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Abstract Evidence for object-based attention typically

comes from studies using displays with visible objects, and

little is known about whether object-based attention can

occur with invisible objects. We investigated this issue

with a modified double-rectangle cuing paradigm, which

was originally developed by Egly et al. (J Exp Psychol Gen

123:161–177, 1994). In this study, low-contrast rectangles

were presented very briefly, which rendered them invisible

to subjects. With the invisible rectangles, we found a

classical object-based attentional effect as indexed by

the same-object effect. We also found the instantaneous

object effect—object-based attention was dependent on the

orientation of the rectangles presented with the target,

providing evidence for the dynamic updating hypothesis

(Ho and Yeh in Acta Psychol 132:31–39, 2009). These

results suggest that object-based attention can be guided by

an invisible object in an automatic way, with a minimal

influence from high-level top-down control.
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Introduction

Because neural resources are severely limited, efficiently

processing visual information requires selecting only a

fraction of the multitude of information available to the

visual system at any one instant. Attention plays a central

role in this selection process. Many studies have demon-

strated that the unit of attentional selection can be spatial

location (Brefczynski and DeYoe 1999; Eriksen and Yeh

1985; Kastner et al. 1999; McMains and Somers 2004;

Posner et al. 1980); or visual feature (e.g., Liu et al. 2007;

Maunsell and Treue 2006; Saenz et al. 2002; Serences and

Boynton 2007; Treue and Martinez-Trujillo

trials) and at invalidly cued locations occasionally (25 % of

trials). There were two types of invalidly cued targets: one

appearing at the uncued end of the cued object and the

other appearing in the uncued object. Both of these inval-

idly cued targets were equidistant from the cued location.

The object-based attention manifested as the same-object

effect: subjects’ detection of the invalidly cued target in the

cued object is faster and more accurate than that appearing

in the equidistant location in the uncued object.

The double-rectangle cuing paradigm has been widely

used to investigate various properties of object-based

attention (e.g., Abrams and Law 2000; Albrecht et al. 2008;

Behrmann et al. 1998; Marino and Scholl 2005; Moore and

Fulton 2005; Moore et al. 1998; Müller and Kleinschmidt

2003; Pilz et al. 2012; Pratt and Sekuler 2001
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et al. 2008; Shomstein and Behrmann 2006; Vecera and

Farah 1994; Watson and Kramer 1999). All these studies

focused on how visible objects guided attention (for a

review, see Scholl 2001). However, little is known about

whether object-based attention can occur with invisible

objects or whether attention can select an object even when

the object was invisible to us. Previous studies have shown

that attention can select aect
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invalid-same condition, IVSC) or at the equidistant end of

the uncued rectangle in 10 trials (the invalid-different con-

dition, IVDC). In other words, in all invalid-cue trials (i.e.,

the IVSC and IVDC conditions), the target appeared at a

rectangle end, which was a reflection from the cued end

across either the horizontal or vertical meridian. The target

never appeared at the rectangle end diametrically opposite to

the cued end. All conditions (VC, IVSC, IVDC, and catch

trial) were randomized in a block. Subjects received the

percentage of correct responses after each block.

The stimuli and procedure in Experiment 2 were the

same as those in Experiment 1 except that the luminance of

the rectangles in the cue and the target frames was 1.85

cd/m2. The low contrast (Michelson contrast: 0.0725) and

the short duration (i.e., 10 ms) of the rectangles rendered

them invisible to subjects, as confirmed by Experiment 3

(see ‘‘Results’’). Experiment 3 was identical to Experiment

2 except that, after stimulus presentation in a trial, subjects

needed to make a forced choice judgment twice to indicate

the orientation of the rectangles in both the cue and target

frames.

Results

In Experiments 1 and 2, false alarm rates were 3.53 and

3.64 %, and miss rates were 0.39 and 0.42 %, respectively.

There was no difference in false alarm rate and miss rate

across conditions. Correct RTs shorter than 150 ms and

beyond three standard deviations from the mean RT in each

condition were removed, which resulted in 1.52 and

1.69 % removal rates in Experiments 1 and 2, respectively.

Experiment 1: Visible object

The first goal of Experiment 1 was to use the double-

rectangle cuing paradigm to measure object-based attention

as indexed by the same-object effect. A second goal of the

experiment was to test the dynamic updating hypothesis

(Ho and Yeh 2009). The first goal can be achieved by

analyzing RTs when the orientation of the rectangles in the

target frame was the same as that in the cue frame. The

second goal can be achieved by analyzing RTs when their

orientations were orthogonal to each other. Both the same-

object effect and the instantaneous effect were quantified as

the RT difference between IVSC and IVDC.

Correct RTs were submitted to a two-way repeated-

measures ANOVA with orientation consistency (same vs.

orthogonal) and target location (VC, IVSC vs. IVDC) as

within-subject factors. The main effect of orientation

consistency (F(1,11) = 0.005, p = .945) was not significant.

The main effect of target location was significant

(F(2,22) = 196.435, p \ .001), and the interaction between

orientation consistency and target location was significant

(F(2,22) = 186.344, p \ .001) (Fig. 2).

We further compared RTs at three target locations (VC,

IVSC, and IVDC) in the same orientation condition. RTs

(mean ± SEM) for VC, IVSC, and IVDC were 341 ± 7

ms, 366 ± 8 ms, and 380 ± 7 ms, respectively. Paired

t tests showed that their differences were significant (VC

vs. IVSC: t11 = 11.281, p \ .001; IVSC vs. IVDC: t11 =

18.189, p \ .001). The difference between IVSC and

IVDC demonstrated a classical object-based attention

effect. Subjects’ detection of the invalidly cued target in

the cued object (IVSC) was faster than that appearing in the

equidistant location in the uncued object (IVDC). The

same-object effect was 14.7 ± 1.9 ms.

We then compared RTs in the orthogonal orientation

condition. RTs (mean ± SEM) for VC, IVSC, and IVDC

were 342 ± 7 ms, 380 ± 8 ms, and 364 ± 8 ms, respec-

tively. Paired t tests showed that their differences were

significant (VC vs. IVSC: t11 = 11.544, p \ .001; IVSC

vs. IVDC: t11 = 15.569, p \



between orientation consistency and target location was sig-

nificant (F(2,22) = 40.551, p \ .001) (Fig. 3).

Paired t tests were used to compare RTs at three target

locations (VC, IVSC, and IVDC). In the same orientation

condition, RTs for VC, IVSC, and IVDC were 331 ± 7 ms,

353 ± 10 ms, and 366 ± 11 ms, respectively. Their dif-

ferences were significant (VC vs. IVSC: t11 = 5.194,

p = .001; IVSC vs. IVDC: t11 = 5.643, p \ .001). The

difference between IVSC and IVDC demonstrated that

the same-object effect (13.5 ± 2.4 ms) could occur with

invisible objects.

In the orthogonal orientation condition, RTs for VC,

IVSC, and IVDC were 328 ± 8 ms, 370 ± 12 ms, and

356 ± 11 ms, respectively. Paired t tests showed that their

differences were significant (VC vs. IVSC: t11 = 9.569,

p \ .001; IVSC vs. IVDC: t11 = 8.112, p \ .001). Contrary

to the same orientation condition, RTs for IVSC were slower

than those for IVDC in the orthogonal orientation condition.

The instantaneous object effect was 13.4 ± 1.7 ms.

The above analyzes revealed that the same-object effect

and the instantaneous object effect could occur with both

visible and invisible objects. We further examined how

awareness affected these two effects by comparing the data

in Experiment 1 (visible object) and Experiment 2 (invisible

object). RT differences between IVSC and IVDC were

submitted to a two-way repeated-measures ANOVA with

visibility (visible vs. invisible) and effect type (same-object

effect vs. instantaneous object effect) as within-subject fac-

tors (Fig. 4). The main effects of visibility (F(1,11) = 0.750,

p = .405) and effect type (F(1,11) = 0.225, p = .645) were

not significant. The interaction between visibility and effect

type (F(1,11) = 0.631, p = .444) was also not significant.

These results demonstrated that the same-object effect and

the instantaneous object effect were independent of object

awareness (Fig. 4).

Experiment 3: Awareness manipulation check

Two characteristics of the rectangles in Experiment 2—low

contrast and brief presentation, rendered them invisible to

subjects, as confirmed by the 2-AFC test in Experiment 3.

Figure 5 shows the mean accuracies of subjects’ judgment

of the rectangle orientation in both the cue and target

frames for VC, IVSC, and IVDC. None of the accuracies

was significantly different from the chance level (all

t11 \ 1.749, p [ .108) (Fig. 5). These results provided an

objective confirmation that the rectangles were indeed

invisible to subjects in Experiment 2. We rerun Experiment

3 after Experiment 2 and obtained similar results (data not

shown here), which further demonstrate that our awareness

manipulation is robust.

Discussion

Using a modified double-rectangle cuing paradigm, we



masks) were in the dominant eye. Due to the interocular

suppression from the Mondrians, subjects were not aware

of the rectangles. They found that the invisible rectangles

could still induce the same-object effect and guide object-

based attention. This study and ours provide strong evi-

dence, supporting that object-based attention can be guided

by an invisible object. In other words, object awareness is

not necessary for object-based attention, and visible and

invisible objects may trigger the same attentional process

(Astle et al. 2010), making attention either shift faster

within the cued object (Egly et al. 1994) or spread

throughout the whole cued object, as compared with the

uncued object (Richard et al. 2008; Weber et al. 1997).

The current study provides evidence for a long-standing

debate whether attention and consciousness are indepen-

dent (Fang and He 2005; Koch and Tsuchiya 2006, 2012;

Watanabe et al. 2011). Previous studies have demonstrated

that an invisible stimulus can capture attention to a spa-

tial location (Bahrami et al. 2007; Jiang et al. 2006;

Mulckhuyse et al. 2007; Zhang et al. 2012) or to a visual

feature (Kanai et al. 2006; Melcher et al. 2005) for further

processing. Here, we extended previous work to object-

based attention: attention also can select an object even

when the object is invisible to us. The ability of object-

based attentional guidance by an invisible object seems to



be contradictory to Lamy and Tsal’s result (2000). We

believe that the similarity between the originally cued

object and later changed object may account for the dis-

crepancy. They used two similar objects (a rectangle and

an hourglass), but we used orthogonal rectangles.

In conclusion, we found that the same-object effect and the

instantaneous object effect could occur even when objects

were not consciously perceived, suggesting that object-based

attention can be guided by an invisible object in an automatic

way, with a minimal influence from top-down control.
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