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Past studies of simultaneous attention to pairs of visual stimuli have used the “dual-task” paradigm
to show that identification of the direction of a change in luminance, whether incremental or decre-
mental, is “capacity-limited,” while simple detection of these changes is governed by “capacity-free”
processes. On the basis of that finding, it has been suggested that the contrast between identification
and detection reflects different processes in the sensory periphery, namely the responses of magno- and
parvocellular receptors. The present study questions that assertion and investigates the contribution
of central processing in resource limitation by applying the dual task to a situation in which one stim-
ulus is auditory and one is visual. The results are much the same as before, with identification demon-
strating the tradeoff in performance generally attributed to a limited capacity but detection showing
no loss compared with single-task controls. This implies that limitations on resources operate at a cen-
tral level of processing rather than in the auditory and visual peripheries.

In divided attention, performance limitations depend
on a variety of features of both the stimulus and the re-
sponse (see Duncan, 1980, and Hirst, 1986, for review).
Recently, Bonnel, Stein, and Bertucci (1992) showed that
limitations may also depend on the nature of the psycho-
physical paradigm. They used the dual-task methodology
to present concurrent visual stimuli in two paradigms, “de-
tection” and “identification.” Subjects responded sepa-
rately to simultaneous side-by-side visual channels. In de-
tection, signals were increments in luminance S(+) that
could be added to each channel independently. In identifi-
cation, signals were either increments S(+) or decrements
S(—) that were added to each stimulus independently.
Thus, in detection, subjects monitored for the presence of
signals whereas in identification they identified the signs
of signals. Results indicated no effect of concurrence when
the task was to detect, but clear deficits when the task
was to identify.

Greater understanding of divided attention in the dual
task is revealed by “attention-operating characteristics”
(AOCs), which plot joint performance as a function of
attentional instructions (e.g., Hoffman & Nelson, 1981;
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Kinchla, 1969, 1980; Navon & Gopher, 1979; Sperling &
Melchner, 1978a, 1978b). Figure 1 is a schematic example
of such a plot. Vertical and horizontal axes indicate hy-
pothetical performance on each channel in units of dj
and djg. Solid symbols represent performance in the sin-
gle tasks (A or B alone), and open symbols show data
from the dual task (A and B). The legends describe atten-
tional instructions in which subjects were told to pay a
fixed proportion (p) of attention to A and the rest (1 —p)
to B. By definition, the AOC is the locus of points for all
values of p. The two idealized AOCs drawn to illustrate
extreme models of resource allocation assume that the
subject follows instructions about p accurately. The in-
tersection of the dashed lines at the so-called indepen-
dence point shows the prediction of a model in which there
is no cost of divided attention or no resource limitation
regardless of p. Conversely, the curved solid line illus-
trates a model in which a fixed resource (or capacity) is
divided between inputs according to p. Here, the total re-
source N (Luce, 1977) is defined as the total number of
independent samples available. According to signal de-
tection theory (SDT; Green & Swets, 1966), d’ increases
with the square root of the number of independent sam-
ples, so that the predicted effects of p are
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From this, the relations between performance in the dual
and single tasks as shown by the solid curve are
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Figure 1. Schematic representation of a hypothetical attention operating
characteristic (AOC) showing the joint performance (or sensitivity) in the dual-
task paradigm. Solid symbols depict performance on either task alone. Open
circles represent a case of resource limitation in which a fixed capacity is allo-
cated to each task alone in the single task but divided according to instructions
in the dual task. The open triangle represents a case of independence, where
neither of the dual-task components affects the other.

In Bonnel et al. (1992), performance in detection fell
close to the independence point, while that in identifica-
tion was well fitted by the V/N-model.

The present experiment looked further into the results
of Bonnel et al. (1992), with a particular focus on the
question of where attention is limited. A longstanding is-
sue is concerned with describing resources as a single,
central, undifferentiated pool (Navon & Gopher, 1979)
versus describing them as multiple pools allotted to spe-
cific domains such as sensory modalities (Wickens, 1980).
In order to address this issue, we chose to repeat the dual-
task identification paradigm using two sensory channels,
one auditory and one visual.

A second reason for using one auditory and one visnal
stimulus was to deal with a problem that can be raised con-
cerning the logic of the dual task (see, €.g., Kahneman,
1973). It is assumed in a dual task that stimuli in the two
channels are processed independently. Yet, Bonnel et al.
(1992) found evidence of grouping in the identification
task, with trial-by-trial accuracy being higher when S(+)
was paired with S(+) or S(—) was paired with S(—).

A third advantage of using separate modalities is that
it would eliminate a potential confound in the purely vi-
sual dual tasks in Bonnel et al. (1992). In an earlier study
comparing detection and identification in an auditory sin-

gle task, Macmillan (1971, 1973) suggested that the for-
mer relies on sensitivity to neural transients, whereas the
latter is based on sustained activity. In line with this, Bon-
nel et al. raised the possibility that separate visual chan-
nels supplied the neural basis for the distinction between
detection and identification found in the dual task. Two
likely candidates for these pathways were the magnocel-
lular visual pathways with special sensitivity to transients
and the parvocellular pathways that carry a more sus-
tained response to stimulus level. The possible confound
derives from the fact that magnocellular receptors are
more evenly distributed across the retina whereas parvo-
cellular receptors are primarily foveal. Given that the vi-
sual stimuli of Bonnel et al. (1992) were separated by 14°
of arc, we wondered if the direction of gaze could have
produced the tradeoff in performance indicated by the
curved AOC found in identification. Suppose that the in-
struction to pay 80% of attention to the left stimulus (A)
and 20% to the right (B) led to a leftward bias in the di-
rection of the subject’s gaze, moving the high priority
(80%) stimulus onto the fovea and the low priority (20%)
stimulus more into the parafovea. Since both high- and
low-priority channels would fall on magnocellular re-
ceptors, this would leave detection unaffected by instruc-
tions. However, in identification the high-priority stim-



ulus would be better served by parvocellular receptors,
thus accounting for differences between performance on
high- and low-priority channels. This problem would not
pertain to monitoring of separate modalities; with only a
single visual stimulus to monitor, the focus of gaze would
be irrelevant,

EXPERIMENT 1

Method

Stimulus sequence and environment. The temporal sequence
for both single and dual tasks is shown in Figure 2. Each trial began
with a 900-msec constant stimulus (pedestal). Signals, when pres-
ent, appeared 440 msec after the onset of the pedestals. At the end
of the pedestals, subjects were given as much time as they wished
to respond, after which there was a 1,500-msec delay before begin-
ning the next trial. Subjects worked in a sound-attenuating (80-dB)
booth in constant low-level illumination.

Pedestals. Henceforth, we will refer to stimuli in the auditory
and visual channels as A and V, respectively. The pedestal (A) was
a 500-Hz tone presented binaurally through headphones. Its level,
S(0)A, was 80 dB re 20 uPa. The pedestal (V) was a 3-cm lighted
circle made with the red phosphor at the center of a Samsung Sync-
Master-3 noninterlaced monitor. From a viewing distance of ap-
proximately 60 cm, this subtended a visual angle of approximately
2.9° Its luminance, S(0)V, was 1.64 mL as measured with a Minolta
CS-100 Chroma meter.

Signal levels. Signal levels were chosen on the basis of separate,
single-channel identification tasks. On the basis of these calibra-
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tion experiments, S(+) and S(—) were set to be identical. Six sub-
jects (paid undergraduate students) were trained until performance
seemed constant. Stimulus levels on A and V were chosen to pro-
duce d’s of approximately 2.0. Individual differences in sensitivi-
ties were such that auditory signals varied across the subjects from
2 to 7 dB, while visual signals varied from 0.025 to 0.075 mL.

Auditory signals were 20-msec ramped! increments, S(+),, or
decrements, S(—), added to the amplitude of the auditory pedestal.
Visual signals were 16.6-msec increments, S(+)y, or decrements,
S(—)y, in illumination added to the visual pedestal. These were
timed to coincide with the refresh rate of the video monitor.

The detection paradigm. A major difference between this study
and that of Bonnel et al. (1992) was in the signals employed in the
detection paradigm. Whereas they used only S(+), we opted for a
mixture of S(+) and S(—) randomized within each block of trials.
Not only would this help to equate the difficulty of stimuli in the
two paradigms, but it would also provide a more vigorous test of the
hypothesis that detection was based on change per se. Here, the dis-
tribution of signals was 25%, S(+); 25%, S(—); 50%, S(0). The three
types of trials are illustrated in Figure 2. In the dual task, the stim-
uli for each channel were selected independently. Trials were evenly
distributed over the nine possible stimulus combinations. Subjects
were told to report any change in the pedestals. In order to be consis-
tent with previous studies (Bonnel & Miller, 1994; Bonnel, Possa-
mai, & Schmitt, 1987; Bonnel et al., 1992; Miller & Bonnel, 1994),
responses were made with two 6-point rating scales using a com-
puterized mouse that moved cursors on vertical displays. The scale
on the left was labeled “sound”; the one on the right, “light.” The top
and bottom categories on each scale represented highest subjective
certainty, with labels marked from top to bottom as “3 CHANGE
SURE,” “2,” “1,” “1,” *“2,” “3 NO CHANGE SURE.” At the end of
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Figure 2. Temporal sequence for auditory and visual channels. Top and bottom panels illustrate signals used
in identification and in detection. The middle panel illustrates a detection trial in which no signal is presented.
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a trial, feedback was given by highlighting the appropriate half of
each scale.

The identification paradigm. In identification, 50% of the tri-
als presented S(+) and 50%, S(—). Again, in the dual task, the stim-
uli for auditory and visual channels were selected independently.
Subjects were told that there would be a change on every trial and
that they were to identify the direction of this change. Again, the ex-
tremes of the scales represented highest subjective certainty. Now,
the individual categories in each scale were labeled from top to bot-
tom “3 HI SURE,” “2,” “1,” “1,” “2,” “3 LO SURE.” At the end of
a trial, feedback was given by highlighting the appropriate half of
each scale.

Manipulation of attention. In each single task, stimuli were pre-
sented only to the channel being tested. In the dual task, subjects were
instructed to apportion their attention to the two channels according
to the rule p% to the auditory channel and (100—p)% to the visual.
For example, the instruction 80%,20% meant “allocate 80% of at-
tention to A and 20% to V.” Other conditions included 20%,80%
and 50%,50%.2 Each of these conditions was tested with 384 trials,
identification in 8 blocks of 48 trials and detection in 12 blocks of
32 trials. Attentional instructions were constant throughout a block
of trials and blocks were presented in random order. Subjects were
free to choose which channel to respond to first; the order of re-
sponses was recorded for later analysis.

Data Analysis. The six-category ratings from each condition
were used to construct a receiver operating characteristic (ROC). An
iterative maximum-likelihood procedure from Dorfman and Alf
(1969) was used to estimate ROC parameters as well as their vari-
ance. Sensitivity was evaluated using the index d,,, which is closely
related to the area under the ROC3 (see Macmillan & Creelman,
1991, Equation 3.6). Parameters were estimated in two ways. First,
in order to increase the stability of the estimates for the group data
(Macmillan & Kaplan, 1985), responses were pooled across sub-
jects before plotting pooled ROCs. This procedure smooths irregu-
larities caused by the tendencies of some subjects to not use the en-
tire rating scale. Second, in order to allow for statistical testing,
individual estimates were obtained from each subject’s ROCs before
averaging. These results are presented in Table 1. Agreement between
these estimates was quite good, although the average estimates were
consistently higher (see Swets & Pickett, 1982).

Results

The resemblance between the AOCs from the bimodal
dual task presented in Figure 3 and those with two visual
stimuli (Bonnel et al., 1992) is striking. As before, al-
though stimulus levels were the same for both paradigms,
sensitivity as measured by the index d, was globally higher
in detection than in identification. Statistical analysis con-
firmed a significant main effect of the paradigm [F(5,1) =
15.03,p = .012] basedona2 X 2 X 4 (channel X para-
digm X attention) repeated measures analysis of variance
(ANOVA) including all conditions of attention. In the
same vein, joint detection scores fell along or even above
the dotted line indicative of independence, whereas joint
identification scores were lower than the single controls.
These differences were tested by comparing performance
in the two single tasks to the separate auditory and visual
components of dual-task performance with the instruc-
tion 50%,50%. For detection, the apparent superiority
of the divided-attention condition was not significant
[F(5,1) = .36, p = .575]. However, identification perfor-
mance dropped significantly in the 50%,50% condition
[F(5,1) = 10.47, p = .023], indicating a cost when the

Table 1
Signal Detection Analysis of Rating Data

Auditory Channel Visual Channel
d,P M B d,p M B
Identification

20% 1.016 1.178 0.92 0.963 1.066 0.92

50% 1.467 1.650 0.58 1.482 1.708 0.75

80% 1.745 1.883 0.80 1.875 2117 0.81

Single 1.908 2.122 1.12 1.977 2.172 1.16
Detection (High)

20% 2.109 1.948 0.68 2.622 1.839 1.37

50% 2.835 2.605 0.66 3.264 2.900 1.29

80% 2.842 2.709 0.64 2.873 2.715 1.10

Single 2,977 2.461 0.71 2.800 2.830 1.23
Detection (Low)

20% 1.607 1.721 0.96 1315 1.528 2.28

50% 1.798 1.965 0.61 1.807 2.023 2.54

80% 1.682 1.877 0.66 1.807 2.070 1.71

Single 1.904 1.920 0.87 2.095 2.037 3.15

Note—Estimate d,P was obtained from pooled data and estimate d,M
was obtained by averaging the estimates obtained from individual sub-
jects. Detection (high) presented same signal levels as in identification.
Detection (low) presented lower levels set to produce the same single-
task performance as identification. ‘

subject had to identify the directions of changes in the two
channels. These results are further confirmed by a signif-
icant interaction between paradigm (detection vs. iden-
tification) and attention (single vs. 50%) [ £(5,1) = 6.97,
p = .046].

Instructions and sensitivity. The fact that subjects per-
form better in detection than in identification has led re-
searchers (e.g., Bonnel et al., 1992; Klein, 1985; Mac-
millan, 1971, 1973) to speculate that the relevant stimuli
in the two paradigms are fundamentally different. They
have suggested that identification is based on sensitivity
to sustained stimulus levels whereas detection reflects
sensitivity to change per se. One should note that similar
results accrue when both pedestal and signals are wide-
band noise (Macmillan, 1973), demonstrating that sen-
sitivity to change, as used here, s more than just sensi-
tivity to the spectral splatter. Figure 4 uses the logic of
traditional SDT to explain why it is necessary to postu-
late the use of different kinds of information in the two
paradigms. It compares performance for an “ideal ob-
server” given the assumption that the relevant informa-
tion is the stimulus level during the 20-msec observation
interval. Two assumptions from SDT are that (1) the in-
ternal representations of each level vary due to the addi-
tion of internal noise (Gaussian distributed with a
mean = () and a standard deviation = ¢) and (2) the ideal
observer applies a decision rule that is based on likeli-
hood ratios. The three panels on the left show probabil-
ity density distributions for the internal representations
in each of three conditions. Panel A describes the condi-
tion used by Macmillan (1971) and Bonnel et al. for de-
tection, with comparisons being between S(0) and S(+);
panel B describes the condition used here for detection,
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Figure 3. Experiment 1. Comparison of detection and identification perfor-
mances using identical signal levels (pooled data). Attention operating character-
istics (AOCs) show sensitivity d, for each channel alone and in conjunction. Solid
points represent performance on the single channels alone. Open points are from
the dual task, with the individual labels describing how subjects were instructed
to share attention between channels: percent auditory, percent visual. Triangles
are for detection, circles are for identification. The dashed curve represents the
AOC predicted for identification from Equation 2.

with comparisons being between S(0) and S(+) or S(—);
panel C describes the condition used here for tdentifica-
tion, with comparisons being between S(—) and S(+).
For this example, the stimulus levels (in units of z) are
—1,0, and +1 for S(—), S(0) and S(+), respectively. Note
that for panels A and C, likelihood ratios increase mono-
tonically from left to right, whereas in B they are great-
est at the extremes and decrease toward a minimum at
the center. The large panel on the right shows perfor-
mance calculated as the areas under the hypothetical ROCs
for the three conditions. They are shown for absolute sig-
nal levels ranging from [0 to | 2.5|. We see that an SDT
model based on stimulus level calls for higher perfor-
mance in identification (Condition C) than in detection
with signals that are only increments (Condition A), an
effect that is even greater when the signal in detection
can be either an S(—) or S(+) (Condition B). Yet, our re-
sults were just the opposite. It was the finding that this
prediction was not borne out that led to postulation of
hypersensitivity to transients.

All-or-none switching. The curved AOC is indicative
of a division of resources between the two channels. How-
ever, one can imagine a strategy in which the subject in-

terprets the instructions by switching between trials, al-
locating all resources to one channel or to the other. If
such all-or-none switching were to occur, accuracy on
one task would be associated with inaccuracy on the other.
This strategy predicts a negative correlation in trial-by-
trial analysis of the joint probability of correct responses
in the two channels (Sperling & Melchner, 1978a, 1978b).
To test for all-or-none switching, each trial was tabulated
in a 2 X 2 table; rows indicated the accuracy of the au-
ditory task and columns indicated the accuracy on the vi-
sual task. Separate tables were constructed for each at-
tention condition (20%,80%; 50%,50%; and 80%,20%).
Correlations between accuracies on the two channels are
shown in Table 2 as ¢ coefficients (Hays, 1969, p. 604)
that range from —1 (total negative dependence) to +1
(total positive dependence). Each ¢ was based on 384
observations pooled across 6 subjects and none was sig-
nificant.# By showing that a correct response to one chan-
nel does not predict an error on the other, this analysis re-
jects an all-or-none switching model.

Perceptual grouping. As described in the introduction,
the validity of the dual task rests on the assumption that
the two channels are processed independently. Although
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Figure 4. Predictions from a traditional SDT argument for the conditions dis-
cussed here, Drawings in the leftmost panels represent probability density distri-
butions for signal + noise and noise alone. Panels A and B describe conditions used
to measure detection while panel C describes identification. Curves on the right
panel are areas under the ROCs for each of these conditions plotted as a function

of signal level.

the use of separate sensory modalities makes such
grouping unlikely, this aspect can be examined by com-
paring the joint probabilities of being correct on both
channels when the two signals are the same or different.
To this end, all of the identification data were split into
separate matrices according to the relation between the
two channels (+,+), (—,—), (+,~), (—,*). The joint per-
centage of correct responses was computed for each ma-
trix. Unlike the previous visual/visual dual task (Bonnel
etal., 1992), congruent signals were not identified more
accurately, as can be seen from Table 3. This table also
shows that in detection, the probability of being correct
on both channels was not different when one or two
changes were presented. In demonstrating that process-
ing of the auditory and visual channels was truly inde-
pendent, this result supports the contention that a dual-
task analysis is in order.

Effects of attention on response criteria. It has often
been argued that measures of the effects of attention on

detectability may be biased by shifts in the response cri-
terion (e.g., Miiller & Findlay, 1987). For the present
data, response biases as defined in SDT were examined
by collapsing the six response categories into simple 2 X
2 matrices. In the detection task, data in the higher three
categories were summed and called “change,” and those
in the lower three categories were summed and called
“no change.” Similarly, the data from the identification
task were collapsed into categories called “increment”
and “decrement,” respectively. Indices of bias, f3, are pre-
sented in Table 1 as geometric means of the individual
values calculated from each subject. The comparison of
interest indicates that there was no systematic relation
between ff and attention instructions.

EXPERIMENT 2

The decision to use identical stimulus levels for detec-
tion and identification in Experiment 1 led to unusually

Table 2
Observed ¢ Coefficients as a Function of Attention and Psychophysical Paradigm

Experiment 3

Experiment 1 Experiment 2 Identification Detection
Identification Detection (High) Detection (Low) Free Response Order Constrained Response Order High Low
20%,80% 014 075 065 —.015 .098 .184*% —.003
50%,50% .062 .031 .023 007 .058/.032% 2681 .007
80%,20% .021 050 ~.007 136 .080 .189* —.065
Note—*p <.01. *p<.001. *Respond first to auditory channel/first to visual channel. Detection (high) presented same signal levels

as in identification. Detection (low) presented levels chosen to produce the same single-task performance as in identification.
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high d’ values in detection. Generally, this is not satis-
factory because small perturbations in the false alarm
rate due to nonsensory factors can have an inordinate in-
fluence on the estimate of performance. Also, with very
high levels, the subjects rarely use the entire rating scale,
making an analysis based on the ROC curve problem-
atic. The high levels also raise a potential problem for
the discussion of shared attention since the so-called de-
generate AOC exemplified by the dashed lines might re-
flect a kind of ceiling effect in which resources are not
needed for extremely easy judgments. For all of these
reasons, it was decided to retest detection with signal lev-
els chosen to produce performance in the single task
more like that found in identification.

Method

This experiment was identical to Experiment 1 with the excep-
tion of signal levels. Here, the visual signals used for the 6 subjects
from the previous experiment ranged from 0.01 mL to 0.035 mL
for both S(+) and S(—); auditory signals ranged from 2 to 3 dB for
both S(+) and S(—). Henceforth, we will refer to this paradigm as
detection (low).

Results

Figure 5 shows the AOC for detection with lower sig-
nal levels using the d, index of sensitivity described ear-
lier. The results again failed to show an effect of capacity
limitation. A 2 X 4 (channel, attention) ANOVA showed
no significant effect of attention [F(5,1) = 0.34, p =
.587]. Table 2 shows @ coefficients between accuracies on
the two channels for the grouped data. Again, the lack of
negative correlation® demonstrates that resources were
not switched between trials. Table 3 shows that as with
Experiment 1, there was no evidence of response group-
ing. The probability of being correct on both channels was
slightly increased when two changes were presented, but
this tendency was not significant. Finally, estimated re-
sponse bias, shown in Table 1, showed no systematic ef-
fects on 8.

One may conclude from these data that ceiling effects
were not a factor in the original results. This reinforces
the conclusion from Experiment 1 that resources were
limited for identification but not for detection.

EXPERIMENT 3

An implicit assumption in Experiments 1 and 2 is that
the selective cost of attention in identification but not in
detection stems from differences between the sensory pro-
cessing of transients and sustained levels. However, one
can imagine potential artifacts that might also have af-
fected both paradigms differentially. For one, “response
interference” associated with the use of two simultaneous
6-point rating scales (with 10 response criteria) might have
raised the overall cognitive load in a way that had a dif-
ferential effect on the more demanding task. Second, there
was the possibility that differences might have stemmed
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Figure 5. Experiment 2. Attention operating characteristic (AOC), observed in
detection with lower signal levels chosen to produce the same single-task perfor-
mance as in identification. In other respects similar to Figure 3.

from the labels on the response scales. Although the stim-
uli were explained to subjects in detail through the use of
drawings that illustrated pedestals and signals (Figure 2),
we worried that the labels on the response scales, which
were “CHANGE” and “NO CHANGE” in detection and “H1”
and “L0” in identification, might have induced them to
make relative judgments in the first but absolute judg-
ments in the second. Third, we observed that subjects left
to respond freely nearly always responded first to the high-
priority channel. Thus, performance on the low-priority
channel in the more demanding task might have been re-
duced due to the use of an older and potentially weaker
“trace memory” (Durlach & Braida, 1969; Egeth, 1967).

Experiment 3 was designed to examine the impor-
tance of these potential influences. Experiments 1 and 2
would be repeated with a simpler response, using a two-
button box instead of the more complex 6-point rating
scale; in addition, the labels used in identification would
be changed to “upr” and “DOWN” to induce a more relative
strategy. In addition, the effects of response order on
identification would be tested by use of instructions that
forced the subject to respond first to the low-priority
channel.

Method

For this experiment, the computer/mouse rating scales were re-
placed with a box with two buttons for the auditory task and two for
the visual. For detection, these were labeled “CHANGE” and “NoO
CHANGE.” For identification the labels were “Up” and “DOWN.” The

3 subjects had previously served in Experiments 1 and 2. In a first
step, all of the earlier conditions were replicated with the simpler
response with a free order of responding. After finishing the repli-
cation described above, the importance of response order in the
identification paradigm was tested in additional sessions. In the un-
balanced conditions (80%,20% and 20%,80%), subjects were re-
quired to always respond first to the low-priority (20% channel). In
the 50%,50% condition, the channel (auditory or visual) to receive
the first response alternated from block to block.

Data Analysis. As discussed above, the three-distribution modei
of detection illustrated in Figure 4 is fundamentally wrong because
it cannot account for the fact that performance is actually better in
detection than in identification. Rather, we would argue that the ap-
propriate analysis for computing d’s for detection should be based
on the assumption that change per se is unsigned. As such, the es-
sential identity of the S(—) and S(+) signals argues for an SDT
model based on a single signal + noise distribution. This allows one
to use the more traditional model of d’ found in Elliott’s (1964/1988)
tables. As before, pooled and average data, presented in Table 4,
were in close agreement.

Results

Response interference. Figure 6 shows results from
the replication of the first experiments with two button
responses. In the left panel, stimulus levels were identi-
cal in detection and in identification; in the right panel,
the levels were reduced to produce detection performance
that matched the identification performance. Square AOCs
are constrained to pass through the appropriate single-task
points. The curved AOC passing through the single-task
points for identification represents the locus of points



Table 4
Signal Detection Analysis of Yes/No Data
Auditory Visual
d'P  d'M B d'P d'M B
Identification (Free Response Order)

20% 132 141 1.59 1.38 147 085

50% 226 231 089 198 216 132

80% 2.64 270 1.46 244 258 064
Single 3.11 324 145 2.80 287 093

Identification (Constrained Response Order)

20% 1.28 158 L1.79 1.08 136 085

50% 1.86 2.08 1.20/1.75+ 236 248 1.07/1.07+

80% 272 292 0.65 272 279 194
Single 3.11 324 145 280 287 093

Detection (High)

20% 277 299 049 290 324 176

50% 339 359 0.63 393 417 1.00

80% 393 399 084 420 424 157
Single 363 385 0.64 438 446 149

Detection (Low)

20% 143 158 1.29 1.11 1.48  2.05

50% 247 260 1.16 230 244 317

80%  2.68 281 1.34 244 247 487
Single 242 271 058 249 261 429

Note—Estimate d’P was obtained from pooled data and estimate d"M
was obtained by averaging the estimates obtained from individual sub-
jects. Detection (high) presented same signal levels as in identification.
Detection (low) presented lower levels set to produce the same single-
task performance as in identification.

computed as a function of p from Equation 2. This pat-
tern of data captures the essence of the previous results,
although it is not clear how one should interpret points
that fall along the dotted lines, where the instructions to
pay unequal attention to the two channels indicate no
loss on the 80% channel but a lowering of performance
on the 20% channel. This problem has been seen before
(Gopher & Navon, 1980; Navon, Gopher, Chillag, & Spitz,
1984; Regan, 1982; Schneider & Fisk, 1982). Perhaps
points along the arms of the square AOC represent a strat-
egy in which the subject interprets the unbalanced in-
struction to mean that performance “should be” less on
the low-attention channel and responds to it inefficiently,
using less than the available capacity (Navon, 1985).
Whatever the case, such effects are difficult to reconcile
with any model based on constant capacity.

Statistical analysis further indicated that concerns over
response interference were unfounded. Indeed, compar-
isons between these data and those from the same 3 sub-
jects in Experiments 1 and 2 revealed no significant dif-
ferences between them. In a 2 X 3 X 2 X 4 (channel,
paradigm, response, attention) repeated measures ANOVA,
there was no significant effect of the response factor (rat-
ings vs. yes/no) [F(2,1) = 3.60, p = .198]. Thus, possible
reduction of the cognitive load by adopting two-button
boxes had no effect on the primary results; neither did a
change of label for the response boxes. A full-scale
analysis across all of the data from all three experiments
clearly showed a significant interaction between para-
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digm (detection vs. identification) and attention (single
vs. divided conditions) [F(4,2) = 8.93, p = .033], which
is indicative of different mechanisms.

Trace memory. Figure 6 also describes the effect of
constraining the order of response in identification. The
data points are plotted as +’s. We see that responding
first to the low-priority channels in the unbalanced condi-
tions and to an arbitrarily assigned channel in 50%,50%
had no effect on accuracy or on the allocation of resources.
When applied to the overall identification data from this
experiment, a2 X 2 X 4 (channel, response, attention) re-
peated measures ANOVA confirmed that there was no
significant effect of the response (free or constrained or-
der) [F(2,1) = .11, p = .774]. Thus, as with response inter-
ference, we can discard trace memory as a determinant
of the tradeoff found in identification.

Actual allocation of resources. The shapes of the
AOCs we observed in identification clearly showed that
resources were shared in a manner monotonically related
to attentional instructions. However, one wonders how
well subjects were able to interpret what was meant, for
example, by “80% of attention.” The AOC is not the most
sensitive representation for answering this question. In-
stead, Figure 7 plots [d"]? as a function of the instructed
values of p for each channel in the form of performance
resource functions (PRFs).6 The data are from Experi-
ments 1 and 3. The model described in Equation 2 pre-
dicts that these data should lie on the straight line connect-
ing 0% to 100% (single tasks) to the extent that subjects
accurately followed the instructions. Although we see
that overall performance was slightly lower than predicted
for the unbalanced conditions, these functions fall close
to the predictions of the sample-size model described by
Equation 2.

Response biases, contingencies, and perceptual
grouping. As with Experiments 1 and 2, the data in Ex-
periment 3 were subjected to analysis of contingencies’
(see Table 2), perceptual grouping (see Table 3), and re-
sponse bias (see Table 4). As before, there was no sig-
nificant evidence of negative contingencies, response bi-
ases, or perceptual grouping.

GENERAL DISCUSSION

The primary result of this study is that the pattern of
results found in the purely visual dual task of Bonnel
et al. (1992) was repeated when the task was bisensory—
that is, when one channe! was auditory and one was vi-
sual. A major goal of the study was to evaluate potential
confounds in the earlier work. One was that subjects
might have directed their gaze more toward the high-
priority location, placing the low-priority location more in
the parafovea. Since there is no such competition for phys-
ical orientation between auditory and visual channels,
the current data add further support to the argument that
the tradeoff in sensitivity observed in identification was
due to resource allocation. A second potential confound
arose from their use of S(+) only as the signal in detec-
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Figure 6. Experiment 3. Attention operating characteristics (AOCs), observed in the replication of Experiments 1 and 2 with a two-
button response. Left panel: Up-pointing triangles represent detection with high signal levels; circles represent identification with free-
order of responding; crosses represent identification with a constrained order of responding. Right panel: Down-pointing triangles
represent detection with low signal levels. In other respects similar to Figures 3 and 5.

tion, since this introduced a difference in stimulus com-
plexity between the two paradigms. However, this is dis-
pelled by the essential replication of the earlier results
by using signals that were a random mixture of S(+) and
S(—). Detection of change, as used here, implies detection
of unsigned transients whose internal representations
carry no information about the direction of change. The
effectiveness of the mixture of S(+) and S(—) supports this
view since signed transients could also be used for iden-
tification, making it more efficient than detection, as de-
scribed in Figure 4. A third potential problem with the
data from Bonnel et al. (1992) was the presence of per-
ceptual grouping in identification, which could invali-
date the assumption of independence in the dual-task
paradigm. Since there was no evidence of such grouping
in the auditory/visual data, the present data lend strong
support to the view that identification in the dual task re-
quires divided resources.

The effects of other potential artifacts also proved to
be negative. First, the fact that lower stimulus levels in
detection did not introduce signs of limited capacity dis-
counted fears of a ceiling effect. Similarly, there was no
effect of reducing response complexity by switching
from a rating scale to a simple two-button response. Fi-
nally, tests with constraints on the order of response
showed that there was no impact on performance on the
low-priority channel due to the normal tendency of sub-
jects to respond first to the high-priority channel.

The present study clearly shows that the distinction
between capacity-free detection and capacity-limited iden-

tification in the dual task occurs when the channels rep-
resent two different sensory modalities. Again, it illus-
trates the importance of the psychophysical paradigm used
to study divided attention; that is, detection alone would
have left us with the view that each sensory domain has
its own processing capacity, in agreement with those
(Treisman & Davies, 1973; Wickens, 1980) who argue
against the notion of a single, undifferentiated resource.
Instead, the data from identification lend strong support
to the idea of a single, higher order limitation on process-
ing at a level that is central to either sensory modality
alone. Furthermore, the symmetry between 80%,20% and
20%,80% in the AOC suggests that resources withdrawn
from one sensory channel were fully applied to the other.
Using purely visual tasks, Bonnel et al. (1992) had found
the relation between [d”]2 and instructions to fit closely
to a sample-size model. Similar results here imply that
the units of attention were the same for auditory and vi-
sual channels. This adds still more credence to the idea
of a central bottleneck on attention.

On the basis of comparisons between performance in
single tasks and in a variety of dual tasks with the in-
struction 100%,0%, Taylor, Lindsay, and Forbes (1967)
suggested that the mere presence of a nonattended source
resulted in a “sharing cost” of 15%. This was exactly the
cost observed by Bonnel et al. (1992) in their visual iden-
tification task. Although the present experiment in-
cluded no conditions with the instruction 100%,0%, the
fact that both single-task and dual-task points fell on the
same PRF shows that there was no such cost of sharing
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Figure 7. Experiments 1 and 3. PRFs plotting identification performance in units
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periment 3 with free order of response. Bottom: Experiment 3 with constrained
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in the dual task. This agrees with previous results that have
shown that it is easier to monitor two sensory modalities
than two channels within a single modality (Proctor &
Proctor, 1979; Treisman & Davies, 1973).

It is interesting to compare our results with those from
others who have examined simultaneous attention to the
auditory and visual channels. Although none of the other
studies specifically compared detection to identification,
this comparison can be made by dividing them into two
groups according to the paradigm used. When the tasks
were only detection (Brown & Hopkins, 1967; Eijkman
& Vendrick, 1965; Lindsay, 1970; Shiffrin, 1975; Swets
& Kiristofferson, 1970), they found, as we did, that per-
formance was about as good with two channels as with
one. Similarly, they also found lower performance with
two channels when the task was identification (Long,
1976a, 1976b; Massaro & Kahn, 1973; Taylor etal., 1967;
Tulving & Lindsay, 1967).

Limitations on divided attention have been the subject
of much controversy. The literature has concentrated on
stimulus and response factors——more specifically, simi-
larity between channels and responses. The fact that there
is a cost of shared attention in identification but not in
detection shows that task requirements must also be con-
sidered as an important determinant.

Finally, speculations about the site of the limitation in
divided attention, when found, have ranged from periph-
eral to higher order levels of processing. The present data
from identification show a tradeoff between resource al-
locations to two sensory channels. This suggests that for
identification, the putative bottleneck operates at a more
central level of processing rather than in the auditory and
visual peripheries.
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NOTES

1. The total durations of 20-msec for auditory signals included a
5-msec onset ramp computed as ¥2[1 + cos(2x1)] fort = —.5 - 0 and
a 5-msec offset ramp computed as Y2[1 + cos(2xr)] fort = 0 - to .5.

2. Conceptually, the instruction 100%,0% should produce a d, equal
to that found in a single-task measurement of A alone, while dj should
be 0. However, this is difficult to demonstrate. Subjects say that the in-
struction is confusing because they cannot imagine responding to a
channel while completely ignoring it (Bonnel & Miller, 1994). For this
reason, comparisons here are to true single tasks.

3. The area under the ROC equals the proportion correct by an un-
biased observer in a two-interval forced-choice experiment, and is free
from assumptions about the underlying distributions (noise and signal +
noise).

4. These correlations were also computed for each subject. In identi-
fication, @ coefficients were quite close to zero. Among the 18 indices
(6 subjects X three conditions) 16 were nonsignificant, the remaining
two being positive. In detection, none of the coefficients was negative
and 10 out of 18 were positive. These correlations can be due to trial-to-
trial fluctuations that subtly influenced performance on both tasks in
the same way (e.g., alertness, practice level) or to the existence of oc-
casional trials on which observers gave wrong answers for reasons ex-
traneous to their perceptual processing (e.g., blinks).

5. Indeed, only 1 out of the 18 correlations computed for individual
subjects was negative (p <.05) and 3 were significantly positive ( p <.05).

6. The concept of a performance resource function was introduced by
Norman and Bobrow (1975), although they did not propose a specific
metric for the independent variable.

7. When individual contingencies were computed, the significant val-
ues were always in the positive direction. In the first identification ex-
periment (free order of response), we found 2 contingency coefficients
out of 9 to be positive. In the second part (constrained order of response),
4 out of 12 coefficients were positive. Four coefficients out of 9 were
found to be positive in detection (high), and 1 out of 9 in detection (low).
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