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In visual search, a set of distractor items can be suppressed from future selection if they are presented
(previewed) before a second set of search items arrive. This visual marking mechanism provides a
top-down way of prioritizing the selection of new stimuli, at the expense of old stimuli already in the field
(Watson & Humphreys, 1997). Typically, this preview benefit has been examined by measuring the
efficiency of detecting a target item contained within a newly presented set. Such work has led to the
suggestion that the capacity of the visual marking mechanism is extremely high. Here we present five
experiments which measured performance for selecting and responding to all the new stimuli rather than
a single target item within the new set. The findings illustrate that when selecting and responding to all
new items intentionally trying to prioritize new stimuli has a capacity limit of approximately six to seven
items and that this limit depends partly on properties of the stimuli. The findings are discussed in terms
of mechanisms of time-based selection, attentional capacity limits, and the task demands of multiple item
selection.
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The visual world presents us with vast amounts of information
at any particular point in time. For some tasks, certain pieces of
information may be more relevant to our goals than others—for
other tasks the reverse may be true. Given that we do not have the
capacity to process everything that is thrown at us, our attentional
system needs to discount information that is of little current value
and enhance the processing of important information required for
our present behavior. There are a number of ways this can be
achieved. At one end of the scale lay relatively automatic pro-
cesses. For example, the appearance of a new perceptual object or
a sudden luminance change can attract attention automatically to
enhance processing at that location (Posner, 1980; Yantis &
Jonides, 1984; Davoli, Suszko, & Abrams, 2007; Rauschenberger,
2003). In addition, we appear to be biased against reattending to a
recently processed and rejected location (Posner & Cohen, 1984;
Klein, 1988, 2000) in favor of searching new and previously
unexamined locations.

In contrast, some selection processes appear to be under more
voluntary control. For example, we have the ability to intentionally
attend to a region of space on the basis of symbolic information
(Jonides, 1981; Posner, Snyder, & Davidson, 1980). We can also
influence which types of stimuli attract our attention by adopting
an “attentional set.” This serves to bias attention toward stimuli
containing particular properties such as color, abrupt onsets, or
motion (contingent orienting, Folk, Remington, & Johnston, 1992;

Folk, Remington, & Wright, 1994; Folk & Anderson, 2010).
Furthermore, the visual system is also able to “hold on to” and
track a subset of target items among other items even if the
nonselected items are identical to the attended ones (Pylyshyn &
Storm, 1988).

Given that our cognitive resources are finite, these selection
processes are subject to certain limitations and constraints. For
example, the number of new objects that can attract attention
automatically is, in some circumstances, limited to approximately
three or four items (Yantis & Johnson, 1990; Yantis & Jones,
1991; but see Donk & Theeuwes, 2003 for an example where this
limit is exceeded). Similarly, the number of items that can be
tracked (Pylyshyn & Storm, 1988; Pylyshyn, 2004; Horowitz et
al., 2007), or enumerated efficiently—subitized (Kaufman, Lord,
Reese, & Volkman, 1949; Trick & Pylyshyn, 1993, 1994; Watson,
Maylor, & Bruce, 2005, 2007) is also limited to approximately
three to four objects. Other evidence shows that the precision with
which attention can be biased to certain classes of stimuli might be
relatively coarse (i.e., top-down limits can be set to which type of
stimuli capture attention, Folk et al., 1992). Such capacity limits
are also highlighted in difficult visual search tasks wherein reac-
tion times (RTs) to find a predefined target increase linearly with
the number of items in the display, as participants search each item
in turn (see Wolfe, 1998, for a review).

Time-Based Selection

The work outlined above deals with selection of stimuli across
space. However other work has examined selection across both
space and time (Atchley, Jones, & Hoffman, 2003; Donk & Theeu-
wes, 2001, 2003; Gibson & Jiang, 2001; Jiang, Chun, & Marks,
2002a,b; Osugi, Kumada, & Kawahara, 2009, 2010; Theeuwes,
Kramer, & Atchley, 1998; Watson & Humphreys, 1997, 1998,
2000; for a summary see Watson, Humphreys, & Olivers, 2003).
In order to study whether time of appearance could be used to help
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guide selection to new items, Watson and Humphreys (1997)
developed a modified visual search task. Typically in visual
search, participants are asked to indicate the presence or absence of
a prespecified target among a varying number of distractors (e.g.,
Treisman & Gelade, 1980). The time taken to respond as a func-
tion of the number of distractors (i.e., the search slope) indicates
the difficulty of the search, with steep slopes indicating difficult/
inefficient search and shallow slopes indicating easy/efficient
search (Wolfe, 1998).

Watson and Humphreys (1997) divided a standard color–form
conjunction search task (Treisman & Gelade, 1980) into two
temporally separated parts—a method known as the preview par-
adigm. One set of old distractors (green Hs) was first presented
(previewed) for 1000 ms. Following this, a set of new items (blue
As) which would contain a blue H target (when present) was added
to the first display. The task was to detect whether the blue H target
was present or absent among the new items. Performance in this
preview condition was compared with a full element baseline
(FEB) in which all the display items appeared simultaneously and
a half element baseline (HEB) in which only the new items from
the preview condition were presented. Search efficiency, in terms
of the RT � Set size function, was found to be more efficient in
the preview condition than in the FEB and statistically equivalent
to the HEB. That is, search in the preview condition was the same
as if the old items had not been presented. This indicates that
participants were able to prioritize the new items and ignore the
old stimuli, an effect termed the preview benefit. Watson and
Humphreys (1997) proposed that this prioritization for new items
occurred as the result of participants suppressing the old (pre-
viewed) items via a top-down capacity-limited inhibitory mecha-
nism, which they termed visual marking.

However, this proposal has not gone without challenge. For
example, Donk and colleagues (e.g., Donk, 2005, 2006; Donk &
Theeuwes, 2001, 2003; Donk & Verburg, 2004) proposed that the
preview benefit occurs because the abrupt luminance onsets asso-
ciated with the new items capture attention automatically. When
they eliminated luminance onsets by making the new objects
isoluminant with the background, a preview benefit did not occur
(Donk & Theeuwes, 2001, although see Braithwaite, Hulleman,
Watson, & Humphreys, 2006). A second alternative by Jiang and
colleagues (Jiang, Chun, & Marks, 2002ab; Jiang & Wang, 2004)
proposes that the old and new items form asynchronous temporal
groups. Following this grouping process, attention can then be
directed and selectively allocated to either the old or to the new
group. Although there is evidence that both onsets and grouping
contribute to obtaining a preview benefit, these accounts alone
have trouble explaining some other results from preview work
(e.g., Kunar, Humphreys, & Smith, 2003; Humphreys, Watson, &
Jolicoeur, 2002; Olivers & Humphreys, 2003; Braithwaite, Hum-
phreys, & Hodsoll, 2003, 2004; Osugi, Kumada, & Kawahara,
2010; Watson, Braithwaite, & Humphreys, 2008). For example,
abrupt luminance onset signals are likely to play a role in priori-
tizing new elements when available. However, it is also possible to
obtain a preview benefit when stimuli are isoluminant with their
background (e.g., Braithwaite, Hulleman, Watson, & Humphreys,
2005). Currently, the data provide evidence for the involvement of
inhibition of old items, grouping and luminance onsets in driving
the preview effect—although the exact contribution of each might
depend on stimulus characteristics and task demands.

The Capacity of Time-Based Selection

Irrespective of the underlying mechanisms involved in priori-
tizing new visual information, the existing literature suggests that
time-based visual selection appears to have a relatively large
capacity. There are two strands of evidence supporting this. First,
previous work has demonstrated that up to 30 old items (Jiang,
Chun, & Marks, 2002a) and 15 new items (Theeuwes, Kramer, &
Atchley, 1998) can be prioritized with no upper boundary yet
established of the number of items that can be ignored. Second,
one might expect that if the ability to ignore old items was limited
to a small number of objects then search in the preview condition
would be efficient at small set sizes but would then become less
efficient at larger set sizes. As compared with the baseline condi-
tions, this would produce a Bilinear RT � Set size search function
in the preview condition. However, the majority of previous work
has shown that preview search slopes are typically linear across the
range of set sizes previously examined (but see Al-Aidroos, Em-
rich, Ferber & Pratt, in press, for recent evidence that bilinear
preview search slopes can be obtained when a sufficient range of
set sizes are used).

In contrast, other work has suggested that there might be limits
to how many items can be selected with priority. Examining eye
movements in preview search (see also Watson & Inglis, 2007),
Emrich, Ruppel, Al-Aidroos, Pratt, and Ferber (2008) presented
participants with 0 to 10 preview items to which eight new items
were added and measured fixation frequency to old or new stimuli.
The results showed that the probability of preferentially fixating a
new item gradually decreased as the number of fixations increased.
By about the fifth fixation, there was no difference in the proba-
bility of fixating either a new or an old, previewed item. Emrich et
al. concluded that the ability to prioritize new stimuli appeared to
decay with each fixation so that time-based selection might be
limited to, at the most, approximately four new items. Note how-
ever, that in these experiments search efficiency (in terms of
Manual RT � Set size slope measures) still remained more effi-
cient than in their FEB condition, showing the usual preview
benefit.

Comparing data from manual RT responses and that from eye
movement studies seems to highlight a disparity in the capacity
limit of the number of old items that can be ignored. It appears that
attentional search and the observer’s manual responses can remain
efficient across high set sizes in time-based selection but eye
movement behavior shows a limitation in the number of old items
that can be discounted. One difference between the eye movement
measure and the manual RT measure is that, with eye movements,
an overt response is made to multiple items as part of the search
process. In contrast, in the previous work on preview search, only
a single manual response to one specific target has had to be made
(even though multiple eye movements might still be required to
locate the target). It is possible that if multiple manual overt
responses have to be made to the new items then a capacity limit
to process new items might also be revealed. This might arise
because making multiple responses might interfere with the pro-
cesses/representations needed to maintain the old from the new or
might require the distinction between old and new information to
be maintained for a greater length of time. We investigate this
here.
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Purpose of the Present Study

The current work examined capacity limits in preview condi-
tions in which all the new objects have to be responded to man-
ually. This contrasts with previous work where only a single target
had to be detected and responded to among multiple new distrac-
tors.

Similar to previous studies, participants were first presented
with a preview display. Following this, an additional set of items
was added and participants were asked to respond to each new
item by making a mouse click or touch screen response to them.
This process departs from that typically used because participants
had to respond to every new item rather than making a single
response to a target presented among a set of distractors. We also
used displays in which there was no simple feature difference
(such as color or shape) between the old and the new stimuli (i.e.,
all stimuli were the same). This methodology allowed us to stress
the mechanisms of time-based selection because the only way that
participants were able to differentiate the old items from the new
was by their temporal appearance.

In order to determine the capacity of time-based selection we
employed a similar methodology as that used in Multiple Object
Tracking (MOT) studies (Pylyshyn & Storm, 1988; Pylyshyn,
1994; Horowitz et al., 2007). In MOT tasks participants are asked
to track a number of items among a set of distractors. Various
measures within this literature have been developed to determine
the tracking capacity of the visual attentional system. In the present
work, the previewed items are treated as equivalent to the non-
tracked items in MOT studies and the new items are equivalent to
the tracked items.

We also examined the effect of display heterogeneity. Previous
visual search studies have shown that increasing the similarity of
distractors can allow them to be grouped and rejected more effi-
ciently (Duncan & Humphreys, 1989, 1992). Thus we might
expect that homogeneous preview displays might be grouped and
suppressed more easily than previews which contain heteroge-
neous items, allowing better prioritization of newly appearing
items. Accordingly, Experiments 1 to 3 examined color and shape
heterogeneity within the displays. To summarize the results, when
responding to all new items we found that the capacity of time-
based selection was six to seven items. Furthermore, the capacity
limit was greater with homogenous displays than with heteroge-
neous displays. In Experiment 4 we introduced a delay between the
onset of the new items and when participants could start to re-
spond. This delay reduced the new item capacity estimate by about
one item. In Experiment 5 participants responded to each new item
directly using a touch screen in one condition and a mouse click in
another. Despite the change in response type a similar capacity of
six to seven items was obtained. Overall the findings suggest that
when all the new items have to be manually responded to there is
a capacity limit of approximately six to seven items. This limit is
reduced when stimuli are heterogeneous but remains relatively
robust over different response types.

Experiment 1: Small Set Sizes and Color and Shape
Heterogeneity

In Experiment 1 we established the basic methodology and
examined capacity limits for ignoring up to eight old items and

prioritizing up to eight new items. In addition to set size we also
examined the effect of stimulus heterogeneity. In the mixed color
condition the displays consisted of red, green, blue, and yellow
randomly oriented letter Ls. In the single color condition all the
stimuli within a trial were of the same color (red, green, blue, or
yellow).

Method

Participants

Twelve participants (3 male), ages 18 to 20 years (mean [M] �
18.8 years) took part for payment or course credits. All were
undergraduate students at the University of Warwick and reported
normal or corrected-to-normal visual acuity.

Stimuli and Apparatus

Stimuli were generated and presented by a custom program
running on a Pentium-based PC computer attached to a Sony 19”
CRT monitor. Displays were presented at a resolution of 1024 �
768 pixels running at refresh rate of 100Hz. The stimuli consisted
of red (RGB � 200,0,0), green (RGB � 0,200,0), blue (RGB �
0,0,200), and yellow (RGB � 200,200,0) letter Ls (15 mm � 15
mm) rotated at 0°, 90°, 180°, or 270°. Displays were generated by
randomly placing the stimuli into the cells of a centrally placed
6 � 6 invisible grid. Center-to-center interstimulus spacing was 80
pixels (28 mm) and individual stimulus positions were varied by
up to � 8 pixels (3 mm). In the single color condition the stimuli
in a single trial were either all red, all green, all blue, or all yellow.
In the mixed color condition the preview items consisted of an
equal number of each of the four colors, and the new items
consisted of an equal number of all four colors. Thus all four colors
were present in the same quantities in both the preview and search
displays. This meant that participants were not able to determine
which were the new items on the basis of color information
contained in either the preview or the new item display. The
orientation of each stimulus was selected randomly.

Design and Procedure

A 2 (color: single or mixed) � 3 (display size: 8, 12, or 16
items) within-participants design was used. A single trial consisted
of a black screen for 500 ms, followed by a gray (RGB � 150, 150,
150) central fixation dot, followed by a preview display of four,
six, or eight randomly oriented Ls. After 1000 ms an additional
four, six, or eight Ls were added respectively (i.e., the number of
new items was equal to the number of old items). Participants were
instructed to ignore the preview items and to select the new ones
when they appeared. Stimuli were selected by moving a mouse
cursor over the item and left-clicking on it. Selecting an item
immediately reduced its luminance (the transparency alpha level
was changed from 1 to 0.3) After completing their selection,
participants moved the mouse cursor to the right side of the screen
until it disappeared and pressed the space key to initiate the start of
the next trial (see Figure 1). This procedure allowed participants to
take a break within the block by delaying when they pressed the
space key. The number of items that participants could select was
unrestricted. The experimental condition was comprised of 240
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trials (40 trials per color � display size combination) and partic-
ipants completed a short practice block of practice trials directly
before the experiment proper.

The main dependent variable of interest was the capacity limit
for prioritizing new items. However, we also examined the total
number of items that participants selected, the proportion of cor-
rect responses, the proportion of correct responses as a function of
how many items had been previously selected, and response times.
All of these measures were used to characterize observers’ perfor-
mance.

Results

Prior to these analyses, two trials (�0.07%) were discarded as
outliers because the RT of the first response was less than 100 ms.

Number of Items Selected

The mean total number of items selected (both new and old) as
a function of new item set size (four, six, eight) and color (single/
mixed) is shown in Figure 2A (note that in all conditions, the
number of new items was equal to the number of old items). As
can be seen in both conditions, participants selected fewer items
than the number of new items presented, particularly at the larger
set sizes. A 2 (Color: mixed/single) � 3 (New item set size: four,
six, or eight) within-subjects analysis of variance (ANOVA) re-
vealed that participants selected more items in the single-color
condition (M � 5.73) than in the mixed-color condition (M �
5.67), F(1, 11) � 7.84, mean standard error [MSE] � .009, p �
.05, �p

2 � .416, and, as one might expect, selected more items as
the new set size increased, F(2, 22) � 377.05, MSE � .174, p �
.001, �p

2 � .972. The increase in number of items selected with set
size was greater in the single color condition than in the mixed
color condition, F(2, 22) � 3.52, MSE � .007, p � .05, �p

2 � .242.
As shown in Figure 2A, participants appeared to select propor-
tionally fewer items as the new set size increased. To confirm this
we calculated the slope of the number of items selected as a
function of the new set size (this slope should be less than one if

participants tended to select fewer items as set size increased). This
revealed mean slopes of 0.84 responses/new set size (single color)
and 0.81 responses/new item set size (mixed color) and both slopes
were significantly less than one, t(11) � 3.70, p � .005, and
t(11) � 4.59, p � .001, respectively. In both conditions partici-
pants selected proportionally fewer items overall as the number of
new items increased.

Proportion Correct

To take into account that participants were free to select as few
or as many items as they wanted, equation (1) was used to
calculate the proportion of correct responses on each trial. Overall
means are shown in Figure 2B.

Proportion correct �
new items selected � old items not selected

total number of items
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Figure 2. Results for Experiment 1. Panels A, B, and C show the total
number of items selected, the proportion correct, and the estimate of new item
capacity as a function of stimulus color (mixed or single) and new set size.
Panels D and E show accuracy (mean probability of selecting a new item) and
mean RTs as a function of stimulus color and the number of previous
responses within the trial. Error bars indicate �1 standard error [SE].

Figure 1. An example trial sequence from Experiment 1. A single trial
sequence consisted of: a blank screen (500 ms), a fixation dot (1000 ms),
a preview of old distractors (1000 ms), the presentation of new (target)
items. Participants selected the new elements by clicking on them. When
finished they moved the mouse cursor off screen to the right of the display
and pressed the space bar to start the next trial.

353CAPACITY OF TIME-BASED SELECTION



The proportion correct was lower overall for the mixed than for
the single color displays, F(1, 11) � 19.21, MSE � .000, p � .001,
�p

2 � .636. Accuracy also decreased as the number of new items
increased, F(2, 22) � 67.25, MSE � .001, p � .001, �p

2 � .859 and
this decrease was marginally greater in the mixed color displays
than in the single color displays, F(2, 22) � 3.01, MSE � .000,
p � .07, �p

2 � .215.

Estimate of Capacity (K)

Because the number of new items was equal to the number of
old items, following Wolfe, Place, and Horowitz (2007; see also
Hulleman, 2005), we calculated the capacity of new item selection
according to equation (2), where K � capacity, T � the number of
new items, and p � the proportion correct response. The overall
mean capacity estimates are shown in Figure 1C.

K � T�2p � 1� (2)

A 2 (Color: single/mixed color) � 3 (Set size, four, six, eight)
ANOVA revealed that capacity was greater for single color dis-
plays than for mixed color displays, F(1, 11) � 26.28, MSE �
.022, p � .001, �p

2 � .705, and increased as the number of new
items increased, F(2, 22) � 83.62, MSE � .335, p � .001, �p

2 �
.884, reaching approximately six items at a new set size of eight.
The capacity increase with new set size is not surprising and most
likely reflects that at the smaller set sizes performance was at
ceiling. However, the capacity increase with set size was smaller
for the mixed color condition than for the single color condition,
F(2, 22) � 5.69, MSE � .024, p � .01, �p

2 � .341, indicating an
influence of stimulus heterogeneity on capacity.

Accuracy as a Function of Response Number

It is possible that participants become worse at selecting the new
items over time, or as a function of how many items they have
already selected. This might occur if, for example, the ability to
separate the old from the new deteriorates with time, perhaps
because of weakening suppression of the old. To examine this
possibility we calculated the mean accuracy in selecting a new
item as a function of the number of previous responses (e.g., the
accuracy of the first response made, the accuracy of the second
response made etc.). The resulting overall mean proportion accu-
racy scores are shown in Figure 2D. The figure plots the mean
accuracy for eight responses, however, because one participant
never clicked on more than seven items, our statistical analysis was
restricted to the first seven selections. A 2 (color) � 7 (response
number) ANOVA showed that accuracy was overall greater with
the single color displays than with the mixed color displays, F(1,
11) � 11.20, MSE � .001, p � .01, �p

2 � .504. The probability of
correctly clicking on a new item also decreased as a function of the
number of previously clicked items, F(6, 66) � 32.37, MSE �
.003, p � .001, �p

2 � 0.746, but this decrease did not differ
between the mixed and single color displays, F � 1. Thus, the
ability to accurately select the new stimuli appeared to decrease
over time suggesting a weakening representation.

Response Times

We calculated mean response times for each item selected as the
time taken to respond from the onset of the display. This allowed

us to determine the overall rate at which observers selected each
item. In order to avoid including means based on small sample
sizes (because there were few trials on which participants made
more responses than the number of new items), the analysis was
restricted to the first n responses, where n was equal to the new set
size. Overall, mean RTs as a function of color (mixed or single),
new set size, and response number are shown in Figure 2E. The
response functions were highly linear suggesting that the rate of
responding remained relatively constant throughout the trial.

It is interesting that although the rate of selection of each new
item within a trial remained constant, the particular rate of search
varied between trials, depending on set size. A 2 (Color: single/
mixed) � 3 (New set size, four, six, eight) ANOVA showed there
to be an increase in response rate for displays with a higher set size
(553.3, to 530.4, to 507.6 ms/item for new set sizes of four, six,
and eight, respectively), F(2, 22) � 11.28, MSE � 1109.46, p �
.001, �p

2 � .506. However, neither the main effect of display color,
F � 1, nor the Color � Set size interaction, F(2, 22) � 1.30,
MSE � 823.10, p � .292, �p

2 � .106, reliably influenced the
response rate.

Discussion

Experiment 1 examined the capacity limits in time-based selec-
tion with up to eight old and eight new items of a single or mixed
color. Our analyses revealed that the overall capacity for selecting
new stimuli was approximately six items and increased as a
function of the new item set size (most likely reflecting ceiling
effects at the smaller set sizes). Of note, this capacity is larger than
four, the capacity limit of new items observed using eye movement
measures (Emrich et al., 2008), but is less than 15 new (Theeuwes
et al., 1998) and 30 old (Jiang et al., 2002a) items, suggested on the
basis of previous studies in which only a single target had to be
selected and responded to.

The results also found that display heterogeneity influenced the
capacity, where capacity was larger for displays containing items
of the same color, as compared with mixed color displays. This
might reflect the ease of grouping and rejecting homogeneous
items (Duncan & Humphreys, 1989, 1992). If the old stimuli could
be grouped and rejected more efficiently when they were homog-
enous, this might lead to more new items being detected because
the difference between groups would be more pronounced. This
has implications for the different accounts of preview search. From
an inhibitory marking perspective (Watson & Humphreys, 1997)
being able to group the old distractors more efficiently might aid
the ability to generate (or maintain over time) an inhibitory tem-
plate toward them. From an onset account (Donk & Verburg,
2004) additional grouping within the new elements might also help
to separate them from the old. Predictions from the temporal
asynchrony account (Jiang et al., 2002b) are less straightforward.
On the one hand increasing homogeneity within the old and new
items might allow the old items to be grouped more easily and
distinguished from the new. However, it could also predict that
when all items were identical the new items would also group
more easily with the old, based for example, on their common
color.

There were also a number of secondary findings. In terms of the
number of items selected, participants tended to underestimate the
number of new items that appeared on the screen, making propor-
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tionally fewer selections at the larger set sizes than at the smaller
set sizes. The reduction in the number of responses as set size
increased was also greater for the mixed color displays than for the
single color displays. This suggests that the efficiency of mecha-
nisms prioritizing the new items decreases over time/number of
responses and is worse with mixed color displays. This finding
also suggests that maintaining a suppressive mechanism against a
group of mixed color items is more difficult than against single
color group.

We also examined response times as each new item was se-
lected. Within a trial the response rate was constant; however, the
overall rate of responding increased as a function of set size. One
possible reason for this is that participants modulated their rate of
responding depending on the perceived difficulty of the selection
task. When participants were confronted with a large number of
new items they might have perceived the need to select them more
quickly than when fewer new items appeared. If so, this suggests
that observers were aware that their ability to select new stimuli
declined over time and thus modulated their response rate accord-
ingly to compensate.

Experiment 2:
Large Set Sizes and Color Heterogeneity

Experiment 1 suggested that depending on color heterogeneity,
the capacity of time-based selection was approximately six items.
However, the range of set sizes used did not allow us to find an
upper bound, because the capacity estimate had not reached as-
ymptote by the largest set size. Accordingly, in Experiment 2 we
increased the maximum set size up to 32 items (16 old and 16
new). We also changed the stimuli to filled circles. This change
was made for two main reasons. First, we wanted to generalize the
findings to a different stimulus type/shape. Second, in Experiment
1, the displays consisted of randomly rotated letter Ls and so all the
displays were heterogeneous in terms of stimulus shape/orientation
(regardless of color heterogeneity). This shape heterogeneity might
have reduced the observed capacity of time-based selection in a
similar way to that of color heterogeneity. Using filled circles
ensured that all the displays were homogeneous with respect to
stimulus shape.

Method

Participants

Twelve participants (six male), ages 19 to 22 years (M � 19.9
years) took part for payment or course credits. All were under-
graduate students at the University of Warwick and reported
normal or corrected-to-normal visual acuity.

Stimuli and Apparatus

The stimuli consisted of filled circles (12 mm in diameter) and
the total display sizes were 8, 16, 24, and 32 items. Thus the
preview display consisted of 4, 8, 12, or 16 items, and after 1000
ms, an additional 4, 8, 12, or 16 items were added, respectively.

Design and Procedure

A 2 (color: mixed or single) � 4 (set size: 8, 16, 24 or 32 items)
within-participants design was used. Participants completed 320

experimental trials with an equal number of trials for each Set
size � Display color combination (40 replications per cell). The
remaining aspects were the same as Experiment 1.

Results

The results were analyzed in the same way as in Experiment 1.
Fourteen trials (�0.4%) were discarded as outliers because the
first selected item had an RT of less than 100 ms.

Number of Items Selected

The mean total number of items selected as a function of new
item set size (4, 8, 12, 16) and color (single/mixed) are shown in
Figure 3A. As in Experiment 1, participants selected fewer items
in the mixed color (M � 7.89) condition than in the single color
condition (M � 8.16), F(1, 11) � 15.39, MSE � .113, p � .005,
�p

2 � .583, selected more items as the number of new items
increased, F(3, 33) � 142.25, MSE � 1.76, p � .001, �p

2 � .928,
and this increase with new item set size was greater for the single
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Figure 3. Results for Experiment 2. Panels A, B, and C show the total
number of items selected, the proportion correct, and the estimate of new
item capacity as a function of stimulus color (mixed or single) and new set
size. Panels D and E show accuracy and mean RTs as a function of
stimulus color and the number of previous responses within the trial. Error
bars indicate �1 SE.
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color displays than for the mixed color displays, F(3, 33) � 5.30,
MSE � .070, p � .005, �p

2 � .325. The slope of the number of
items selected as a function of new set size was 0.64 (single color)
and 0.60 (mixed color) and was significantly less than one in both
cases, t(11) � 6.59, p � .001, and t(11) � 8.21, p � .001,
respectively. As in Experiment 1, participants selected fewer items
than the number of new items that had appeared in the display.

Proportion Correct

The proportion correct responses showed a similar pattern to
those of Experiment 1 and are shown in Figure 3B. Fewer correct
responses were made in the mixed color condition than in the
single color condition, F(1, 11) � 7.33, MSE � .000, p � .05,
�p

2 � .400, accuracy decreased with set size, F(3, 33) � 277.09,
MSE � .001, p � .001, �p

2 � .962, and this decrease was mar-
ginally greater for the mixed color displays than for the single
color displays, F(3, 33) � 2.47, MSE � .000, p � .079, �p

2 � .184.

Estimate of Capacity (K)

Using the same equation as in Experiment 1, mean estimates of
capacity leveled off at approximately six to seven items (see
Figure 3C). As in Experiment 1, the capacity was greater for the
single color displays than for the mixed color displays, F(1, 11) �
8.10, MSE � .151, p � .05, �p

2 � .424. The capacity also increased
with set size, F(3, 33) � 37.02, MSE � 1.06, p � .001, �p

2 � .771,
and this increase was marginally greater with the single color
displays than with the mixed color displays, F(3, 33) � 2.59,
MSE � .092, p � .07, �p

2 � .190.

Accuracy as a Function of Response Number

The mean accuracy for selecting new items as a function of the
number of previously selected items is shown in Figure 3D.
Because some participants never clicked on more than 12 items we
restricted our statistical analysis to the first 12 responses. A 2
(color: single/mixed) � 12 (number of items already selected)
ANOVA revealed a significant main effect of color, F(1, 11) �
12.68, MSE � .004, p � .005, �p

2 � .535, response number, F(11,
121) � 48.82, MSE � .010, p � .001, �p

2 � .816, and a significant
Color � Response number interaction, F(11, 121) � 4.28, MSE �
.006, p � .001, �p

2 � .280. Responses were overall more accurate
for the single color condition than the mixed color condition,
decreased with number of items selected, and this decrease was
larger for the mixed color displays. As in Experiment 1, this
suggests that the mechanisms driving new item prioritization de-
creased in efficiency over time.

Response Times

Mean RTs as a function of color (mixed or single) and set size
are shown in Figure 3E. Mean RT � Set size slopes were calcu-
lated individually for each participant and were analyzed with a 2
(color: single/mixed) � 4 (set size) ANOVA. As in Experiment 1,
the rate of responding increased as the number of items in the
display increased, F(3, 33) � 8.49, MSE � 2435.60, p � .001,
�p

2 � .436, with response rates of 484.8, 447.4, 426.2, 419.6
ms/item with 4, 8, 12, and 16 new items respectively. However,

neither the main effect of display color, nor the Color � Set size
interaction approached significance, both Fs � 1.

Discussion

Experiment 2 replicated Experiment 1, however, here we in-
creased the maximum total set size to 32 items (16 old and 16 new)
and used homogeneous shape stimuli (filled circles). As shown,
even with these changes the capacity limits leveled off at approx-
imately 6.4 and 6.8 items for the mixed and single color displays,
respectively. The use of homogeneously shaped stimuli (filled
circles instead of randomly rotated letter Ls) in Experiment 2 did
not substantially increase the capacity estimate over that indicated
by Experiment 1.

Of note, the capacity difference between mixed and single color
displays was greater at the larger sets sizes than at the smaller set
sizes. This might indicate the influence of differing combinations
of processes underlying the prioritization of new objects. For
example, it is known that when searching for a single target item,
a small number of onsets (approximately four) can capture atten-
tion automatically (Yantis & Johnson, 1990; Yantis & Jones,
1991).1 In the current displays, the selection of a small number of
new items might be driven by a combination of automatic capture
of attention by new onsets and suppression of the old items.

If automatic capture is insensitive to display heterogeneity then
there would be little difference between the mixed and single color
displays at the small set sizes. In contrast, at the larger set sizes,
given the capped limit of onsets that can capture attention, the
prioritization of the new items may rely more on old item sup-
pression. As suggested earlier, suppressing an old set of items
might be influenced by item heterogeneity because we would
expect grouping the old items to be stronger in single color
displays than in mixed color displays (Duncan & Humphreys,
1989, 1992; Humphreys & Müller, 1993). This may make it easier
to reject the old items, and thus separate them from the new
stimuli. In addition, a single color preview display might allow
feature-based (color) inhibition to contribute to their suppression.
According to this account, item heterogeneity should have a
greater influence at the larger set sizes where inhibitory suppres-
sion of the old items contributes more to prioritizing the new
stimuli.

The remaining findings were similar to and strengthen those of
Experiment 1: i) more new items were missed as new set size
increased, ii) response times increased linearly with each item
selected, iii) response rates were greater with the larger set sizes.
We consider these findings further in the General Discussion.

Experiment 3: Fixed Number of Selections and the
Influence of Shape Heterogeneity

In Experiments 1 and 2, participants were free to select as many
or as few items as they deemed appropriate before proceeding to
the next trial. As the results showed, observers selected fewer
items than had actually been presented especially at the larger set

1 Note however, that this limit was determined based on search for and
response to a single target item among onset elements. The limit might be
considerably smaller if all the new items had to be localized or responded to.
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sizes. Although this provides a legitimate measure of capacity
limits, it is also possible that it might have underestimated the
capacity of time-based selection. If participants adopted too con-
servative a criterion for ending the trial, their willingness to make
additional selections might have declined over time. For example,
if participants were wary of making mistakes then they might have
selected only the new items that they were absolutely certain of,
leading to a reduction in potential performance (see Chun &
Wolfe, 1996 for a related discussion of how people decide to end
target absent trials in visual search tasks). To address this issue,
Experiment 3 required participants to make a number of responses
equal to the number of new stimuli that had been presented (i.e., if
there were eight new items then participants had to select eight
items in total).

Experiments 1 and 2 also showed that color heterogeneity
influences capacity, with capacity being higher in single compared
with mixed color displays. Homogeneous shape displays (filled
circles, Experiment 2) did not appear to provide any benefit
compared with heterogeneous shape displays (randomly oriented
letter Ls, Experiment 1), however this was not formally tested.
Accordingly the second aim of Experiment 3 was to examine the
effect shape heterogeneity; all displays were now a single color but
consisted of filled circles or randomly oriented letter Ls. If shape
heterogeneity acts in a similar way to color heterogeneity then we
would expect capacity to be greater with filled circles than with
randomly oriented letter Ls.

Method

Participants

Thirteen participants (three male), ages 18 to 20 years (M �
18.9 years) took part for payment or course credits. All were
undergraduate students at the University of Warwick and reported
normal or corrected-to-normal visual acuity.

Stimuli and Apparatus

The stimuli and apparatus were the same as in Experiment 2
except that all the displays were a single color (they were all green)
and the stimuli within a display were either all Ls or all filled
circles (as in Experiment 1 and 2, respectively).

Design and Procedure

A 2 (shape: circle or L) � 4 (display size: 8, 16, 24, or 32 items)
within-participants design was used. The procedure was basically
the same as in Experiments 1 and 2 except that on each trial
participants had to select a total number of items equal to the
number of new stimuli that had been added. When the final item
had been selected the screen went blank to signal the end of the
trial and, as in the previous experiments, participants moved the
mouse cursor to the right side of the screen to initiate the next
trial. The total number of trials in a single block was 320 (40
replications per cell). The remaining aspects were the same as
Experiment 2.

Results

Five trials (�0.2%) were discarded as outliers because the first
selected item had an RT of less than 100 ms. One participant was

removed from analysis due to initial RTs of 0 ms on 29% of their
trials. The data were analyzed in the same way as Experiment 2
except that we did not consider the total number of items selected
because participants were required to make a fixed number of
selections equal to the number of new items that had been pre-
sented.

Proportion Correct

Proportion correct responses were calculated as a function of the
number of new items presented and overall means are shown in
Figure 4A. Participants showed a greater proportion of correct
responses in the circle-stimulus (homogeneous) condition than in
the L- stimulus shape (heterogeneous) condition, F(1, 11) � 34.49,
MSE � .001, p � .001, �p

2 � .758, and the proportion correct
decreased as the number of new items increased, F(3, 33) �
295.10, MSE � .001, p � .001, �p

2 � .964. The decrease in
accuracy was greater with the L stimuli than for the C stimuli as set
size increased, F(3, 33) � 6.20, MSE � .000, p � .005, �p

2 � .360.
Thus shape heterogeneity had a similar effect, in terms of decreas-
ing accuracy as color heterogeneity did.

Estimate of Capacity (K)

Mean estimates of capacity are shown in Figure 4B. Capacity
was greater with the circle-stimulus displays than with the
L-stimulus displays, F(1, 11) � 30.64, MSE � .470, p � .001,
�p

2 � .736. Capacity also increased with set size, F(3, 33) � 35.18,
MSE � 1.06, p � .001, �p

2 � .765, leveling off at approximately
5.9 items in the L displays and 7.1 items in the circle displays. The
increase with set size was greater for the circle displays than the L
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Figure 4. Results for Experiment 3. Panels A and B show the proportion
correct, and the estimate of new item capacity as a function of stimulus
shape and new set size. Panels C and D show accuracy and mean RTs as
a function of stimulus shape and the number of previous responses within
the trial. Error bars indicate �1 SE.
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displays, F(3, 33) � 13.77, MSE � .153, p � .001, �p
2 � .556. An

independent t test comparing capacity limits for Experiments 2 and
3 (collapsed across all conditions) revealed that there was no
significant difference in capacity, t(22) � .148, p � .884.

Accuracy as a Function of Response Number

The mean accuracy for selecting new items as a function of the
number of previously selected items is shown in Figure 4C. Ac-
curacy was overall greater with the circle stimuli than with the L
stimuli, F(1, 11) � 23.00, MSE � .008, p � .001, �p

2 � .676,
decreased as the number of items selected increased, F(15, 165) �
152.79, MSE � .007, p � .001, �p

2 � .933, and this decrease was
larger for L-stimulus displays than for circle-stimulus displays,
F(15, 165) � 1.85, MSE � .003, p � .05, �p

2 � .144. As in
Experiments 1 and 2, accuracy decreased as new set size increased
and was greater with homogeneous stimuli than with heteroge-
neous stimuli.

Response Times

Mean correct RTs as a function of stimulus shape and set size
are shown in Figure 4D. Mean RT � Set size slopes were calcu-
lated individually for each participant and were analyzed with a 2
(stimulus shape) � 4 (set size) ANOVA. The rate of responding
increased as the number of new items increased, F(3, 33) � 20.50,
MSE � 1281.19, p � .001, �p

2 � .651, with response rates of
545.7, 509.4, 483.5, and 470.8 ms/item for new set sizes of 4, 8,
12, and 16 new items respectively. Response rate was also faster
overall for the circle stimuli (470.4 ms/click) than for the L stimuli
(534.4 ms/click), F(1, 11) � 32.15, MSE � 3056.85, p � .001, �p

2

� .745. The Stimulus type � Set size interaction was not signif-
icant, F(3, 33) � 2.36, MSE � 659.29, p � .09, �p

2 � .176. As in
Experiments 1 and 2 participants increased their rate of responding
as the number of new items increased.

Discussion

One aim of Experiment 3 was to examine the capacity limit
observed when participants were required to make as many selec-
tions as there were new items. In Experiments 1 and 2, participants
could end the trial when they had selected as many items as they
liked. This might have led to an underestimation of the true
capacity if participants had set a relatively conservative criterion
for selecting the new stimuli. This possibility was addressed in
Experiment 3 by requiring the number of responses to be equal to
the number of new items added. Despite this change, the estimated
capacity was again six to seven items depending on stimulus type
and did not differ from that obtained in Experiment 2, suggesting
that participants had set a reasonable quitting threshold in the
earlier experiments.

The second aim of Experiment 3 was to examine the influence
of stimulus shape heterogeneity. Experiments 1 and 2 showed that
color heterogeneity reduced the capacity of new item selection. In
Experiment 3 we also found a clear effect of stimulus shape. The
capacity for selecting new items was larger with homogeneous
displays of filled circles than with heterogeneous displays of
randomly oriented letter Ls. The findings of secondary interest also
confirmed the previous experiment’s results: proportion correct

decreased as a function of the number of previously selected items,
and response rates were greater for larger new set sizes.

A common finding across Experiments 1 to 3 was that the
probability of correctly selecting a new item decreased with the
number of responses made. There could be two reasons for this.
First, the decrease in accuracy could occur if participants selected
the new items in order of how confident they were that they were
new. In other words, they selected the ones that they were most
certain of first. This would lead to an increase in errors as more
items were selected. Alternatively, or in addition, the representa-
tions supporting the prioritization of the new elements might decay
over time (and thus the ability to separate the old from the new)
once the new items have been presented. Related to this possibil-
ity, Watson, Compton, and Bailey (in press) showed a decreasing
preview benefit over a 3-s preview period when stimuli changed
shape over time. In contrast, Braithwaite et al. (2006) showed that
a robust preview benefit can be obtained with relatively long
preview periods (e.g., 3 s, see also Blagrove & Watson, 2010).
However, neither of these studies tested the effect of time on
separating old from new after the new items had been presented.
Accordingly, in Experiment 4, to determine whether time-based
representations decay over time once the new items have appeared,
we introduced a delay between the presentation of the new stimuli
and when participants were allowed to start making their selec-
tions.

Experiment 4: Delayed Responding

In Experiment 4 we examined whether introducing a delay
between the onset of the new stimuli and when participants could
start responding would have an influence on the capacity of new
item selection. There were two conditions. In the no delay (0 ms)
condition, participants could start to respond as soon as the new
items had been presented (as in the previous experiments). In the
delay condition, participants were not allowed to start responding
until 3200 ms had elapsed. We chose 3200 ms as the delay time
because this was the approximate average time that it took partic-
ipants to select eight of the new items in the previous experiments
and by which time a substantial reduction in the selection accuracy
of new items had occurred.

Participants

Twelve participants (five male), ages 19 to 33 years (M � 22.8
years) took part for payment (£5). All participants were recruited
from the University of Warwick’s participant pool and reported
normal or corrected-to-normal visual acuity.

Stimuli and Apparatus

The stimuli consisted of filled green circles as used in Experiment
3. The apparatus was the same as used in Experiments 1 to 3.

Design and Procedure

The procedure was similar to Experiment 3, except where stated
otherwise. A 2 (delay: 0 ms or 3200 ms) � 3 (display size: 8, 16,
or 32 items) within-participants design was used. In the 0-ms delay
condition, following a fixation dot, a set of 4, 8, or 16 filled green
circles appeared. After 1000 ms, 4, 8 or 16 new circles were
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displayed along with a 50-ms 1000Hz tone which indicated that
participants could start to click on the new items. The 3200-ms
delay condition was similar except that the tone indicating that
participants could start to select the new items was presented
3200-ms after the onset of the new items. Participants were in-
structed that they could not select any items until the tone had been
presented. Each participant completed one block of 120 trials (20
replications per cell) for the 0-ms delay and 3200-ms delay con-
ditions. Participants were given a practice session before each
block.

Results

The data were analyzed in the same way as Experiment 3. Two
trials (�0.1%) were discarded as outliers because the first selected
item had an RT of less than 100 ms.

Proportion Correct

Proportion correct responses were calculated as a function of the
number of new items presented and overall means are shown in
Figure 5A. Participants showed a greater proportion of correct
responses in the 0ms delay condition than in the 3200 ms delay
condition, F(1, 11) � 17.22, MSE � .001, p � .005, �p

2 � .610,
and the proportion correct decreased as the number of new items
increased, F(2, 22) � 403.89, MSE � .001, p � .001, �p

2 � .973.
The decrease in accuracy with set size was greater in the delay
condition than in the no delay condition, F(2, 22) � 4.03, MSE �
.000, p � .05, �p

2 � .268.

Estimate of Capacity (K)

Mean estimates of capacity are shown in Figure 5B. Capacity
was greater overall in the no delay condition than when a delay
was present, F(1, 11) � 20.19, MSE � .404, p � .001, �p

2 � .647.
Capacity also increased with set size, F(2, 22) � 26.22, MSE �
1.07, p � .001, �p

2 � .704, leveling off at approximately 6.2 items
in the no delay and 5.3 items in the delay condition. The
increase in capacity with set size was greater for the no delay
condition than in the delay condition, F(2, 22) � 13.44, MSE �
.164, p � .001, �p

2 � .550.

Accuracy as a Function of Response Number

The mean accuracy for selecting new items as a function of the
number of previously selected items is shown in Figure 5C. Ac-
curacy was overall greater in the no delay condition than in the
delay condition, F(1, 11) � 14.07, MSE � .006, p � .005, �p

2 �
.561, and decreased as the number of items selected increased,
F(15, 165) � 151.34, MSE � .006, p � .001, �p

2 � .932. The
Delay � Response number interaction was not significant, F(15,
165) � 1.57, MSE � .005, p � .088, �p

2 � .125. Of note, accuracy
was poorer in the delay condition from the first response made,
t(11) � 4.01, p � .002.

Response Times

Mean correct RTs as a function of delay condition and set size
are shown in Figure 5D. Mean RT � Set size slopes were calcu-
lated individually for each participant and were analyzed with a 2
(delay condition) � 3 (set size) ANOVA. The overall average rate
of responding was 518.0 ms/item and there was a trend for re-
sponse rates to be greater for the larger, new set-size displays.
However, neither main effect of delay condition, set size, or their
interaction approached significance, F � 1, F(2, 22) � 1.61,
MSE � 2977.34, p � .223, �p

2 � .128, F(2, 22) � 2.15, MSE �
1372.22, p � .140, �p

2 � .164, respectively.

Discussion

Experiment 4 examined why accuracy in the previous experi-
ments decreased with the number of responses made. One possible
reason was that participants simply selected the items that they
were most sure of first and that each subsequent response led to a
reduction in maintaining the old/new distinction. Alternatively, it
could be that the representations underlying the prioritization of
new elements simply decayed over time, leading to the less accu-
rate rejection of old items and the less accurate selection of new
elements. This was tested in Experiment 4 by introducing a delay
between the onset of the new items and the time when participants
were allowed to start responding. The results suggest that intro-
ducing a delay before participants could start to respond reduced
new item capacity but only by approximately one item. This shows
that the representations allowing the old and new to be separated
decays, slightly, over time after the new items have appeared.

Of note, accuracy was reduced even for the very first response
selection made showing that the decay is not contingent on any
responses having being made. This finding contrasts with those of
previous work showing that a robust preview benefit can be
obtained even with relatively long preview durations (e.g., Braith-
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Figure 5. Results for Experiment 4. Panels A and B show the proportion
correct, and the estimate of new item capacity as a function delay (0 or
3200 ms) and new set size. Panels C and D show accuracy and mean RTs
as a function of delay and the number of previous responses within the trial.
Error bars indicate �1 SE.
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waite et al., 2006). The difference in results may be because in this
experiment we examined the influence of time after the new items
had been presented (which was not the case in previous work). It
would seem that maintaining the old from the new becomes more
difficult with time after the new items have appeared.

However, note that although we found a robust time-based
decay, decay alone is unlikely to fully account for the reduced
accuracy with each selection seen in Experiments 1–3. In previous
experiments, after approximately 3200 ms (approximately seven or
eight selections) accuracy had reduced to approximately 60–70%.
In contrast, in Experiment 4, after 3200 ms (i.e., response No. 1)
accuracy was reduced but remained relatively high (approximately
95%). It was again only after seven or eight responses that in this
experiment, accuracy was reduced to 60–70%. This suggests that
both time-based decay and the actual responses made interfered
with accuracy in time-based selection.

In the experiments so far, participants have selected the new
stimuli using mouse clicks. In Experiment 5, we examine the
influence of an alternative, more direct response method on new
item capacity.

Experiment 5: Mouse Versus Touch Screen Response

The findings so far have indicated a capacity limit for intention-
ally prioritizing and responding to all new stimuli of approxi-
mately six to seven items. In the experiments participants indicated
which were the new items by an indirect method of making a
mouse click on them. It is possible that different response methods
could lead to different capacity limits. Experiment 4 demonstrated
that delaying the onset of new item selection caused a reduction in
new item capacity. Thus more efficient selection methods might
increase the capacity for selecting new items if it takes less time to
select each stimulus. Also the additional complexity of mapping
mouse to screen movements might impact on the maintenance of
time-based representations, as compared with more direct selection
methods. In Experiment 5, in order to test the stability of the
observed six-to-seven–item limit, we compared responding via
mouse clicks with responding via a direct touch-screen response.
Examining the influence of such direct versus indirect responding
is also important given the increasing trend in technology to use
touch screen devices.

Method

Participants

Twelve participants (eight male), ages 19 to 32 years (M � 23.5
years) took part for payment (£5). All participants were recruited
from the University of Warwick’s participant pool and reported
normal or corrected-to-normal visual acuity.

Stimuli and Apparatus

The stimuli were the same as those presented in the filled circle
condition of Experiment 3 with the following changes. Each dis-
play consisted of 4, 8, or 16 green-filled circles (10 mm diameter)
for 1000 ms followed by an additional 4, 8, or 16 items. In all
conditions, the stimuli were presented on a Viewsonic VX2258wm
22” LCD touch screen monitor with a resolution of 1920 � 1080

pixels (the native resolution of the display panel). Stimulus spacing
was 120 pixels (30 mm) and stimuli were jittered by � 12 pixels
(3 mm) in the vertical and horizontal directions.

Design and Procedure

The procedure was similar to Experiment 3, except where stated
otherwise. A 2 (response: touch screen or mouse) � 3 (display
size: 8, 16, or 32 items) within-participants design was used. The
mouse response condition was essentially the same as in Experi-
ment 3. When half the display items had been selected the stimuli
were removed and participants initiated the next trial by moving
the mouse of the screen to the right of the display. In the touch-
screen response condition participants selected the new stimuli
directly by touching them with a finger from their right hand. The
next trial was initiated by touching the far right side of the screen
within a 120-pixel band (6% of the display width) of the display
edge. Each participant completed one block of 120 trials (20
replications per cell) for each of the response conditions. Partici-
pants were given a practice session before each block.

Results

The data were analyzed in the same way as Experiment 3. One
trial (�0.04%) was discarded as an outlier because the first se-
lected item had an RT of less than 100 ms.

Proportion Correct

Proportion correct responses were calculated as a function of
response type and the number of new items presented and overall
means are shown in Figure 6A. Proportion correct decreased as the
number of new items increased, F(2, 22) � 198.84, MSE � .002,
p � .001, �p

2 � .948. However, neither the main effect of response
type, F(1, 11) � 1.39, MSE � .000, p � .264, �p

2 � .112, nor the
Response type � Set size interaction, F � 1, were significant.

Estimate of Capacity (K)

Mean estimates of capacity are shown in Figure 6B. Capacity
increased with set size, F(2, 22) � 26.06, MSE � 1.86, p � .001,
�p

2 � .703, leveling off at approximately 6.4 items. Neither the
main effect of response type, nor the Response type � Set size
interaction approached significance, both Fs � 1.

Accuracy as a Function of Response Number

The mean accuracy for selecting new items as a function of the
number of previously selected items is shown in Figure 6C. Ac-
curacy decreased as the number of items selected increased, F(15,
165) � 101.86, MSE � .009, p � .001, �p

2 � .903. However,
neither the main effect of response number, F � 1, nor the
Response number � Response type interaction were significant,
F(15, 165) � 1.32, MSE � .003, p � .198, �p

2 � .107.

Response Times

Mean correct RTs as a function of stimulus shape and set size
are shown in Figure 6D. Mean RT � Set size slopes were calcu-
lated individually for each participant and were analyzed with a 2
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(response type) � 3 (set size) ANOVA. This revealed that the rate
of responding was faster in the touch screen condition (570.8
ms/selection) than in the mouse response condition (785.6 ms/
selection), F(1, 11) � 38.06, MSE � 21816.88, p � .001, �p

2 �
.776, and increased as set size increased, F(2, 22) � 31.49, MSE �
2403.87, p � .001, �p

2 � .741. The Response type � Set size
interaction was not significant, F(2, 22) � 2.46, MSE � 1970.54,
p � .108, �p

2 � .183.

Discussion

The main aim of Experiment 5 was to examine the stability of
the new item capacity limit across different response methods. In
one condition participants responded via indirect mouse responses
and in the other they selected the new stimuli directly via a touch
screen. As might be expected, participants responded at a higher
rate (approximately 200 ms per item faster) when using the less
complex and more direct touch screen way of responding. How-
ever, response method had no other statistically reliable influence.
Of importance the capacity limit of six to seven items remained
relatively stable across the different response modes.

The fact that capacity remained unchanged is interesting con-
sidering that the two different response methods produced differ-
ent rates of responding. From the results of Experiment 4 we might
have expected a reduced capacity limit for the slower responses
because that would add additional time to each selection. How-
ever, this did not occur suggesting that relatively modest differ-
ences (here approximately 200 ms/selection) have little influence.
Consistent with this, even a 3200-ms delay imposed before re-
sponses could be made only resulted in a relatively modest (one

item) drop in capacity. We consider this further in the General
Discussion. All remaining findings relating to proportion correct,
accuracy by response number and rate of responding as a function
of new item set size mirrored those of the earlier experiments.

General Discussion

Previous work has examined the ability of people to ignore old
information and prioritize the selection of new stimuli, using the
preview paradigm. In a typical preview condition a set of distractor
stimuli are displayed (previewed) for some period of time, and
then a second set of stimuli are added. Although there are some
variations, participants usually have to indicate whether or not a
prespecified target is present or absent from the newly presented
stimuli. This preview condition is compared with baselines in
which all the items are presented simultaneously (the FEB) or only
the new items from the preview condition are presented (HEB).
Such studies have shown that search in the preview condition is
more efficient than in the FEB and matches that of the HEB,
consistent with observers being able to ignore “old” stimuli cur-
rently in the field of view and prioritize “new” stimuli when they
appear.

Based on this method, previous work has suggested that up to 30
old items can be suppressed and up to 15 new items can be
prioritized with no upper bound yet established (Jiang, Chun, &
Marks, 2002a; Theeuwes et al., 1998). This implies that the ca-
pacity of time-based selection is relatively large. However, in
contrast to this approach, Emrich et al., (2008) have shown that
with displays containing up to 10 old and 8 new items, eye
movements appear to be biased to approximately four or fewer
new objects. Beyond four fixations, eye movements were equally
likely to land on an old or a new item. This suggests that there
might be some upper limit to how many new items can be selected
with priority. Clearly there appears to be a discrepancy between
the results obtained with behavioral manual RT measures and
overt eye movement behavior in terms of new item selection.

The work in the present study addressed this incongruity. Here,
participants were asked to make responses to all the new stimuli.
Under these conditions a consistent capacity limit for selecting
new items of approximately six to seven items emerged. This is
considerably less than the minimum capacity limit of 30 old and 15
new items obtained when responding to a single target (Jiang et al.,
2002a; Theeuwes et al., 1998). One explanation for this difference
might lie in the different task demands here, as compared with
previous manual RT studies. In the current study, participants had
to localize and overtly respond to all the new items. That is, every
new item was a target.

In contrast, in previous work, although participants had to
prioritize multiple new items, they only had to select and make an
overt response to a single target. It is possible that the process of
localizing and responding to multiple targets interferes with the
maintenance of the representations used to suppress the old ele-
ments. This seems plausible because localizing a target would
require the involvement of spatial processing mechanisms which
might also be needed in maintaining a spatial representation of the
old items. Consistent with this idea of shared resources, Hum-
phreys, Watson, and Jolicoeur, (2002) found that a visual modality
load task presented halfway through the preview period disrupted
the preview benefit. However, an auditory load task did not (a
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Figure 6. Results for Experiment 5. Panels A and B show the proportion
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accuracy and mean RTs as a function of response method and the number
of previous responses within the trial. Error bars indicate �1 SE.
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similar argument can be constructed in terms of prioritizing the
onsets associated with new elements). In contrast to responding to
all the new items, in previous work, only a single target had to be
selected and responded to. Hence any interference following the
initial target selection was not measured on the ability to select
additional new items for response (see also Watson & Humphreys,
1999).

The observed capacity in these experiments was also greater
than the capacity limit suggested from the eye movement study of
Emrich et al. (2008). Based on the number of fixations to each new
item Emrich et al. (2008) proposed that the capacity limit in
preview search was approximately four or less. There are several
potential explanations for this difference. First, there might be
differences in the effects of eye movements as compared with
manual responses in terms of disruption to the preview benefit. For
example, generating saccades might interfere more with the visual
representations used to prioritize the new items than manual re-
sponses because of the close links between eye movement control
and visual attention (Shepherd, Findlay, & Hockey, 1986; Deubel
& Schneider, 1996). Against this possibility, Watson and Inglis
(2007) found little effect of eye movements made during the
preview period. However, it remains possible that eye movements
made after the new items are presented and which are involved in
visual search through the items have a more disruptive effect.

A second explanation for this difference could relate to the
type of information that is available for deliberate compared
with incidental eye movements. In Emrich et al., the eye move-
ments were an integral part of the attentional search process or
a byproduct of it. In contrast, here the manual selection move-
ments were deliberately made to each item in turn, and were
perhaps guided by representations which were not available to
incidental eye movements.2 Finally, it is possible that in Emrich
et al.’s study participants could have localized and processed
more than one item within a single fixation. If so, the capacity
limit for new items from their study would have been underes-
timated. Consistent with this, in visual search tasks, the number
of fixations is typically much smaller than the number of search
items (Zelinsky & Sheinberg, 1997) and search can proceed
even when no eye movements are permitted (Klein & Farrell,
1989). Thus although the number of fixations might be limited
to four or fewer new elements, the number of new items able to
be responded to or searched through might be higher, consistent
with the work presented here.

Decaying Representations and Visual Short
Term Memory

One reason why time-based selection might be limited in this
study to six to seven items is that the suppression of the old items
could not be maintained for relatively long periods of time. This
might seem unlikely given that previous research has obtained
robust preview benefits with extended durations of up to 3 s
(Braithwaite et al., 2006; see also Blagrove & Watson, 2010).
However, these studies only examined the effect of the preview
duration before the new items were added, and not after (but see
also Watson & Inglis, 2007). In addition, as compared with RTs in
previous work, in which a single target had to be responded to, the
response times in the present study were much longer. For exam-
ple, in Watson and Humphreys’ (1997) work, average RTs were

typically less than 1.5 s whereas here, at the largest set sizes, the
average RTs ranged up to approximately 8 s. It is possible that a
relatively long delay after the new items have been presented
results in a decay of the signals associated with the new items
and/or a reduction in old item inhibitory processing.

Addressing this possibility, Experiment 4 showed that delaying
the response by approximately 3 s after the new items had been
added led to a robust, although modest, reduction in new item
capacity of approximately one item. This reduction in accuracy
was detectable even for the first response made suggesting that
time alone can result in a small decay of the necessary represen-
tations. This could be due to either a difficulty in maintaining an
inhibitory template of the old items, a decay of onset signals
associated with the new items (Jiang & Wang, 2004) or a combi-
nation of both.

Consistent with this idea, Jiang and Wang (2004) suggested that
new items are associated with an asynchronous signal, depicting
their unique onset from other items in the field. This asynchrony
signal enables the new items to selectively enter the limited ca-
pacity visual short-term memory (VSTM Phillips, 1974; Luck &
Vogel, 1997; Vogel, Woodman, & Luck, 2001) in order to be
processed as a target or not.3 If the target was not present then the
remaining new items entered VSTM for examination provided that
their asynchrony signals had not yet decayed to baseline. Such a
rapid decaying signal might be equivalent to the high-capacity but
fragile VSTM component suggested by Sligte, Scholte, and
Lamme (2008). It follows that when all items need to be selected/
responded to there might not be sufficient time to process them
before such signals have decayed. This would then lead to a
capacity limit similar to that normally associated with VSTM. In
terms of the present work, our estimate of new item capacity of six
to seven items is larger than the four-item VSTM object limit
proposed by Luck and Vogel (1997), but similar to the six loca-
tions VSTM limit suggested by Jiang, Olson, and Chun (2000).

Linked to the decaying signals idea, we found that participants
increased their rate of responding as the new set size became
larger. One reason for this could be that observers were aware that
their ability to select all the new items decreased over time. To
compensate for this they might then have adjusted their rate of
responding with the belief that this would allow them to select
more items at the larger set sizes. Note however, that as described
earlier, although a robust time-based decay was found, the reduc-
tion due to time alone was relatively modest. Thus time alone is
unlikely to account for the full drop in performance as each item
was selected. Instead, it seems that localizing and responding to
new items also caused a reduction in maintaining the old from the
new. This might occur if localizing a response to each item
interferes with an inhibitory representation set up and maintained
against the old items (Humphreys et al., 2002).

Our results also mesh with other work on VSTM. In particular,
VSTM appears to store information at the object level. That is,
even though the capacity is limited to four objects, it is relatively
unlimited by the complexity of those items. For example, 16
features which are chunked into four objects (four features per

2 We thank Naz Al-Aidroos for this suggestion.
3 Note that the relative strength of such signals could be further in-

creased by inhibition of the old items.
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object) can be stored as accurately as just four features distributed
across four different objects (one feature per object, Luck &
Vogel, 1997). With this chunking ability in mind, Kumar and Jiang
(2005) asked whether time of appearance could also be used to
chunk information and hence effectively increase the capacity of
VSTM. They presented participants with two brief (27 ms) arrays
of five dots separated by stimulus onset asynchronies (SOAs) of 27
ms to 1227 ms. Participants were then given a two-alternative
forced choice task to indicate which of two probe dots fell at the
location of a previous item presented in one of the two arrays. If
time of appearance could be used to chunk the stimuli in each array
then performance should improve as the time between the two
arrays increased. However, unlike other grouping cues, separating
each array in time did not increase the number of locations that
could be stored in VSTM, as compared with when both arrays
were (in effect) presented simultaneously (a similar result was
found for color memory). Kumar and Jiang (2005) also found that
performance for items from the second array was better than for
items from the first array. This might be because items from the
second array acted as a mask (at the short SOAs) or because items
in the second array competed with and displaced items from the
first array (at the longer SOAs, Kumar & Jiang, 2005).4

There are two notable differences between the present method
and those of Kumar and Jiang (2005). First, in Kumar and Jiang
(2005) the stimuli from the two arrays were presented separately
(i.e., stimuli from the first array never appeared with stimuli from
the second array). Second, participants had to process and mem-
orize both arrays. In contrast, in our work, i) the first set of stimuli
were presented alone and the second set were added to the first set,
and ii) participants had to try to ignore the first set and selectively
process the second set of new items (rather than integrate both
sets). Jiang et al., found that overall VSTM capacity was shared
between both sets of items. In contrast, in terms of VSTM, our
work shows that the old items could be effectively ignored and the
full capacity of VSTM (approx six to seven locations) could be
dedicated to storing just the new items.5

The Influence of Stimulus Heterogeneity and Stability
Across Different Response Types

A consistent finding across the first three experiments was that
stimulus heterogeneity, either color (Experiment 1 and 2) or shape
(Experiment 3), decreased the capacity of time-based selection.
One explanation for this is that stimuli of the same color or shape
could be suppressed/rejected more efficiently because they could
be more easily processed as a single group (Duncan & Humphreys,
1989, 1992). This has implications for understanding the possible
mechanisms responsible for the preview effect. From an inhibitory
visual marking perspective (Watson & Humphreys, 1997), in-
creased grouping between the preview items might allow for the
more efficient development and a stronger/more robust inhibitory
template to be maintained against the old items. Similarly, from an
abrupt onset account (Donk & Verburg, 2004) common features
could allow the new items to be grouped more efficiently. How-
ever, from a temporal asynchrony view (Jiang et al., 2002ab; Jiang
& Wang, 2004), on the one hand increased grouping of the old
items would predict better performance because the “old group”
could be established more efficiently. On the other hand, in the
single color condition the old and new groups would also be of the

same color, leading to stronger grouping of all items (both old and
new) and a reduction in preview efficiency.

In terms of VSTM, Kumar and Jiang (2005; Experiment 4)
compared memory for conjoined versus individual features across
two array presentations. In their three-feature condition, each array
consisted of three colors or three orientations. In their six-feature
conjoined condition, each array consisted of three items each
consisting of two features (color and orientation) to give a total of
six features per array. Overall performance between the two con-
ditions did not differ (and both were better than a six-feature
baseline condition), consistent with object-based chunking of vi-
sual information. Of most interest, the influence of array separa-
tion was also the same for the two conditions. Thus stimulus
heterogeneity had little influence when items from both arrays had
to be memorized (see also Awh, Barton, & Vogel, 2007). In
contrast, when trying to ignore one set of stimuli, we found that
heterogeneous stimuli led to a reduced new item capacity. This
suggests that feature-based influences play a larger role when
trying to separate stimuli in time than when trying to integrate
them.

It is possible that even our heterogeneous stimuli still contained
some small grouping cues. If this is the case then our new item
capacity limit of six to seven items might be reduced if these
remaining grouping cues were removed (in other words our ca-
pacity estimate may not be a lower bound). However, we think that
any change in new-item capacity based on a possible further
reduction of grouping cues would be modest at best. This is
particularly relevant when we consider the heterogeneous, rotated
L displays. In visual search these stimuli are known to produce
only inefficient search as they show minimal evidence of interitem
grouping (e.g., Duncan & Humphreys, 1989). Knowing this, we
believe that any grouping in these displays is already negligible, at
best.

Interestingly, the influence of stimulus heterogeneity was most
pronounced at the largest set sizes. This could point to the fact that
a number of processes contribute to driving the preview benefit.
For example, abrupt luminance onset signals may well play a part
in the selection for new elements even when the old items are also
being intentionally suppressed (Atchley et al., 2003; Donk &
Theeuwes, 2001; Herrero, Crawley, van Leeuwen, & Raffone,
2007; Watson & Humphreys, 2002). The lack of an effect of
stimulus heterogeneity at the smallest set sizes might reflect the
contribution of noninhibitory mechanisms (such as abrupt onset
capture for a small number of items) that might not be susceptible
to the ease with which old items could be suppressed.

4 When display durations of 350 ms were used, Ihssen, Linden, and
Shapiro (2010) found a modest increase in VSTM capacity of approxi-
mately 0.5–0.75 items for detecting an object feature change in sequen-
tially presented arrays. This increase may have been the result of a
performance boost in detecting a change in the second display.

5 An alternative possibility is that participants actively tried to remember
a combination of old and new locations in VSTM in order to perform the
task. However, we think that this is unlikely because prior work in which
participants actively process (search) through a previewed set of stimuli
abolishes the preview benefit (Olivers et al., 2002).
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Influence of Response Type

Experiment 5 found that regardless of a change in response type,
the capacity estimates for the selection of new items were indis-
tinguishable. Of course it remains possible that other, more differ-
ent types of response methods could produce different capacity
estimates. However, our work suggests that the difference in
response type might have to be quite extreme. For example, in
terms of visual processing time scales a difference of 200 ms/item
between response methods (found between our mouse and touch
screen manipulation) is substantial and yet the capacity estimates
remained stable. Determining the influence of more extreme re-
sponse methods could therefore be a useful goal for future re-
search.

The work here suggests that a number of factors, related to both
stimulus properties and the response task are likely to affect the
capacity of time-based selection. In the present work we adopted
a new preview methodology, requiring a response to each and
every new item. Given the multiple responses, elongated response
times, and the fact that old and new items were only physically
distinguishable by their temporal onset, one could argue that the
search task here was more difficult than previous preview search
tasks. If so, the limit of six to seven items most likely represents
what is probably a conservative estimate. For example, localizing
and selecting the position of each item new might be especially
difficult if prioritization processes also involve location-based
representations (Watson & Humphreys, 1997). It follows that if the
task did not require a location based response (e.g., naming the
colors of the new items) we might obtain a higher capacity limit.

Conclusion

The present findings show that when people have to select and
respond to all new stimuli then humans’ ability to process such
new information is limited to a relatively stable capacity of ap-
proximatley six to seven items. Furthermore, the data suggest that
the similarity between display items can have an impact on this
limit. Perhaps surprisingly, having display items in different colors
appeared to hinder the ability to detect new stimuli. Thus although
separating items based on their color can be used to help guide our
search (Wolfe, Cave, & Franzel, 1989; Wolfe, 1994), it appears
that at least under some conditions single color displays might be
better.
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