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REDUNDANCY GAIN REVISITED: 
EVIDENCE FOR PARALLEL PROCESSING OF 
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According to feature-integration theory (e.g., Treisman & Gelade, 1980), 
when subjects search for a target defined in terms of a conjunction of several 
separable dimensions, such that each nontarget shares a feature with the 
target, each display element must be examined in turn until the target is found. 
The usual method for assessing whether search is serial and self-terminating 
is to measure reaction time as a function of display numerosity. However, 
serious problems with this methodology have been pointed out (e.g., Town- 
send, 1972). In the present experiments, subjects indicated whether a specific 
target element was present; on some trials, two targets were presented. Anal- 
ysis of the reaction-time distributions using a method introduced by Miller 
(1982) indicated that the decrease in reaction time found on redundant-target 
trials was too great to be compatible with any sort of serial-decisions model 
(as well as certain varieties of parallel models). We conclude that at least 
two objects may simultaneously have their color and form conjoined into 
unified percepts. 
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The issues that we address in this chapter relate to several of the topics to which 
Wendell Gamer has made important contributions in the course of his career. 
These issues include the divisibility of attention, the use of the redundancy-gain 
paradigm, and the processing of separable dimensions. 

One of the most interesting developments in the study of dimensional in- 
teraction is an extension of Gamer’s original characterization of separable and 
integral dimensions (e.g., Gamer & Felfoldy, 1970). We refer to Treisman’s work 
on feature-integration theory (e.g., Treisman & Gelade, 1980; Treisman & Gor- 
mican, 1988). This work suggests that separable dimensions can be characterized 
by two diagnostic criteria in addition to those proposed by Gamer. First, discrim- 
inations involving a single dimension can be handled in a spatially parallel manner. 
Thus, when searching for a target that differs from nontargets in terms of a single 
conspicuous feature (such as color, orientation, motion, or shape), the total number 
of elements in the display matters little. Second, when the target of a search is 
defined in terms of the conjunction of several separable dimensions, such that 
each nontarget shares a feature with the target, then each display element must 
be examined in turn until the target is found. In other words, search is serial and 
self-terminating . 

A central aspect of feature-integration theory is that conjunctions need to 
be processed one location at a time. We question whether this assumption is 
correct; several recent findings suggest that it may not be. For example, Egeth, 
Virzi, and Garbart (1984) showed that subjects do not have to search randomly 
through stimulus locations, but instead may be guided by one of the conjunction 
target’s features. For example, when searching for a red 0 among red Ns and 
black Os, subjects were able to search only through the red items when so in- 
structed. In one experiment, the total number of display elements was varied, but 
the number of red items was held constant at three. The response-time functions 
were flat, as would be the case if subjects were ignoring the varying number of 
black items and restricting their search to just the red items. 

This finding does not by itself undermine the basic tenet of feature-integration 
theory that attention, and thus serial processing, is required to conjoin two features 
into a single representation, but it does indicate that not all items receive equal 
consideration. Some items may be excluded from further analysis by an early, 
parallel process and, thus, never reach the serial decision stage (Cave & Wolfe, 
1990; Treisman & Sato, 1990). Similar problems for the theory have recently 
been reported by others, including Nakayama and Silverman (1986) and Wolfe, 
Cave, and Franzel (1989). 

Problems of a rather different sort for the serial-processing account of feature- 
integration theory arise from a paper by Pashler (1987). In a series of experiments, 
he found that when one restricts analysis to display sizes of eight and under, the 
slope ratio of target-absent to target-present trials was closer to 1: 1 than 2: 1. This 
result was observed both when only these small displays were used and when 
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such displays were analyzed separately in experiments that allowed display size 
to range as high as 32. These 1:l slope ratios might suggest that search is serial 
and exhaustive for small displays. However, in a final experiment, Pashler added 
a second target on some trials and showed a redundancy gain-that is, mean 
response time was faster when there were two targets in the display than when 
there was just one. 

Note that a redundancy gain is incompatible with a simple serial exhaustive 
model; if processing is exhaustive, then it shouldn’t matter how many targets are 
found before the end of processing. Pashler suggested that the overall pattern of 
his data might best be interpreted as showing limited-capacity parallel processing 
for both small displays and small “clumps” within larger displays. However, 
although Pashler succeeded in providing evidence that is incompatible with both 
exhaustive and self-terminating varieties of serial models, he did not have a 
paradigm that could provide strong evidence of parallel processing. 

The usual method for determining whether processing is serial or parallel 
is to examine the effect of display size on response time. However, in view of 
the problems with that method pointed out by Townsend (1971, 1972; see also, 
Townsend & Ashby, 1983), it is useful to have alternative methods such as the 
redundant-target paradigm as applied by Pashler. Unfortunately, even the redun- 
dant-target experiment has problems. It turns out that it is not sufficient simply 
to compare overall mean response times and to conclude in favor of parallel 
processing if the redundant-target condition is faster than the average of the single- 
target conditions. There are certain artifacts that can produce such a redundancy 
gain even if processing is not parallel. Suppose, for example, that for each subject 
there is a particular favored position in the display that is processed more quickly 
than the others, perhaps because it is inspected first in a serial scan. The greater 
the number of targets, the greater the probability that one of them will be in the 
favored position and, thus, the faster the mean response time. Some analyses have 
been proposed to deal with this problem (e.g., Biederman & Checkosky, 1970; 
Miller & Lopes, 1988), but there is another even more insidious problem lurking: 
There may be a favored position that is not fixed but varies randomly over trials. 
Van der Heijden, La Heij, and Boer (1983) have proposed an analysis to deal 
with this problem; however, it now appears that even this analysis is inadequate 
(for a more complete discussion, see Mullin, Egeth, & Mordkoff, 1988). 

Is there any way to proceed in this somewhat disheartening situation? One 
approach that recommends itself has been described in some detail by Miller 
(1982). Miller’s procedure uses the redundant-target paradigm but uses a more 
fine-grained method of data analysis (thus, in many ways, Miller’s method is 
similar to that presented by Mulligan & Shaw, 1980). 

The approaches considered so far have conceived of the stimuli in various 
locations as producing separate activations. On any particular trial, responding is 
controlled by the detection of a signal on one channel or another. In their parallel 
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instantiations, these models are typically race models because the response to 
redundant signals is determined by the fastest among several simultaneous re- 
sponse-activating processes. For familiar statistical reasons, the winning time in 
a race is faster than the mean time for any of the competitors as long as the 
completion-time distributions overlap. Thus, the standard redundancy benefit is 
the result of what has been called statistical facilitation (Raab, 1962). 

An alternative conception is that activation from separate channels may 
combine to satisfy a single criterion for response initiation. This is what Miller 
has referred to as coactivation. One way to conceptualize this model is to posit 
a single response logogen that receives input from both channels simultaneously. 
Naturally, activation builds more quickly when it is provided by several channels 
rather than just one. This provides an alternative explanation for the redundancy 
benefit. 

Although both separate-activation and coactivation models can account for 
a redundancy gain, they do not do so in the same way. This can be seen most 
easily by considering the fastest responses times in a distribution. Statistical- 
facilitation and serial models hold that there should be more of these fastest times 
when there are more targets and that this is why we get a redundancy benefit. 
However, according to a coactivation model, the fastest times in a multiple-target 
condition may be faster than the fastest times in any of the corresponding single- 
target conditions because activation is summed across targets. 

More formally and more generally, Miller has shown that the following 
relation must hold for all separate-activation models. Assume here that there are 
two possible target locations, labeled 1 and 2, so that S, indicates a target in 
location 1 and S2 indicates a target in location 2: 

P(RT < t l S ,  & S,) = P(RT < t l S , )  + P(RT < t l S , )  

- P[(RT < t l S , )  and (RT < tls,)] (1) 

The left side of Equation 1 corresponds to the cumulative distribution function 
(CDF) of response time on redundant-signal trials, and the first two terms on the 
right correspond to the CDFs for the two single-target conditions. The final term 
reflects the correlation between the two activations. 

The correlation between two activations would be difficult to measure ex- 
perimentally (cf. Van der Heijden, Schreuder, Maris, & Neerincx, 1984); how- 
ever, from the preceding basic equation, a prediction can be derived for all 
separate-activation models: 

P(RT < t l S ,  & S,) 5 P(RT < t l S , )  + P(RT < r IS , )  ( 2 )  

This is true because the right-most term in Equation 1 must be greater than or 
equal to zero. 
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Figure 1. Cumulative distribution functions of the data from four simulated experi- 
ments. The first (upper left panel) assumed a self-terminating, serial-deci- 
sions model that works through displays in a random order. The second 
simulated model (upper right panel) was a guided serial model like that 
proposed by Cave and Wolfe (1990). The third (lower left panel) was a 
standard race model with independent, separate activations. Note that in 
each of these three panels the cumulative distribution functions (CDFs) do 
not cross. The fourth experiment (lower right panel) simulated a coactivation 
model very similar to that presented by Schwarz (1989); it assumed that 
activations are directly summed at the decision level. Under this model there 
is a crossover in the CDFs. 

What Equation 2 says is that if separate-activation models hold, and we plot 
the CDF for redundant-target trials and compare it to the sum of the two single- 
target CDFs, then the curve for redundant trials should always be below and to 
the right of the curve representing the sum of the two individual stimuli (see the 
first three panels of Figure I) .  However, if coactivation occurs, then the curves 
might well cross. That is, at the faster tail of the CDFs, the curve for the redundant- 
target trials might be above and to the left of the curve representing the sum of 
the two individual stimuli (see the lower right panel of Figure 1). 

When coactivation is found, it implies parallel processing-how else could 
two activations be summed unless the two stimuli were processed simultaneously? 
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Put another way, no serial-decisions model is consistent with violations of the 
inequality. However, this is a very stringent test, and so the converse does not 
apply; failure to find a crossover in the CDFs does not necessarily mean that 
processing is not parallel. 

To turn now to our first experiment, on each trial we presented subjects 
with two stimuli, one above the other. The assigned task required subjects to 
respond only on those trials that included at least one red X-that is, responding 
was “GO-No-Go” and the target was a conjunction of two separable dimensions, 
color and shape. The nontargets were red 0 s  and green Xs. Eight subjects served 
in a single session of about 560 trials. 

The stimuli used (and their frequencies of usage) are shown in Figure 2. 
Note, in particular, the examples in the fifth row. These trials do not contain a 
target but do contain a red item and an X .  Such trials ensure that subjects search 
for the conjunction “red X” and not just the presence of both redness and an X. 
A substantial fraction (33%) of the trials were of this type. 

Mean response time on redundant-target trials was 296 ms; on single-target 
trials, it was 322 ms. The observed redundancy gain of 26 ms was reliable, t(7) 
= 15.77, p < ,005. However, for reasons mentioned earlier, this result does not 
constitute strong evidence of parallel processing. 

The CDFs necessary for a coactivation analysis were formed by calculating 
the cumulative density of response time at 18 points corresponding to the 10th 
through 95th percentiles at 5% intervals (see Figure 3). From the 10th to the 35th 
percentile, the redundant-target CDF was displaced to the left of the curve rep- 
resenting the sum of the two single-target CDFs, violating the separate-activations 
inequality (Equation 2). Pairwise t tests revealed significant evidence for coac- 
tivation at the 10th and 25th percentiles ( p s  < .05). These violations seem to 
provide strong evidence of spatially parallel processing. 

However, there is a possible loophole in the design adopted for Experiment 
1: When the number of targets was one, there was a distractor element also present 
to keep display size fixed at two for all trials. It is therefore conceivable that what 
our data really show is not that redunaant trials are fast, but that the processing 
of a single target is slowed down by the presence of a distractor. Indeed, this 
explanation, dubbed the distraction decrement, has already been proposed as an 
alternative account of cross-over in CDFs (Grice, Canham, & Boroughs, 1984; 
Van der Heijden et al., 1984). 

To test the hypothesis that the observed evidence for coactivation was ac- 
tually due to a distraction decrement, we conducted a second experiment (with a 
new group of 8 subjects) and included additional trial types in which a single 
stimulus was displayed. These were added to the set of stimuli used in Experiment 
1. Half of these were target trials and half were distractor trials so that in all, 
there were now six types of trials (see Figure 2). 
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Figure 2. Trial types, example displays, and frequencies of occurrence from Exper- 

iments I ,  2, and 3. Display locations were 1.5" above and below fixation, 
and each letter subtended 1.4" X 0.9". Note that the trial frequencies are 
given as the number of trials per block of 48, such that a frequency of zero 
implies that the given condition was not included in the associated exper- 
iment. 
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Figure 3. Cumulative distribution functions (CDFs) from Experiment 1 .  The crossover 

in CDFs represents evidence of coactivation and support for spatially parallel 
processing. 

Mean response time on redundant-target trials was 3 16 ms; on single-target 
trials with a distractor, it was 347 ms; on single-target trials without a distractor, 
343 ms. The redundancy gain was significant in both cases: Comparing the re- 
dundant-target and single-target-with-distractor conditions, the redundancy gain 
was 31 ms, t(7) = 7.88, p < .005; for single-target trials without a distractor, 
27 ms, t(7) = 7.33, p < .005. The magnitude of the two redundancy gains did 
not differ, t(7) = 1.14. 

The relevant CDFs are shown in Figure 4. We once again found significant 
evidence of coactivation. There were crossovers in the CDFs both when we 
compared redundant-target trials against single-target-with-distractor trials, as in 
Experiment 1 (see Figure 4, upper panel), and when we compared redundant- 
target trials against the new single-target trials created for Experiment 2 (see Figure 
4, lower panel). In the former case, the violations at the 10th and 15th percentiles 
were reliable ( p s  < .05). In the latter, the violations were significant from the 
10th to the 35th percentile ( p s  < .05). Thus, the data indicate that a distraction 
decrement cannot account for the CDF cross-overs that we have found. Whether 
or not a distractor was included on single-target trials, redundant-target conditions 
yielded responses that were too fast to be explained by any separate-activations 
model. Thus, these findings rule out all serial-decision models, as well as certain 
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Figure 4. Cumulative distribution functions (CDFs) from Experiment 2. The upper 

panel compares the redundant-target CDF to the sum of two single-target 
CDFs calculated using the data from trials on which distractors were in- 
cluded. The lower panel displays the redundant-target CDF and the sum of 
the two single-target CDFs for those trials on which single targets were 
presented without a distractor. The CDF crossovers are evidence for parallel 
processing. 
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parallel models such as the independent-channels race model. What remains plau- 
sible is a model based on a rather strong form of parallel processing. 

However, although Experiments 1 and 2 succeed in providing strong evidence 
favoring the parallel processing of separable dimensions, there is still another issue 
that needs to be addressed before we can safely conclude in favor of the spatially 
parallel processing of integrated objects. A close reading of feature-integration theory 
(Treisman, 1982, 1988) suggests that the task used in Experiments 1 and 2 might 
not have forced subjects to conjoin shape and color information at each location. 
That is, the task might have been solved by separately determining the activation 
level within various form and color “maps” (Treisman, 1985) without determining 
whether specific features were conjoined at particular locations. 

For example, under our first two designs, the presence of three or more 
target features in a two-element display (e.g., one red object and two X-shaped 
objects) necessarily implied the presence of at least one target (a red X). More 
generally, when three or four target features are detected, then the correct response 
must be target present, and feature integration is not necessary to solve the task. 
Because all target-present trials in Experiment 1 always included at least three 
target features, it is not sufficiently demonstrated that the parallel processing of 
two complete objects is possible. Similarly, all target-present trials in Experiment 
2 included twice as many target features as display elements; this also necessitates 
the presence of at least one target, and removes the need for features to be 
integrated. 

How exactly does this alternative, feature-counting model work? Step 1 
would be the following: Count the number of red objects and the number of X- 
shaped objects (i.e., calculate the number of target features present in the display). 
Step 2a: If the total number of target features is three or four, then respond “yes” 
immediately. Step 2b: If the total number of target features is two and display 
size is one, then stop and respond “yes.” Step 2c: If the total number of target 
features is zero or one, then respond “no” (or terminate processing under “Go- 
No-Go”) because no target is possible. Step 3 (which is only used when there 
are two target features in a two-element display): Check the display locations 
serially, integrating features across dimensions and testing the temporary object 
representation against the target template. 

Note how the coactivation observed in Experiments 1 and 2 can be explained 
by this model: When two targets are present, then four target features are present, 
and the response criterion of three (used in Step 2a) may be reached more quickly 
than when there is only one target. Note also that feature integration (Step 3) is 
only necessary when there are two target features in a two-element display (i.e., 
when there is the possibility of an “illusory” target; Treisman & Schmidt, 1982). 
Neither Experiment 1 nor Experiment 2 included any two-element, target-present 
displays with exactly two target features, so we have not yet demonstrated true 
spatially parallel processing. 
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At the suggestion of Anne Treisman, we tested this feature-counting model 
by manipulating the number of target features on single-target trials while holding 
display size constant at two. This required that we introduce a third type of 
nontarget, one that has no features in common with the target (labeled noise in 
Figure 2). Thus, Experiment 3 involved two types of single-target trials: Half 
included three target features (see the top row in Figure 2) and by the feature- 
counting model would not require the integration of features into complete objects. 
The other half included only two target features (see the third row in Figure 2) 
and would require that subjects use serial attention because without feature in- 
tegration the subject would not know if the two target features belonged to the 
same or different objects. This experiment was conducted using a new group of 
8 naive subjects. 

When either type of single-target condition was compared with the redun- 
dant-target condition, a substantial redundancy gain was observed (both p s  < 
.001). It should be noted as well that both comparisons with the redundant-target 
condition yielded significant violations of the separate-activations inequality. In 
this experiment, however, what we were really interested in was the difference 
in mean response time between the two types of single-target trials: those that 
included one of the standard distractors (red 0 or green X) in the location opposite 
the target (mean RT = 306 ms), and those that included what we have called 
noise (green 0; mean RT = 314 ms). The observed difference between these two 
conditions was an insignificant 8 ms, t(7) = 1.62. We interpret this result as 
contrary to the notion that full object integration only occurs (in these tasks) when 
there is the possibility of an illusory conjunction. This rules out the three-step, 
feature-counting explanation of Experiments 1 and 2. 

Our conclusion from the results of these three studies taken together is that 
at least two objects may simultaneously have their color and form conjoined into 
unified percepts. This is inconsistent with serial-decision models such as those 
proposed by Treisman and Gelade (1980) and by Cave and Wolfe (1990), among 
others. Instead, the data suggest that some degree of spatially parallel processing 
is possible, although we cannot say yet how much. It is possible that as many as 
eight stimuli can be examined in a glance, as Pashler (1987) has suggested. We 
think, to cite yet another strand of Garner’s work, that a definitive result awaits 
further research with a set of converging operations designed to overwhelm col- 
lectively the artifacts that plague individual research paradigms (e.g., Gamer, 
Hake, & Eriksen, 1956). 
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