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Studies of the time course of visual attention have identified a temporary functional blind-
ness to the second of two spatially separated masked targets: attending to one visual stimulus
may lead to impairments in identifying a second stimulus presented between 200 to 500 ms
after the first. This phenomenon is known as the attentional dwell-time (AD; Duncan, Ward,
& Shapiro, 1994). All previous studies of the AD have used data averaged across subjects. In
contrast, we have succeeded in collecting reliable data from individual subjects to support a
theory of temporal visual attention (TTVA). The model is an extension of the theory of visual
attention (TVA; Bundesen, 1990) and the neural theory of visual attention (NTVA; Bundesen,
Habekost, & Kyllingsbaek, 2005).

INTRODUCTION

The field of temporal attention has received a growing interest from researchers trying
to understand the mechanisms and processes behind attention. The most studied phe-
nomenon within this field has been the attentional blink (AB; Raymond, Shapiro, & Ar-
nell, 1992). The AB is studied using a rapid serial visual presentation paradigm (Potter &
Levy, 1969) where two targets are embedded in a sequence of distractors. The AB denotes
an impairment in identifying the second target (T2) when T2 follows 200-400 ms after the
first target (T1).

Duncan, Ward, and Shapiro (1994) discovered a similar effect which they referred to as
the attentional dwell-time (AD). The AD is observed in a paradigm where the two targets
are presented on different spatial locations followed by a pattern mask (cf. Figure 1(a)).
It has been argued that the AD paradigm and the AB paradigm tap a common attentional
limitation (Ward, Duncan, & Shapiro, 1997).

Since the discovery of the AB, researchers have tried to explain the phenomenon by
descriptive accounts (Raymond, Shapiro, & Arnell, 1992; Shapiro, Raymond, & Arnell,
1994; Chun & Potter, 1995; Ward, Duncan, & Shapiro, 1996) as well as more formal
computational models (Bowman & Wyble, 2007; Olivers & Meeter, 2008; Shih, 2008).
Here, we outline a new computational model extended from the theory of visual attention
(TVA; Bundesen, 1990). The model is based on empirical data from the AD paradigm
rather than the traditional AB paradigm since the AD paradigm is simpler and more similar
to other paradigms (e.g., whole report and partial report; Shibuya & Bundesen, 1988)
where TVA has previously made good predictions.

TVA

TVA is based on the assumption that the visual system has a limited processing capacity.
According to TVA, objects in the AD paradigm will compete for processing resources.
The competition is represented by attentional weights. Objects with high weights receive
more processing resources than objects with low weights. TVA assumes that objects race
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Figure 1. (a) Design of the AD paradigm. All the letters from A-Z were used. Subjects participated for six
sessions on six different days. Each session comprised 50 practice trials and 2 blocks of 260 experimental
trials. (b) The observed probability of correctly reporting T1 (squares) and T2 (circles) for a single subject
as a function of SOA and the predicted probability of correctly reporting T1 (dashed line) and T2 (solid line)
produced by TTVA with the following six parameters: µd=255 ms (mean dwell-time), td=63 ms (minimum
dwell-time), sT =23 Hz (sensory effectiveness of a letter), sM=12 Hz (sensory effectiveness of a mask),
wM=1.6 impact per target (attentional weight of a mask), and wϵ=0.9 impact per target (attentional weight
of the extraneous noise).

against each other to get access to one of a limited number of slots in visual short-term
memory (VSTM). The more processing resources allocated to an object, the higher is the
probability that the object will be encoded into VSTM. Only objects encoded into VSTM
can be reported correctly without guessing.

According to TVA, the probability that a stimulus x gets encoded into VSTM is given
by,

Px(τ) = 1− e−vxτ

where vx is the processing rate and τ is the exposure duration for stimulus x. The rate
equation of TVA defines vx as,

vx = sx
wx∑
z∈S wz

where sx is the sensory effectiveness and wx/
∑

z∈S wz is the relative attentional weight
of stimulus x (i.e., the absolute weight of stimulus x, wx, divided by the sum of absolute
weights across all stimuli in the visual field S).

TTVA

Multiple races. TVA has been applied to account for a wide range of behavioral paradigms.
However, most of these paradigms have used simultaneous presentation of letters. The AD
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paradigm introduces a temporal dimension which has not previously been accounted for
by TVA. To extend TVA into the temporal domain, a theory of temporal visual attention
(TTVA) was developed. TTVA assumes that a new race towards VSTM is initiated when-
ever a new stimulus (including the masks) is presented. In all races, a fraction of the
attentional resources will be allocated to process extraneous noise, ϵ, which is not related
to any stimulus (e.g., the fixation cross).

Locking and releasing resources. The neural theory of visual attention (NTVA; Bun-
desen et al., 2005) assumes that a feedback mechanism sustains activity in the neurons
representing objects encoded in VSTM. In a scenario with multiple races, it is assumed
that attentional resources (neurons) already engaged in a feedback loop are locked and can
not be reallocated to process other objects in a later race without breaking the loop. Thus,
in line with the attentional dwell-time hypothesis (Ward et al., 1996), TTVA assumes that
once an object has been encoded into VSTM, attention will dwell on the object by locking
attentional resources in a feedback loop. When the dwell-time has passed, the representa-
tion of the object will be erased from VSTM by breaking the loop and thereby releasing
the resources which will then be available for other objects. Figure 2 shows an example
of how the attentional resources are distributed in the multiple races in the AD paradigm.
TTVA has six parameters when it is applied to the AD paradigm. In Figure 1(b), a fit of
TTVA to data from a single subject is shown.
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Figure 2. An example of the distribution of attentional resources (depicted by pie charts) when multiple
races are introduced in TTVA to account for the AD. In the first race, T1 and ϵ competes for all attentional
resources. T1 is encoded and its resources are locked (hatched area). In the second race, M1 (the mask of
T1) and ϵ compete. M1 is encoded and its resources are locked, whereas the dwell-time of T1 has passed
and its resources are released. In the third race, T2 and ϵ compete for all attentional resources except for the
resources previously locked to M1 in the second race.

3



GENERAL DISCUSSION

The TTVA model is a limited-capacity model with similarities to other limited-capacity
models. As in the two-stage model for the AB paradigm (Chun & Potter, 1995), the first
stage of TTVA is a parallel capacity-unlimited process, whereas the second stage is a
competition for limited resources (i.e, attentional resources can only process one stimulus
a time). However, in contrast to the two-stage model, the TTVA model allows multiple
stimuli to be processed simultaneously in the second stage.

The attentional dwell-time hypothesis for the AD paradigm (Ward et al., 1996) assumes
a parallel competitive system and proposes that the head start of T1 will make T1 engage
the majority of the resources and only gradually make them available for T2. The TTVA
model can be regarded as a formal implementation of this framework with the difference
that the masks can compete for attentional resources just as the targets.

To our knowledge this is the first time individual data from the AD paradigm has been
analyzed and the first time a quantitative model has been developed to describe the AD.
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