructed a second "distribution," which,
for all times, consisted of the sums of the two cumu
lative distributions for separate presentation. The
same quantiles were obtained for this distribution.
If, at any time, a quantile is reached earlier by the
"both" distribution than by the distribution of sums,
Inequality 2 is violated. The statistical significance
of such a violation is evaluated by means of a t test.
Since the distribution of sums approaches two rather
than one, meaningful comparisons may be made only
at relativelyearly quantiles.

Miller (1982)applied this analysis to three bimodal
detection experiments, finding significant violations
of Inequality 2. However, the present research is not
directed to that problem. He also presented three ex
periments involving the visual detection of letter tar
gets. One of these (Miller, 1981) was conducted in the
context of global precedence (Navon, 1977). The
stimuli were large letters made up of small ones, and
the target could appear at the global or local level or
at both. The other experiments (Miller, 1982) in
volved two letters separated horizontally, the target
appearing in either of the two positions or in both.
A position or level not containing a target was filled
by a neutral letter . There were trials with no target,
and the subject responded by pressing a "yes" or a
"no" key. In each of the experiments, Inequality 2
was significantly violated in the early portions of the
distributions. Miller concluded that the class of sep
arate activation models must be rejected, and that a
coactivation model with a summation principle was
required.

In spite of the consistency and apparent clarity of
Miller's results, we believe that there is a possible
flaw in the experiments that could potentially negate
the conclusions. The difficulty is that there can be
no truly neutral stimulus in this situation. Any letter
other than a target may tend to evoke the "no" re
sponse, producing the kind of associative interfer
ence discovered by B. A. Eriksen and C. W. Eriksen
(1974) and since studied by a number of investigators
(e.g., C. W. Eriksen & Shultz, 1979;Grice, Canham,
& Shafer, 1982; Flowers & Wilcox, 1982). Thus, the
difference between single- and double-target trials
may be due, at least in part, to interference that ac
companies a single target but is absent when two tar
gets are present.

Our first purpose here is to use Miller's rationale
for evaluating separate activation theory while avoid
ing the difficulty inherent in the yes-no design. We
have used a choice reaction time (CRT) procedure
with two target letters, one mapped on each of two
responses. In this situation, a nontarget letter is more
truly neutral, in that it is not associated with either
response. On each trial, one of the two targets is pre
sented, either to both channels or singly and accom
panied by an irrelevant letter. Five such experiments
are presented. Two involve displays of a large letter
made up of small ones. The remaining three use two
letter displays with differing spatial arrangements.
Two of them include the factor of S-R compatibility
in the analysis.

The other and major aim of the research is to apply
the measurement procedures of variable criterion
theory to an investigation of the rules by which in
formation combines when two redundant stimulus
inputs are present. This analysis is also based on the
cumulative RT distributions. From the point of view
of variable criterion, strength theory, these functions



are taken to reflect the growth of associative strength.
With three distributions, it is possible to examine the
growth of associative strength for each stimulus sep
arately and for the two in combination when both
are present. The five experiments provide consider
able variety in the relations between component func
tions. If a common combination rule should apply
to all of the experiments, considerable generality

would be indicated.

EXPERIMENTS 1 AND 2

In the first two experiments, the stimuli were the
large letters made up of small ones that were used by
Grice, Canham, and Boroughs (1983) in investigating
global precedence. This is the class of stimuli used in
the first Miller (1981) experiment. The target letter
was presented either at the global or local level or at
both. In Experiment I, the stimulus appeared irreg
ularly to the right or left of the fixation point, a con
dition that produced the global precedence effect in
the earlier research. In Experiment 2, the stimulus
was always centered at the fixation point. This con
dition was found not to produce the global prece
dence effect. For separate presentation and uncertain
stimulus location, we should expect faster response
to the large target than to the small one. With fixed
location, we should expect RTs to be about the same
to the two kinds of target when presented separately.
The interest is in whether the manipulation will affect
the redundant signals effect or the way in which it is
produced.

Method
Stimulus displays and general procedures were as described by

Grice et al. (1983). The stimuli, presented on a video monitor by
a TRS-80 computer, were large capital letters made up of small
capital letters. The small letters were formed by dots in a 5 x 7
matrix and were approximately .29 deg wide and .35 deg high.
The large letters were formed in the same manner in a 5 x 7 ma
trix with the dots replaced by small letters. The large letters were
approximately 2.76 deg wide and 3.57 deg high. The two target
letters were H and S. The subjects were instructed to respond to
one of the targets by pressing a key with the right index finger and
to the other target by pressing a second key with the left index
finger. The two mappings of right and left on the targets were
divided equally among the subjects. Instructions were to respond
as quickly as possible while avoiding errors. RTs were recorded
in mi1liseconds.
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One of the target letters was presented on each trial. Equally
often the target was the large letter, the small letter, or both the
large and small letters. On trials with a single target, the irrelevant
letter was Y. This letter was selected from the available font of
letters to minimize similarity with both targets. A single irrelevant
letter was used, rather than several, to simplify the task and to
eliminate any extra processing time that might result from a variety
of irrelevant letters. The targets, H and S, were presented equally
often in each of the three kinds of trials. A plus sign, used as a
fixation point, was continuously in the center of the screen except
when the stimuli were on.

The warning signal before each trial was a .s-sec, IllOO-Hz tone
of 70 dB SPL. The subjects were instructed to look at the fixation
point at the tone and be prepared to respond. The stimulus came
on I sec after the onset of the tone. The interval between trials
was 4 sec. The stimuli remained on the screen until the subject
responded. In the event of an error, the word ERROR appeared
on the screen for .5 sec and there was a .5-sec burst of noise of
70 dB SPL. The experiment began with 50 practice trials followed
by a short rest. There were then 250 trials without interruption.
Data were based on the final 240 trials, 80 of each kind.

In Experiment I, the stimulus appeared irregularly and equally
often with its center 2.47 deg to the right or left of the fixation
point. In Experiment 2, the stimulus was always centered at the
fixation point.

The subjects in each experiment were groups of 28 female un
dergraduate students from courses in introductory psychology.
They received course credit for participation.

Results
Mean RTs and error rates for each condition in the

two experiments are presented in Table 1. The
redundant-signals effect was obtained in both experi
ments and did not differ greatly between them. Prob
ably the best comparison is between presentation at
both levels and the faster of the two single-level con
ditions. In Experiment 1 with uncertain location, this
was the large letter, but in Experiment 2, RTs to the
small letter were slightly faster. When the compari
son is made for the two experiments, the redundant
signals effect is significant [F(1,54) =163.76, P <
.001]. The interaction, experiments x single vs. double
targets, was not significant [F(1,54) < 1]. The fixed
location experiment was significantly faster than the
uncertain-location experiment [F(1,54) =5.56, P <
.025].

Also of interest is an evaluation of the global pre
cedence effect, which predicts that RTs should be
faster to the single large target than to the small tar
get. Such a difference was obtained only in Experi
ment 1. When the two experiments are analyzed to-

Table 1
Meansand Standard Deviations of Mean Correct Reaction Time (in MiUiseconds) and of
Error Rates in Experiment 1 (Uncertain Location) and Experiment 2 (Fixed Location)

Reaction Time Error Rate

Uncertain Location Fixed Location Uncertain Location Fixed Location
Target

Condition Mean SD Mean SD Mean SD Mean SD

Both 512 84 457 67 .017 .018 .016 .016
Large 573 107 529 73 .013 .013 .021 .023
Small 624 97 525 68 .036 .033 .026 .034
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Figure 1. Obtained lUIdalcalated CUIIl*tive distributions for
the three cODditions ill ExperimeDt 1 (UDcertaiD locatioD) aDd Ex
perlmeDt 1 (ceDtrallocatioD). Separate polDts iIldlcate the distribu

tions of IIUIIII of the Klob81 ad local coDditions.

For Experiment 1, with uncertain stimulus loca
tion, the distributions for global and local stimuli are
clearly separated, indicating the global precedence
effect. In Experiment 2, these distributions are ap
proximately superimposed, indicating the absence of
the effect with central, fixed location. Also in Fig
ure 1, it may be observed that early quantiles for the
distributions for presentation at both levels are con
sistently earlier than the corresponding quantiles for
the distribution of sums. For Experiment 1, the dis
tribution of sums does not equal and begin to exceed
that for double stimulation until a proportion of .5.
For Experiment 2, this is at .4. Thus, Inequality 2, re
quired by separate activation models, is consistently
violated. At early quantiles, this violation is statisti
cally significant. For Experiment 1, the significant
violations are as follows:..05, t(27) = 3.945, p < .001;
.10, t(27) =2.247, P < .05; .15, t(27)=2.175, P <
.05; .20, t(27) = 2.012, p < .05, one tail; .25, t(27) =
1.704, p < .05, one tail. For Experiment 2, they are
as follows: t(27)=2.411, p < .05; .10, t(27) = 1.854,
p < .05, one tail; .20, t(27) =1.850, p < .05, one taiL
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gether, RT to the large target is significantly faster,
due entirely to the uncertain location experiment
[F(1,54) =12.60, p < .001]. The interaction, target
size x certainty condition, was also significant [F(1,54)
=17.75, p < .001]. This confirms the finding of Grice
et al, (1983), in focused attention experiments, that
global precedence is found with uncertain location
but not with fixed, central location of the stimulus.

Error rates, as expected, were generally low. The
only significant effect was in Experiment 1, in which
the error rate was greater for the small target than
for the other two conditions. By the sign test, p < .01
for both comparisons.

Tests of separate activation theory. In applying
Miller's (1981, 1982) procedures to the cumulative
distribution functions, we are interested only in correct
response distributions. Ideally, the distributions
should be error-free. In spite of the low error rates
here, they should be corrected for the presence of
errors. There are several ways in which this might be
done. However, we believe that the best method is
applying the equations of Grice, Spiker, and Null
meyer (1979) for their race model for correct re
sponses and errors. This procedure yields correct
response distributions that are invariant in form with
variations in error rate. In other words, the distribu
tion is what it would be without errors. This property
of the procedure has been confirmed both by simu
lation and empirically in research with experimental
manipulation of the speed-accuracy tradeoff. The
equations have more recently been presented in an
appendix by Grice, Canham, and Schafer (1982). All
distributions analyzed and presented in this article
are based on corrected distributions of this kind. Of
course, with the low error rates obtained, they differ
very little from the original correct-response distribu
tions, but all have unit area. The first step, then, was
to apply the correction to the three distributions of
each subject separately.

For each of the three distributions, for each sub
ject separately, we calculated 19 quantiles at .05 in
tervals from .05 to .95. In addition, we constructed
a fourth cumulative distribution that, at all times,
consisted of the sums of the cumulative proportions
for single presentation of the large and small targets.
Summing to 2, the distribution would have 39 such
quantiles, but we computed only the first 19. Follow
ing Ratcliff (1979), we then obtained average dis
tributions by computing the means of the subject
quantiles at each .05 interval. These distributions are
presented graphically in Figure 1. Smooth curves are
drawn through the distributions for the global level
(large target), local level (small target), and presen
tation at both levels. The curves were fitted by pro
cedures described in the next section. Early quantiles
for the distribution of sums are indicated by separate
points only.
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where +is the integral of the unit normal function,
.and E(t) is the value of the function for the growth
of E at t. The cumulative distribution, then, is deter
mined by the growth function in combination with
the normal distribution. 1 This leads directly to a
Thurstonean measurement model, by means of which
the function for E may be estimated from empirical
cumulative distributions. This model is as follows:

The result of these experiments is that we have con
firmed the conclusions of Miller (1981) that the class
of separate activation models must be rejected. This
does not mean that our basis for questioning his ex
perimental design was incorrect. The differences be
tween these quantiles that we have obtained, while
significant, are considerably smaller than those he
obtained.

Investigation of the combination rule. Since sep
arate activation theory and statistical facilitation may
be rejected for these data, the results suggest some
form of summation principle in terms of strength.
Thus our intent to examine this possibility gains
added importance. Although we planned to consider
some existing theories, we did not begin with a spe
cific hypothesis concerning the summation rule, but
intended to examine it empirically with the measure
ment methods of variable criterion theory.

Variable criterion theory has provided a useful ap
proach in a number of contexts. Simply, it involves
the notion that the tendency to respond to a stimulus
gradually increases following the onset of that stim
ulus. When the tendency to respond reaches criterion
strength, the response occurs. Variability is intro
duced into the theory by assuming that the criterion
varies randomly from trial to trial. Systematic manip
ulation of the criterion affects the mean of the cri
terion distribution. When formulated more precisely,
this simple model is useful in the analysis of data be
cause it leads to scaling procedures that, in combina
tion with experimental manipulation, make quantita
tive theoretical analysis possible.

The scaling procedures of variable criterion theory
(e.g., Grice, 1972, Grice, Nullmeyer, & Spiker, 1977,

1982), have been most recently summarized in the ap
pendix by Grice, Canham, and Schafer (1982). In
the RT context, excitatory strength (E) leading to re
sponse evocation is assumed to grow as a determinis
tic function of the time following stimulus onset.
When E reaches a criterion value specific to a trial,
response evocation occurs. The criterion is assumed
to be multiply determined and normally distributed
over trials, with mean, C, and standard deviation,
a. If C and a are taken as the origin and unit of the
scale, then the cumulative probability of response
[P(t»)at time t following stimulus onset is given by

where A(t) is associative strength at t. As estimated
directly from data, C =0, and 0= 1, so E(t) =A(t).
In all such experiments so far analyzed, associative
strength has been found to grow as a simple, neg
atively accelerated, exponential growth function of
time (Grice et al., 1983; Grice, Canham, & Schafer,
1982). The function is ofthe form

"where E(t) is the estimate of E(t), and p(t) is the ob-
tained cumulative proportion of responses at t. +-1
is the inverse normal function or the normal deviate
[z(t») of p(t), with p representing the lower tail of the
normal distribution. In CRT with nonzero error rates,
the appropriate distribution to which to apply the
procedure is the cumulative distribution after correc
tion by the race model.

In letter identification experiments not involving
associative interference, the growth of E has been
interpreted as dependent on the growth of associative
strength. The full relation is

(5)

(6)A(t) =a - me-v,

E(t) =[A(t) - C]/a,

where a is the asymptote and m and k are constants.
In the analysis of data, these constants are deter
mined by curve-fitting procedures such that the re
sulting function precisely describes the data. At the
present stage of theory, no attempt is made to assign
theoretical meaning to the individual parameters.

Analyses of these experiments, in terms of strength,
were performed with the same data as in the preced
ing analyses. Following Equation 4, the cumulative
proportions at each of the 19 quantiles were trans
formed to normal deviates for the distributions of
each experiment. When plotted as functions of time,
these scales formed extremely smooth negatively ac
celerated functions in all cases. The functions for
single targets at the global and local levels were then
fitted with exponential growth functions of the form
of Equation 6. For each of the four functions, the
proportion of variance of the data points accounted
for by the fitted equation was greater than .999.
Graphs of these equations are presented in Figure 2.
In Experiment 1, the global precedence effect is clearly
evident, in the different growth rates of global and
local associative strength, while in Experiment 2 the
functions are nearly identical.

The scale values obtained from Equation 4 include
both positive and negative values. However, some of
the possible summation models require all positive
values. For example, the simple sum of two negative
values will not account for a redundant-signals ef
fect. For this reason, we have established a provisional
origin at C - 3.5. This is the point at which the. nor
mal function rounds to zero in three decimal places,
and not a rational absolute zero. For the following
analysis, 3.5 has been added to all scale values.

(3)

(4)

P(t) = +[E(t»),

"E(t) =+-1 [p(t») =z(t),
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Experiment 1,

1064
06-~----!;---'---!:---!-----+---'-----!;------l----J.

6

Ee

Experiment 2,

Ea oth Levels= .508(EGiobal + ELocal) + .551. (8)

UNCERTAIN
lOCATION-.

The value of r2 for Experiment 1 is greater than .999.
The value for Experiment 2 is .997. However, the
slightly smaller value for Experiment 2 is a little mis
leading. If the discrepant, and least reliable, tail point
at the .95 quantile is deleted, r2 becomes .9995 for
the remaining 18 points. The functions for both levels
in Figure 2 were computed from Equations 7 and 8,
and they accurately represent the data points with the
precision of r2

• The smooth curves representing the
distributions in Figure 1 were calculated by obtaining
the normal function, Equation 3, of the functions in
Figure 2. The proportion of variance accounted for
in each of the six distributions is .999 or greater.
This simple empirical model accounts for the data
with remarkable accuracy.

These results indicate, throughout the distribution,
a clear summation effect of the separate functions,
each contributing about half of its strength. This
summation is independent of the relative strengths of
the two components. But, also throughout the dis
tributions, there is an additional additive constant,
represented by the intercept, that must be considered.
An initial guess could be that this merely reflects the
location of the origin. This turns out not to be true.
For linear functions of this kind, the slope and the
value of r2 are unaffected by choice of the origin,
that is, the size of an additive constant. The intercept
is normally affected. For example, if the original
scale values are used withe=0, the intercept for Ex
periment 1 is .742 rather than .572 and the intercept
for Experiment 2 is .608 rather than .551. It may be
shown that if the slope is exactly .5 the intercept does
not change with changes in an additive constant. For
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conditio. ud the sum of the streugths of the separate .....et con
ditio. for Experlmeat 1 (uncertain location) and Experiment 1
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E Both Levels = .524(EOlobal +E Local) + .572. (7)

The investigation of the combination rule began
with the simplest possible summation principle-the
relation between the function for targets at both levels
and the sum of the two single-target conditions. Ac
tually, this relation turned out to be so powerful that
it effectively excluded other possibilities. In order to
observe this relationship, we computed the values of
the two single-target functions at the 19 quantiles of
the redundant target conditions. In view of the good
ness of fit, this is an extremely accurate way of repre
senting the single-target data. The redundant target
scale values were then plotted against the sums of
two individual functions at the 19 quantiles. The re
sult for each experiment was a precise linear relation.
Plots of these relations are presented in Figure 3. The
least squares regression equations describing the re- .
lations are as follows:

Figure 1. Calculated fUlICtioDS for the growth of excitatory
strelllth for Experlmeut 1 (uncertain location) and Experiment 1
(central location).



slopes greater than .5, the intercept decreases with
increases in the additive constant, but the change is
very slow if the slope is near .5. For slopes less than
.5, the intercept increases with increases in the addi
tive constant. For Experiment I, it may be calculated
that for the intercept to be zero the origin would be
at C-15.5. For Experiment 2, it would be at -76.
Both of these numbers are unrealistically low for a
rational origin. For example, the range of the A func
tions do not include values as low as -15.5 for posi
tive values of time. The basic conclusion, then, is that
positive intercepts greater than zero are genuine. This,
in turn, leads to a more substantive and rather start
ling conclusion. In spite of clear evidence of summa
tion, it is not the summation effect that accounts for
most of the redundant signals effect evident in the
distribution for the combined stimuli. Rather, the
effect reflects a constant increment, present through
out the entire distribution.

In spite of the precise relation obtained, we have
examined three additional models that have been
proposed, although none were proposed in the con
text of RT distributions. The earliest such theory was
a rational equation presented by Hull (1939) to ac
count for the combined effect of two stimuli associ
ated with the same response. Developed in a different
context, the equation does not apply directly to the
present situation. What we have found is that, with
a somewhat different interpretation and additional
parameter estimation, the equation can be applied
to our data. The equation involves summation ac
cording to a principle of decreasing gain. We have
decided that further evaluation in a contemporary
context should await experimental data to which the
principle is more directly applicable,"

Fidell (1970), in the context of bimodal detection
tasks, proposed a principle of vectorial summation
of independent inputs. We found that this did not
describe the present data. We also investigated the
vectorial summation for correlated inputs. However,
we failed to find relations required by such models
for any acceptable origin of the scale.3

Kinchla and Collyer (1974) proposed a summation
model, also with a Gaussian metric, in connection
with letter detection when the number of redundant
targets was a variable. The model was not applied
to RT data. Their model suggested that the strength
of combined targets was simply the weighted sum of
the component strengths. Our results with the RT
distributions differ in two respects. First, rather than
full summation, we obtained only partial summa
tion, as indicated by the slopes of the linear functions.
Second, their model contains no additive constant as
we found." The fact that our two components were
equally weighted is not in conflict, since there were
equal presentations of each stimulus. More recent
data of Kinchla (1977) and Kinchla, Solis-Macias,
and Hoffman (1983) strongly suggest that we should
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expect to find unequal weighting with conditions de
signed to bias attention with respect to the two levels.

EXPERIMENTS 3 AND 4

Experiments 3 and 4 investigated the redundant
signals effect with simple displays consisting of only
two letters separated horizontally. The target was
either letter or both. These CRT experiments were
similar to ones conducted by Miller (1982) with the
yes-no procedure. With two responses, right and left,
these experiments involved an additional complica
tion. Because of the S-R compatibility effect, one
would expect faster responses when the target was
on the same side as the required response. Thus, a
demonstration of the redundant-signals effect re
quires that responses on redundant-target trials be
faster than S-R compatible, single-target trials. Ap
propriate analyses are in terms of compatibility rather
than simple position. The experiments are also of in
terest because the S-R compatibility effect has not
previously been studied in terms of the growth of as
sociative strength based on a scaling analysis. The
two experiments differed only in the horizontal spac
ing between the two letters.

Method
Procedures in these experiments were identical to those of Ex

periments 1 and 2, except for the visual displays. The stimuli were
the regular TRS-BO double-width capital letters as before. On each
trial, two letters were presented equidistant horizontally from the
fixation point. On one-third of the trials, the target was on the
right, on one-third it was on the left, and on one-third it occupied
both positions. The target letters were H and S, and the irrelevant
letter on single-target trials was Y. With this arrangement, the
S-R compatible and incompatible trials were equally divided on
single-target trials. The two mappings of the targets on the re
sponses were equally divided among the subjects. In Experiment 3
the separation between the two letters was 6 deg, and in Experi
ment 4 the separation was .S deg. There were 28 subjects in each
experiment from the same population as above.

Results
Means of subject mean RTs and mean error rates

are presented in Table 2. Reaction times were signif
icantly faster with the close spacing of the letters in
Experiment 4 than with the wide spacing of Experi
ment 3 [F(1,54) =4.64, p < .OS]. The redundant
signals effect was evaluated by a comparison of the
redundant-target condition with the single-target,
compatible condition. The effect is significant [F(l,54)
=49.21, p < .001]. The redundancy effect does not
differ significantly between the two spacing experi
ments. For the redundancy x spacing interaction
[F(1,54) < I]. The S-R compatibility effect is also
significant in a comparison of the two single-target
conditions [F(l,54)= 129.79, p < .001]. The effect is
significantly greater with the wide spacing of Experi
ment 3. The interaction, compatibility x spacing, is
significant [F(1,54) = 13.38, p < .001]. It should be
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Table 2
Means and Standard Deviations of Mean Correct Reaction Time (in Milliseconds) and of

Error Rates in Experiment 3 (Wide Spacing) and Experiment 4 (Close Spacing)

Reaction Time Error Rate

further noted that the compatibility effect is signif
icant for Experiment 4 alone [t(27)=6.685, p < .001].
. Although all error rates are low, in both experi
ments the error rate is significantly higher for the
S-R incompatible condition than for the other con
ditions. According to the sign test for all of these
comparisons, p < .001.

Tests of separate activation theory. In the same
manner as above, we obtained the average cumula
tive distributions for the S-R compatible and incom
patible conditions and for the redundant-target con
dition. Also, the distribution of sumsof the two single
target conditions was calculated. For the first four
quantiles in Experiment 3, the quantiles for the two
target conditions were slightly faster than those for
the distribution of sums. For the .05 quantile, the
difference was 11 msec and significant [t(27)= 2.418,
p < .05]. Thus, the classof separate activation theories
may be rejected for Experiment 3. Violations of In
equality 2 may occur at no point in the distributions
according to such models. In Experiment 4, however,
no such violations occurred with respect to the aver
age quantiles. The differences were very smaIl at the
early quantiles, ranging from 3 to 9 msec up to .25
quantile, but the quantiles for the distribution of
sums were consistently faster. Separate activation
models cannot be rejected on the basis of Miller's
test. However, in view of the smaIl early differences
and the conservative nature of the test, the results
provide no actual support for such theories.

For additional information, we inspected the dis
tributions of all individual subjects, calculated at 20
msec intervals. We found that 16 of the 28 subjects
showed violationsof Inequality 2 in one or more early
class intervals. This frequency of violation is a real
difficulty for separate activation theory. This is par
ticularly true in view of Miller's (1982) finding that
such violations are rare in simulations of such models.

In the absence of significance tests leading to the
rejection of the class of separate activation models
for Experiment 4, we have conducted tests of models
of this type assuming independence. The tests are
similar to ones recently used by Shaw (1982). Accord
ing to such a model, the probability of not respond
ing to the combined stimuli by time t is equal to the
product of the probabilities of not responding to the
two stimuli separately; that is,

Wide Spacing

Mean SD

Close Spacing

Inp(t)A&B = Inp(t)A + lnp(tla. (10)

Close SpacingWide Spacing

where the values of p refer to the probability that a
response has not occurred by t. Taking the logs of
Equation 9 gives

SD Mean SD Mean SD

56 .006 .008 .008 .015
62 .006 .0lD .009 .015
57 .022 .018 .030 .031

p(t)A&B = P(t)AP(tla, (9)

Equation 10 holds under independence and is used
for the significance tests. For the distributions of
each subject, we identified the class intervals and the
probabilities where the cumulative proportions first
equaled or exceeded .25 and .5 for the redundant tar
get condition. The probabilities for the same class
intervals were also obtained for the two single-target
conditions, and the transformations of Equation 10
were applied. At both the .25 and .5 class intervals,
Equation 10 significantly underpredicted the propor
tion of failures to respond. In other words, the cumu
lative proportions of responses were overpredicted
[for the .25 interval, t(27)=3.323, p < .01; for the
.5 interval, t(27)= 5.499, p < .001]. Separate activa
tion theory assuming independent inputs must be re
jected on the basis of Experiment 4, as well as the
other experiments.

From the point of viewof separateactivation theory,
there is an interesting, but apparently unrecognized,
possibility for the data from such experiments. Often
it is possible to obtain quantitative, theoretical esti
mates of the correlation between the two channels.
Using the data from the redundant- and single-target
data in combination, it is possible to construct a
fourfold table from which a phi coefficient or tetra
choric correlation may be computed. The propor
tions of responding and not responding to the sep
arate targets provide estimates of the marginals of
the table. The probability of not responding when
both stimuli are present fills one cell of the table.
Since the table has only one degree of freedom, the
entire table is then determined. There are some em
pirical data that are not consistent with the construc
tion of such a table. An instance is a violation of In
equality 2. From the average distributions of Experi
ment 4, we have computed cosine-n estimates of the
tetrachoric correlation at the 19 .05 quantiles of the
redundant targets distribution. These correlations are
all positive and fairly consistent throughout the dis-
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tribution. Their mean is .76, and their standard de
viation is .06. The positive correlation is consistent
with the direction of the discrepancies found in the
application of Equation 10. It is worth noting that,
for simulated data satisfying independence, correla
tions computed in this way do remain at zero, within
rounding error, throughout the distribution.

Combination rule and S-R compatibility in terms
of strength. The scaling procedures of variable cri
terion theory were applied to the average distribu
tions in the same way as the preceding experiments.
In both Experiment 3 and Experiment 4, the associ
ative growth functions for the S-R compatible and
incompatible conditions were precisely fitted with
exponential functions. For all four of the functions,
the proportion of variance accounted for was .999.
Graphs of the fitted equations are presented in the
upper two panels of Figure 4. The dependence of the
growth of associative strength on S-R compatibility
is seen clearly. The target in the compatible position
has an initial advantage from the earliest responses
and also approaches its limit more rapidly. The two
functions tend to converge at longer latency as the
early advantage diminishes. The greater compatibil
ity effect with the wide letter spacing of Experiment 3
is also clear in these functions. Since the trials oc
curred in an unpredictable order, the criterion pa
rameters are, in principle, the same for the two func
tions. Thus, compatibility appears clearly as an asso
ciative phenomenon, as would be expected. These
functions measure compatibility as a function of time,
a form of analysis we have not previously seen.

For both experiments, the functions for the condi
tion with both targets present were again precise
linear functions of the sums of the single-target func
tions. These relations were again obtained at the 19
quantiles of the redundant-target conditions. No
additive constant to change the origin was used in
these analyses. The least squares regression equations
were as follows:

Experiment 3,

EBothTargets

= .489(ECompatible+EIncompatible) + .455. (11)

Experiment 4,

EBothTargets

=.500(Ecompatible+ EIncompatible) + .313. (12)

In both instances, the value of r2 was .999. The func
tions for both targets in Figure 4 are computed from
these equations and fit the empirical scale values with
the precision of r. Fits to the cumulative RT distri
butions were obtained by taking the normal function
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of the calculated scale values at the quantiles of each
distribution. For each of the six distributions, the
proportion of variance accounted for was greater
than .999.

In Experiment 3, the slope of the linear function
is a little less than .5. This means that the intercept
would increase slightly with increasing size of an ad
ditive constant used to shift the origin of the scale.
In Experiment 4, with a slope of exactly .5, the inter
cept will not change with any additive constant. For
these experiments, we may be certain that the redun
dant signals effect is not produced by the additive
relation of the components alone, but that an addi
tive constant is an essential component of the process.

EXPERIMENT 5

In Experiment 5, the stimuli also consisted of a
simple two-letter display, but the letters were spaced
vertically above and below the fixation point. The
purpose of the experiment was to create a task in
which the S-R compatibility effect would not be ex
pected (Wallace, 1971). In this instance, the appro
priate analysis of the redundant signals effect would
be simply in terms of two spatial positions rather
than in terms of compatibility.

Method
Except for the display, procedures in this experiment were the

same as in the preceding experiments. The target letters and the
irrelevant letter were the same. The two letters were presented
equidistant from the fixation point directly above and below it.
The vertical distance between the two letters was approximately
3 deg. The numbers of trials with thetarget in the upper position,
lower position, and both positions were equal. There were 28 fe
male subjects from the same population asinthe other experiments.

Results
As expected, there was no evidence of an S-R com

patibility effect in this experiment. Mean RT for the
two combinations of the right and left responses with
targets in the upper and lower positions differed by
less than 5 msec, and the difference was not signif
icant [t(27) < 1].

Analyzed in terms of position, the RT results in
milliseconds were as follows: target in both positions,
mean = 447, SD = 53; target in upper position,
mean = 471, SD =59; and target in lower position,
mean = 503, SD = 64. RTs were significantly faster
when the target was in the upper rather than the lower
position [t(27)=7.024, p < .001]. In a comparison
of target in both positions with target in the upper
position only, the redundant signals effect is signif
icant [t(27) =5.514, p < .001]. The effect is about the
same size as in the other experiments.

Error rates were as follows: both positions, mean =
.009, SD = .012; upper position, mean = .016, SD =
.020; and lower position, mean = .028, SD = .025.
Errors for the lower position differed significantly
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each instance, the proportion of variance in the data
points accounted for is greater than .999.
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Figure 4. ClIlcul.ted functions for the growth of excitatory
strength for Experiment 3 (6-deg horizontal sp.cing), Experi
ment 4 (.5-deg horizontal spadng), and Experiment 5 (3-deg ver·
ticlllspadng).

The evidence from these experiments is consistent
and compelling in suggesting that the form of the RT
distribution for redundant stimuli is determined by
the sum of the strengths of the component stimuli.
Throughout the distribution in this summation, each
component contributes about one-half of its strength.
This relation was obtained with quite different visual
displays. Also, as indicated in Figures 3 and 4, the
relation holds for substantial differences in the sep
aration and forms of the two component functions.
These facts indicate that the summation principle is
a law of considerable generality.

It should be recognized that what we have here is
not a formal deductive model. The linear, additive
relations are theoretical statements in that they are
based on the measurement model of variable criterion
theory and purport to represent measurement of
otherwise unobservable states of strength. However,

from the other two. By the sign test, p < .01 for both
comparisons.

Tests of separate activation theory. Data for Ex
periment 5 were analyzed in the same manner as the
other experiments. In terms of the average quantiles,
violations of Inequality 2 were minimal. The .05
quantile for both targets preceded that for the dis
tribution of sums by just 3 msec. At the .10 quantile,
there was a violation of I msec. These violations were
not significant, and there were no others. The experi
ment provides no support for separate activation
theory, but the class cannot be rejected on the basis
of statistical significance. However, inspection of the
individual distributions showed that 17 of the 28 sub
jects showed violations of Inequality 2 at one or more
early intervals.

Evaluations of the independence model were per
formed as for Experiment 4. Independence predicts
response proportion accurately or slightly underpre
diets for the first four quantiles. After that, over
predictions of response proportions were similar to
those of Experiment 4. The independence model was
rejected by significant violations of Equation 10 at
the .25 and .5 intervals [at .25, t(27) =2.315, P < .05;
at .5, t(27) =3.274, P < .01]. These were the only in
tervals tested, but overprediction continued to increase
after the.S interval.

Correlations were also computed where possible.
The correlation was about zero at .2, but after that
became increasingly positive. It was .23 at .25, .40
at .5, .52 at .75, and .71 at .9. Positive correlations
imply a consistent overprediction of response pro
portions by the independence model.

Combination rule in terms of strength. The scaling
analysis confirmed the pattern found in the other ex
periments. The associative functions for single tar
gets in the upper and lower positions were precisely
fitted with exponential growth functions. In both
cases, the proportion of variance accounted for was
.999. Graphs of the functions are presented in the
bottom panel of Figure 4. The function for targets
in both positions was again a linear function of the
sums of the calculated values of the separate func
tions at the 19 quantiles. The linear regression equa
tion is as follows:

EBothTargets = .51O(EUpper +ELower) + .442. (13)

The value of r2 was .998. In this instance, eliminating
a somewhat discrepant tail point at the .95 quantile
increased the value of r2 to .9996 for the remaining
18 points." With the slope and intercept of Equa
tion 13, it may be shown that there will always be a
positive intercept for any acceptable origin of the scale.

The function for both targets in Figure 4 is com
puted from Equation 13. The three cumulative RT
distributions were fitted by taking the normal func
tions of the calculated functions at the quantiles. In
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equations may be rewritten in the following manner
for two stimuli, A and B:

where d is the distraction decrement. The relation of
this to the original form of the equation is given by

where k is the intercept of the original form of the
equation and s is the slope. This form of the equation
will hold for any origin of the scale, although d will
change with the origin if the slope is not .5. This con
ceptualization at least makes the additive relation
fully interpretable and d becomes a measure of the
distraction decrement. 6 Potentially, d could be used
to measure the effect of different distractors, and the
hypothesis in general seems open to experimental in
vestigation in several directions.

The above interpretation does have some support
from other research. Grice, Canham, and Schafer
(1982) used a focused-attention task, similar to C. W.
Eriksen and Schultz's (1979), in which a central target
letter was flanked on each side by a noise letter. When
the noise letter was identical to the target or an irrel
evant letter, associative strength grew as an expo
nential growth function, as in the present experi
ments. The functions for identical and irrelevant noise
letters were of the same shape, but that for irrelevant
noise was a constant distance below the identical noise
function throughout the entire distribution. The

. authors called this "perceptual interference" to dis
tinguish it from the associative interference obtained
when the noise letter was associated with a competing
response. This effect was consistent in five experi
ments. This appears to be the same phenomenon ob
tained here. Both involvethe presence of an irrelevant
letter, and both produce a decrement that is constant
throughout the distribution. The effect was smaller
in the earlier experiments than that indicated by the
intercepts of the present summation functions. This
makes sense. In the Grice, Canham, and Schafer
(1982) experiments, the irrelevant letter was in an ir
relevant position that the subject was instructed to
ignore. In the present experiments, the irrelevant let
ter occupied a relevant location to which the subject
was required to attend.

In addition to the above directly related data, there
are various other sources of evidence indicating that
the presence of irrelevant stimuli in a visual display
retards response to a target. In summarizing some of
these data, C. W. Eriksen and Schultz (1978) called
this phenomenon "cognitive masking." More re
cently, Treisman, Kahneman, and Burkell (1983) and
Kahneman, Treisman, and Burkell (1983) have in
terpreted such data as indicating "filtering cost."
They attribute this cost to competition for attention.

(15)d=kl2s,

their most immediate status is that of empirically ob
served relations between simple transformations of
the experimentally obtained variable, response pro
portion, and time. Such simple and precise relations
are seldom obtained in psychological research, and
it is in this sense that they are so remarkable. The
normal deviate transformation is dictated by the as
sumptions of variable criterion theory and was in no
way adjusted to produce any particular form of com
bination rule. The credibility and utility of any mea
surement model is primarily based on the degree to
which the results provide simple and orderly descrip
tions of empirical relations. These results provide
strong support for variable criterion theory on this
basis. The results appear to be too precise and too
general to be the result of a fortuitous accident. Taken
as a whole, the research presents nearly conclusive
evidence that redundant stimuli combine on the basis
of strength rather than as proportions following the
rules of probability. In this respect, the results con
firm the conclusions of Miller (1982) and provide evi
dence concerning the nature of the combination rule.

In spite of the evidence for an additive relation
ship, there remains an additional, extremely inter
esting question. This concerns the ubiquitous addi
tive constant. Presumably, most theorists, including
the authors, would have expected that, if an additive
relation existed, it would account for the redundant
signals effect. However, as pointed out earlier, this
is not so. The matter was discussedearlier, but it may
be put differently. If the slope were exactly .5 and
there were no additive constant, the result would be
a function composed of the means of the two compo
nent functions, and an additive constant would be
required to account for the redundant-signals effect
with any origin of the scale. In none of the present
experiments was the slope sufficiently greater than
.5 to account for the effect with any realistic origin.
The question, then, is why is the additive constant
present in combination with clear evidence for an
additive effect? We suggest one possible explanation;

In research of this kind, theorists have generally
assumed that measures of strength or response pro
portions obtained on single-target trials accurately
estimate the contributions from each target that will
be present on redundant-target trials. Our findings
suggest that this assumption may be incorrect, and
that the strength of each component may be a little
greater on two-target trials. In other words, the
strength of one component may be reduced if the
other position or level is occupied by a distractor
rather than by another target. This reduction might
be called a distraction decrement, and our data indi
cate that it is a constant throughout the distribution.
What is being summed, then, is not the separate
strengths observed in the single-target conditions, but
these strengths each incremented by the amount of
the distraction decrement. The linear summation
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The above analysis suggests that the "redundant
signals effect" in this situation is not produced by
the additional information from a second target but
by the absence of a distractor. Of course, it is pos
sible that the presence of two stimuli adds a constant
increment of associative strength to each throughout
the distribution. Our chief reason for doubting this
is that we should expect increments of associative
strength to be cumulative rather than constant. How
ever, this matter cannot be fully resolved without
additional, related research.

The present experiments represent only one of the
ways in which the redundant-signals effect has been
studied. Most theorizing has been based on detection
experiments in which the stimuli are presented in a
brief exposure and the data are percentages of correct
detections. This task is really quite different from
that of RT experiments with long exposures and low
error rates. We see no strong reason to believe that
the same model should apply to both situations (Santee
& Egeth, 1982). Shaw (1982) has presented detection
data in which she found an independence model to
fit better than a simple Gaussian summation model
in 24 of 34 comparisons made. Of course, a partial
summation model with an additive constant, as found
here, was not considered since it has never been pro
posed. In spite of the likelihood that different prin
ciples apply, we think it premature to reject out of
hand the applicability of such a strength model to
detection data. The application may be difficult,
however, in the absence of that powerful analytic
tool, the RT distribution.

There are two additional findings of interest which
are supplementary to the main purpose of the re
search. The first concerns the global precedence ef
fect. The results of Grice et al. (1983) have been con
firmed in that global precedence is obtained with un
certain stimulus location, but not with a fixed, cen
tral location. The principle is also extended in that
it is true for a divided-attention task as well as for
a focused-attention task.

The other supplementary result concerns the S-R
compatibilityeffect. In Experiments 3 and 4, the scaling
analysis showed the time course of the effect in terms
of the growth of associative strength. Also, the de
pendence of the effect on stimulus separation was
shown in this way.

This is the first occasion on which the methods of
variable criterion theory have been applied to average
distributions obtained by Ratcliff's (1979) method.
Frequently, analyses have been based on combined
group distributions (Grice, Canham, & Schafer,
1982, pp. 384-385). Here it was desirable to use the
distributions based on mean quantiles so that tests
of separate activation theory and the scaling analyses
would be based on the same data. However, we have
conducted additional analyses that show that the

same conclusion would follow if the group distribu
tion had been used in the scalinganalyses.7
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NOTFS

I. Graphic illustrations of the relation between the normal dis

tribution and a growth function in determining response propor
tions have been presented in several places, for example, Grice and

Spiker (1979), Figure 5.
2. After its original presentation (Hull, 1939), Hull's equation

was later presented in a number of other places. For two stimuli,
A and B, the equation is

EMAX is the limit of an exponential growth function describing
the growth of associative strength as a function of the number
of conditioning trials. The limit was assumed to be the same for

each stimulus and for the combination. The combined strength
is as if one stimulus had received the additional number of trials

equal to those required to produce the strength of the other. If
we wish to apply this logic to the passage of time, the assumption

of equalliInits is not true for the present data. However, we eval

uated the possibility that there might be a single unknown value

by calculating EMAX from the equation at each of the 19 quantiles
of the combined target condition. ~ was not constant, but in

creased as a monotonic function of time, so the original logic does
not apply here to time.

We did observe that ~ increased as a precise, linear function

of EA+ED' Thus, by determining the linear parameters, it would
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be possible to fit the data by Hull's equation. However, in the

absence of the original logic, this appears to have no advantage

over the more direct additive relation. Hull (1943) also presented
a more general equation for more than two stimuli. It is probably

worth evaluating the principle of decreasing gain when the number
of redundant targets is an experimental variable.

3. Fidell's (1970) model was in terms of d', which does have a
rational origin. For two stimuli, A and B, the relation for uncor

related inputs is

d' =(d'2 +d'2\ Yz
A&D A DJ'

For correlated inputs the relation is

d'i&B = d';' + d'~ +2d' Ad' Bcos e,

where cos eestimates the correlation. We explored these relations

with values E for origins within the range of possible values and

were unable to obtain a fit.
4. Kinchla and Collyer (1974) obtained good fits of their model

for two of their three observers. This was confirmed by a different

and more recent analysis of their data by Shaw (1982). We have
exaInined their data in a still different way. Computing values of
d' from their data, we exaInined plots of d' as a function of the

number of targets. The plots were linear for all three observers.

For two of the observers, the intercepts were near zero, as pre
dicted by their model. For the third observer, the intercept was

well above zero, a result more like what we obtained with the RT
distributions.

5. Methodologically, it is worth noting that, when average dis

tributions are computed by Ratcliff's (1979) method, the reliability

of the average quantiles tends to decrease monotonically with in
creasing quantiles. For Experiments 2 and 5, we have computed
estimates of the standard error of the mean quantile at the .05,

.5, .9, and .95 quantiles. For Experiment 2, these estimates were

8.4, 12.2, 21.2, and 35.9 msec, respectively. For Experiment 5,
the corresponding estimates were 6.1, 9.2, 17.6, and 23.5 msec.
The success of the present research in producing such consistent

and orderly relationships obviously depended on the presence of

very stable data. Apparently, the use of 80 trials per condition
and 28 subjects per experiment provided such data.

6. It is not necessary to assume that d is equal for the two stim
uli, only that both are constant through the distribution. If they

are not equal, then d from Equation 15 is the mean of the two

values.
7. A description of the analysis relating the two kinds of average

distributions is available from the authors. Equations for all of

the fitted growth functions are also available.
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