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Abstract Selective auditory attention causes a relative
enhancement of the neural representation of important
information and suppression of the neural representation of
distracting sound, which enables a listener to analyze and
interpret information of interest. Some studies suggest that
in both vision and in audition, the “unit” on which atten-
tion operates is an object: an estimate of the information
coming from a particular external source out in the world.
In this view, which object ends up in the attentional fore-
ground depends on the interplay of top-down, volitional
attention and stimulus-driven, involuntary attention. Here,
we test the idea that auditory attention is object based by
exploring whether continuity of a non-spatial feature
(talker identity, a feature that helps acoustic elements bind
into one perceptual object) also influences selective atten-
tion performance. In Experiment 1, we show that percep-
tual continuity of target talker voice helps listeners report a
sequence of spoken target digits embedded in competing
reversed digits spoken by different talkers. In Experiment
2, we provide evidence that this benefit of voice
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bottom-up stimulus characteristics and top-down task goals
(e.g., see Desimone & Duncan, 1995). Top-down attention
is often controlled by observers focusing on some stimulus

helrm26fefiture, some attribute that differentiates the inputs. Voli-

tional attention to features has been shown to enhance fil-
tering of information to favor processing of stimuli with
that feature (Desimone & Duncan, 1995; Kidd, Arbogast,
Mason, & Gallun, 2005; Lakatos et al., 2013; Marrone,
Mason, & Kidd, 2008; Zion Golumbic et al., 2013). In
vision, features like spatial location, color, texture, or ori-
entation can be used to direct attention; likewise, in audi-
tion, attention can be directed to features such as spatial
location, pitch, and voice quality.

The relationship between attentional processes and
auditory scene analysis (or how we organize the content of
the acoustic mixture reaching the ears into discrete per-
ceptual objects; Bregman, 1990) has been a matter of great
debate. Some previous auditory studies argue that attention
is critical for auditory stream segregation; only when a
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speech from a particular talker. Each word is an element of
a larger speech stream, and a word that is in the focus of
attention at one instant shares non-spatial perceptual fea-
tures with subsequent words (e.g., similarity of pitch, of
voice quality, of location, etc.). If attention operates on
objects, then those subsequent words should be more likely
to be the focus of attention in the future simply because
they are more likely to be perceived as part of the currently
attended object—due to the continuity of the speech fea-
tures. Here we ask whether the non-spatial feature of talker
identity enhances selective auditory attention through time
in a manner analogous to the buildup of spatial selective
attention, even in the absence of spatially directed atten-
tion. In Experiment 1, we show that when listeners are
asked to report back a sequence of spoken target digits
embedded in time-reversed digits spoken by other talkers,
continuity of target talker identity enhances performance.
In Experiment 2, we show that even when subjects cannot
predict when the target talker will repeat, continuity of a
task-irrelevant feature (talker identity) enhances perfor-
mance. Together, results of these two experiments support
the idea that perceptual continuity of the target voice
enhances attention through time in a bottom-up, automatic
manner, lending further credence to the idea that auditory
selective attention is object based.

Methods

Participants

Eleven subjects (6 males, 5 females; 19-23 years of age)
participated in Experiment 1. Seven subjects (4 males, 3

females; 19-26 years of age) participated in Experiment 2.
All subjects were screened to confirm that they had pure-



random terms were pruned by comparing models with and
without each term using the Akaike information criterion
and log-likelihood ratios (Pinheiro & Bates, 2000). The






effects terms included the subject-specific intercept, sub-
ject-specific slope for Voice, and subject-specific slope for
IDD. All three main fixed-effects factors of Voice [F(1,
10) = 40.37, p\\.0.0001], IDD [F(1, 10) = 15.67,
p = 0.00271], and Digit Position [F(4, 170) = 15.14,
p\\.0.0001] were significant, as was the second-order



Voice cases. Three paired one-tailed t tests (Bonferroni-
adjusted for multiple comparisons) confirmed that the
PDCB was significantly greater in the Fixed Voice than in
the corresponding Changing Voice case for both IDDs
[0 ms IDD: t(10) =3.9762, p = 0.0039, corrected;
500 ms IDD: t(10) = 4.0276, p = 0.0036, corrected], and
that for the Fixed Voice conditions, the PDCB was larger
for the faster presentation rates (0-ms IDD) than for the
slower 500-ms IDD trials [t(10) = 2.6673, p = 0.0354,
corrected].

Discussion

Results from Experiment 1 show that voice continuity
enhances the ability of listeners to report a sequence of
digits: overall, Fixed Voice performance is better than
Changing Voice performance. Critically, however, this
benefit comes about because the PDCB is large when the
target talker is fixed compared to when the target talker
changes from digit to digit. Indeed, performance in the
Fixed Voice cases conditioned on missing the previous
digit is worse than performance in the Changing Voice
cases. This may coabout because of

structed our stimuli. It may be that, as in the previous study
(Best et al., 2008), listeners fail to report the target because
they focused attention on a competing (here unintelligible)
utterance. In the current experiment, that would correspond
to attending to a reversed digit from one of the three other
talkers. In the Fixed Voice condition, that other talker is
guaranteed to be a distractor voice in the current Digit
Position; if the reversed speech in the foreground of
attention automatically enhances sound like it, the
enhancement favors a distractor. This makes it even more
likely that the listener will fail on the current digit than if
the talkers were changing randomly.

Performance is better

gap between the digits (IDD = 500 ms), and the benefit of
voice continuity is greater when the digits are temporally
abutting compared to when they are separated (the PDCB
in the Fixed Voice condition is significantly larger for Oms
than for 500 ms IDD). This result is consistent with there



being strong automatic processes of perceptual continuity
at play; when the digits are close together in time,
streaming effects are stronger.

While we see very clear effects of Voice condition on
performance, we did not see an explicit buildup of attention
in this experiment. Instead, there is a significant main effect
of Digit Position for both 0 and 500 ms IDDs. For the 0 ms
IDD, there is a significant interaction between Digit Posi-
tion and Voice, but not for the 500 ms IDD. The main
effect of Digit Position appears to be due to primacy and
recency effects; that is, performance is generally better for
the first and last digits than for the intermediate digits. This
result suggests that memory factors play a large role in the
current results. As seen from Eq. 2, if there are differences
in the overall likelihood of being correct for digits in dif-
ferent temporal positions, then performance does not nec-
essarily have to improve from one digit to the next even if
there is a benefit of perceptual continuity.

The idea that memory plays a significant factor in the
current results is further supported by how performance
varies across conditions for the very first digit in the
sequence. In all cases, before the first digit plays, the
knowledge a listener has about what the first target digit
will sound like is the same, independent of whether the
Voice is Fixed or Changing and whether the IDD is 0 or
500 ms. When the IDD is 0 ms, performance for the first
digit is similar for Fixed and Changing Voices; moreover,
this level of performance is roughly equal to the perfor-
mance when the Voice is Changing and the IDD is 500 ms.
However, when the Voice is Fixed and there is a large gap
between digits, performance is better, even for the very first
digit presented. It is possible that this influence of conti-
nuity may be due to improved retrospective recall, similar
to that observed in reflective attention studies utilizing
retro-cueing in delayed match to sample paradigms
(Backer and Alain, 2013). Regardless, the fact that the
sequence of digits coming later has an effect on perfor-
mance for the first digit strongly implicates storage/recall
processes as playing a key role in these results. Specifi-
cally, this finding shows that in the Fixed Voice condition
when there is plenty of time to process and store each digit,
later-arriving digits in the sequence cause less interference
for the first digit compared to when the target talker
changes from digit to digit, and compared to when the
digits are presented close together in time.

Results of Experiment 1 are consistent with the idea that
the benefit of voice continuity arises because in the Fixed
Voice condition, the sequence of target digits sound more
like a continuous stream: the PDCB is greatest when target
digits are from the same talker, close together in time.
These results may arise because once a listener is attending
to one item in an ongoing stream, the subsequent item in
that stream is automatically more likely to win the

competition for attention. However, given the blocked
design of Experiment 1, it is possible that in the Fixed
Voice trials subjects may have volitionally directed their
attention to the qualities of the target voice within a given
trial. Specifically, because trials were blocked according to
whether the target talker was Fixed or Changing, listeners
may have picked up on the fact that the target voice
repeated from one digit to the next during the Fixed Voice
blocks and used this information to direct top-down
attention to a subsequent digit once they heard out a pre-
ceding target digit. Experiment 2 was designed to more
directly test the question of whether the benefit of voice
continuity arose because listeners directed top-down voli-
tional attention to the target talker once it was identified.

Experiment 2: within-trial randomization of Fixed vs.
Random Voice transitions

Procedures

In Experiment 2, pairs of adjacent digits in each trial were
either spoken by the same talker (Repeating Voice), or
spoken by different talkers (Switching Voice). Within any
given trial, there could be both Repeating Voice and
Switching Voice transitions, making it impossible to pre-
dict whether the next target digit in a trial would come
from the same talker as the previous target digit or from a
different talker (see Fig. 1). The number of Repeated Voice
transitions in a single trial varied from zero (like a Random
Voice trial in Experiment 1) all the way to five (like a
Fixed Voice trial in Experiment 1). The trials were all
randomly intermingled, so that the number of Repeating
Voice transitions was unpredictable throughout a block.
Repeated transitions were overall slightly less likely than



Repeating Voice and Switching Voice transitions within
each trial). Each subject completed 2 days of testing, per-
forming roughly half of the blocks each day. The digit 7
was not included in the digits used to generate stimuli for



previous Digit Response: F(3, 90) = 3.079, p = 0.0315;
Digit Position: F(1, 90) = 283.2, p \\.0.0001]. In addi-
tion, the Voice 9 previous Digit Response interaction was
significant [F(1, 90) = 182.3, p \"\.0.0001], but no other
interactions were significant (p [ 0.05). These results
support the conclusion that the benefit of the target voice
repeating was driven by cases in which the target voice was
both repeated and heard correctly in the preceding Digit
Position.

Also consistent with results of Experiment 1, the PDCB
was large for the Repeating Voice cases and near zero for
the Switching Voice case (see Fig. 7). A one-tailed t test
confirmed that the PDCB was significantly greater for
Repeating Voice than for Switching Voice transitions
[t(6) = 4.859, p = 0.0014].

Discussion

As noted above, listeners did not report being aware that
the target talker sometimes repeated; they were also not
told that the target talker ever repeated. Despite this, we
cannot completely rule out the possibility that listeners
adopted some specific top-down attentional strategy (e.g.,
attention to the feature of voice pitch or to voice quality).
Yet it is difficult to imagine that such a strategy would lead
to the pattern of results found here. In the absence of any
other clear approach, the most likely top-down strategy
would be for listeners to direct attention to whatever pitch
or talker they last perceived in a target digit (a strategy that
would have been beneficial on 45 % or nearly half of the
transitions). Such a strategy could explain why perfor-
mance was better for Repeating Voice transitions than for
Switching Voice transitions. However, it should also lead

to differences in the conditional probabilities shown in
Fig. 6. Specifically, one would expect performance to be
poor for Switching Voice transitions when listeners cor-
rectly heard the preceding target digit. On such trials, lis-
teners would always be listening for a pitch or a talker who
was uttering a reversed masker digit, since the preceding
target (that they just heard) is guaranteed not to be the
target talker in the next Digit Position. Then one would
expect performance in this condition to be lower than
performance in the Repeating Voice condition, conditioned
on getting the previous digit incorrect. To address this
possibility, we performed a post hoc two-tailed paired
t test, comparing P(C;|C;i_) in the Switching Voice con-
dition to P(C;|NC;_,) in the Repeating Voice condition. We
found that P(C;|NC;_,) in the Repeating Voice condition
was significantly lower than P(C;|C;_,) in the Switching
Voice condition [t(6) = —9.9644, p\\.0.0001, cor-
rected], rather than the reverse. In other words, a listener
strategy of directing top-down attention to whatever voice
was most recently heard predicts that performance should
be poor in the Switching Voice condition when listeners
heard the previous digit correctly compared to performance
on the Repeating Voice when listeners failed to report the
previous digit correctly; instead, the reverse is true. To
address whether this difference might be solely due to the
small temporal correlations that come about from changes
in listener state, we then compared P(C;NC;_;) in the
Repeating Voice and Switching Voice conditions (two-
tailed paired t test). We found that P(C;|NC;_,) was sig-
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