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a  b  s  t  r  a  c  t

The  P300  is  one  of  the  most  widely  studied  components  of the human  event-related  potential.  According
to  a longstanding  view,  the  P300,  and  particularly  its posterior  subcomponent  (i.e.,  the  P3b),  is  driven  by
stimulus  categorization.  Whether  the  P3b  relates  to tactical  processes  involved  in immediate  responding
or  strategic  processes  that  affect  future  behavior  remains  controversial,  however.  It is difficult  to deter-
mine  whether  variability  in  P3b  latencies  relates  to variability  in  response  times  because  of  limitations  in
the  methods  currently  available  to quantify  the latency  of  the  P3b during  single  trials.  In this  paper,  we
report  results  from  the  Psychomotor  Vigilance  Task (PVT),  the  Hitchcock  Radar  Task,  and  a  3-Stimulus
Oddball  Task.  These  represent  variants  of  the  one-,  two-,  and  three-stimulus  oddball  paradigms  com-
monly  used  to study  the  P3b.  The  PVT requires  simple  detection,  whereas  the Hitchcock  Radar  Task  and
the  3-Stimulus  Task  require  detection  and  categorization.  We  apply  a novel  technique  that  combines
hidden  semi-Markov  models  and  multi-voxel  pattern  analysis  (HSMM-MVPA)  to  data  from  the three
experiments.  HSMM-MVPA  revealed  a processing  stage  in  each  task  corresponding  to  the  P3b.  Trial-by-
trial  variability  in the  latency  of  the processing  stage  correlated  with  response  times  in the  Hitchcock

Radar  Task  and  the  3-Stimulus  Task,  but not  the  PVT.  These  results  indicate  that  the  P3b  reflects  a stimulus
categorization  process,  and  that  its latency  is strongly  associated  with  response  times  when  the stimulus
must  be  categorized  before  responding.  In addition  to those  theoretical  insights,  the  ability  to  detect  the
onset  of  the  P3b  and  other  components  on a single-trial  basis  using  HSMM-MVPA  opens  the  door  for  new
uses  of  mental  chronometry  in cognitive  neuroscience.

© 2016  Published  by  Elsevier  B.V.
. Introduction

The P3 is among the most widely studied components in event-
elated potential (ERP) research. It comprises a family of brain
otentials including the novelty P3 and the target P3 (Sutton,
raren, Zubin, & John, 1965; for reviews, see Donchin & Coles, 1988

 Picton, 1992; Polich, 2007). The novelty P3, or P3a, is a frontocen-
ral positivity evoked by the onset of novel, non-target stimuli. The
arget P3, or P3b, has a more posterior distribution and is evoked by
he onset of task-relevant stimuli that require some type of mental
r motor response. In this paper, we focus on the P3b and its rela-

ionship with the timing and types of mental events culminating in
ehavioral responses.

∗ Corresponding author.
E-mail address: mmw188@gmail.com (M.M.  Walsh).

ttp://dx.doi.org/10.1016/j.biopsycho.2016.11.011
301-0511/© 2016 Published by Elsevier B.V.
A long held view is that the P3b reflects context updating: when
an incoming stimulus deviates from the representation maintained
in working memory, the representation is updated and a P3b is
generated (Donchin & Coles, 1988; Donchin, 1981; Polich, 2007;
but see Verleger, 1988). Implicit in this and other theories is the
idea that the P3b is only evoked once a stimulus has been catego-
rized. According to this stimulus-evaluation account, P3b latency
can be used to divide processing into two general stages – stimulus-
related and response-related. P3b latency is strongly affected by
the duration of stimulus-related processing. Many studies have
confirmed that P3b latency increases when stimulus categoriza-
tion is difficult (Coles, Gratton, Bashore, Eriksen, & Donchin, 1985;
Kutas, McCarthy, & Donchin, 1977; Magliero, Bashore, Coles, &
Donchin, 1984; Twomey, Murphy, Kelly, & O’Connell, 2015). Alter-
natively, P3b latency is weakly affected by manipulations that

prolong response planning, particularly if there is little temporal
overlap between stimulus categorization and motor preparation

dx.doi.org/10.1016/j.biopsycho.2016.11.011
http://www.sciencedirect.com/science/journal/03010511
http://www.elsevier.com/locate/biopsycho
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopsycho.2016.11.011&domain=pdf
mailto:mmw188@gmail.com
dx.doi.org/10.1016/j.biopsycho.2016.11.011
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McCarthy & Donchin, 1981; Smulders, Kok, Kenemans, & Bashore,
995; Verleger, 1997).

The relationship between the P3b and responding remains con-
roversial, however. Donchin and Coles ascribed the P3b (i.e., the
300) a role in strategic processing (1988). They proposed that the
3b is not involved in immediate responding per se, but rather in
ome overarching process that operates in parallel or afterwards.
or example, stimulus categorization could influence future behav-
or by causing strategy shifts or changes in cognitive control. In
upport of this view, the P3b sometimes follows the response, sug-
esting that it does not directly relate to responses (for a review,
ee Donchin & Coles, 1988). Additionally, correlations between P3b
atencies and response times (RTs) are sometimes weak or absent,
einforcing the idea that the P3b does not directly contribute to
esponses.

Other evidence indicates that the P3b plays a role in tactical
rocessing, however (O’Connell et al., 2012; Verleger, Grauhan, &

´ migasiewicz, in press; Verleger, Jaśkowski, & Wascher, 2005; for
 review, see Nieuwenhuis, Aston-Jones, & Cohen, 2005). By this
iew, the P3b bridges stimulus categorization and response prepa-
ation within trials. In support of this view, many studies have
ound that the P3b precedes responses, and that P3b latencies cor-
elate with RTs (for a review, see Verleger, 1997). This suggests that
esponses depend on the mental process reflected in the P3b. Build-
ng on these findings, O’Connell et al. (2012) demonstrated that the
3b could be treated as a build-to-decision variable that peaked
ith behavioral responses in a range of tasks that varied stimu-

us contrast and modality. Further evidence comes from studies
hat compare temporal synchronization of the P3b with stimulus
nset and response commission. Verleger et al. (2005) compared
he amplitudes of the P3b in stimulus-locked and response-locked
aveforms. They reasoned that if the P3b relates only to stimu-

us processing, it would be time-locked to stimulus onset and its
mplitude would be largest in stimulus-locked waveforms. Con-
ersely, if the P3b signifies the conclusion of stimulus processing
nd the organization of a response, its amplitude would be equal
n stimulus-locked and response-locked waveforms. P3b ampli-
ude was, in fact, equal in stimulus-locked and response-locked
aveforms, consistent with its role in tactical processing. To sum-
arize, the tactical and strategic views both assume a relationship

etween stimulus categorization and the P3b. They differ, however,
n whether they ascribe the P3b a role in immediate responses or
uture behavior.

Existing studies of the P3b latency are limited in key ways. Some
ave found little to no relationship between P3b latencies and RTs
espite the fact that the experimental manipulations would be
xpected to affect stimulus processing (for a review, see Verleger,
997). This may  reflect shortcomings of the underlying stimulus-
valuation account and the tactical view of the P3b, or limitations
f the methods used to measure P3b latency. Additionally, the
elationship between P3b latencies and RTs is typically assessed
y comparing their averages in different conditions (McCarthy &
onchin, 1981; Ritter, Simson, Vaughan, & Macht, 1982), or by bin-
ing trials according to RTs and comparing average P3b latencies

rom trials with fast versus slow responses (Friedman, 1984; Roth,
ord, & Kopell, 1978). Both approaches ignore information about
rial-by-trial variability in P3b latencies and RTs. The peak latency
f the P3b varies within individuals on the order of tens of millisec-
nds (Nishida, Nakamura, Suwazono, Honda, & Shibasaki, 1997;
fefferbaum, Ford, Roth, & Kopell, 1980a,b), raising the possibility
hat trial-by-trial fluctuations in P3b latencies relate to changes in
Ts (but see Ramchurn, de Fockert, Mason, Darling, & Bunce, 2014
or an alternate view).
The majority of studies comparing P3b latencies to RTs use

asks where stimuli must be categorized before responding. Simple
etection tasks, which require merely detecting the onset of a single
chology 123 (2017) 47–61

repeating target stimulus, also evoke a P3b (Mertens & Polich, 1997;
Polich & Heine, 1996; Polich, Eischen, & Collins, 1994). The finding
that a continuously repeating target produces a P3b may  seem to
undermine the idea that the component reflects context updating.
However, given the ancillary assumption that the representation of
context held in memory decays over time, the re-occurrence of the
target may  serve to restore the representation (Gonsalvez, Barry,
Rushby, & Polich, 2007). Even if such an update is obligatory, it is
not needed to respond in simple detection tasks. If the P3b occurs
after stimulus categorization is complete, but initial encoding is all
that is needed to respond, the P3b may  come after responses and
be less strongly associated with them in simple detection versus
choice RT tasks.

In this paper, we  present a novel method for detecting signif-
icant events in the EEG signal. These events relate to early visual
components, and later cognitive components such as the P3b. We
apply the method to data from three paradigms commonly used
to study the P3b in order to understand how the component and
its relationship to behavioral responses differs among tasks. We
describe the P3b task variants and the analytical technique next.

1.1. P3b task variations

The P3b is robustly evoked in three variants of the oddball
paradigm. In the single stimulus variant, targets are presented after
unpredictable temporal delays (Mertens & Polich, 1997; Polich &
Heine, 1996; Polich et al., 1994). No other stimuli are shown, and
participants are instructed to respond to targets. In the two  stim-
ulus variant, target and standard distractor stimuli are presented
(Duncan-Johnson & Donchin, 1977; Squires, Squires, & Hillyard,
1975). Target stimuli appear infrequently, and participants are
instructed to respond to targets. Finally, in the three stimulus vari-
ant, targets, standard distractors, and non-target distractors are
presented (Comerchero & Polich, 1999; Conroy & Polich, 2007).
Standard and non-target distractors differ in that non-target dis-
tractors are presented at the same (low) frequency as targets. In all
three tasks, targets produce a centroparietal positivity consistent
with the P3b. Non-target distractors, which appear infrequently in
the three-stimulus paradigm, produce a more frontocentral P3a.
Finally, standard distractors produce little to no positive modula-
tion during the time window of the P3.

Katayama and Polich (1996) recorded EEG from participants as
they completed one-, two-, and three-stimulus oddball paradigms.
P3b peak amplitude was  equivalent across tasks, while P3b peak
latency was  shorter in the one-stimulus oddball paradigm as com-
pared to the two- and three-stimulus variants (see also, Walhovd
& Fjell, 2001). Within individuals, P3b amplitudes were correlated
between all pairs of tasks, as were P3b latencies. Other studies have
also found that the topographical distribution of the P3b is consis-
tent across one- and two-stimulus oddball tasks (Croft, Gonsalvez,
Gabriel, & Barry, 2003), as are the neural generators inferred using
source modeling (Tarkka & Stokic, 1998).

1.2. HSMM-MVPA

Inspired in part by ERP-based mental chronometry pioneered
with the P3b (Duncan-Johnson, 1981; Kutas et al., 1977; Meyer,
Osman, Irwin, & Yantis, 1988; Pfefferbaum et al., 1980a,b), we  have
developed a novel method for decomposing the EEG signal into
a sequence of processing stages. The method reveals information
about the number and latencies of processing stages in a task, along
with their associated scalp distributions (Anderson, Zhang, Borst, &

Walsh, 2016; Zhang, Walsh, & Anderson, in press). Here, we apply
the method to three paradigms known to evoke the P3b to better
understand the types and timing of mental operations that occur
in each.
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The standard approach to analyzing EEG data in the time domain
s to segment the continuous recording, align the segments to
bservable events such as the onset of a stimulus or the commis-
ion of a response, and average the signal across the segments
o create event-related potentials, or ERPs (Luck, 2014; Vaughan,
969; Walter, Cooper, Aldridge, McCallum, & Winter, 1964). ERPs
ontain characteristic sequences of negative- and positive-going
eflections, including the P3b. Comparison of the ERPs obtained for
ifferent conditions of an experiment can reveal whether, when,
nd for how long a manipulation impacted mental processing.
lthough this approach to EEG analysis has been extremely infor-
ative, it has two important limitations. First, neural signals that

re only weakly locked to observable events are attenuated in
verage waveforms because they occur at different times during
ifferent trials. This is especially problematic for later signals that
eflect variability from the durations of processes that precede
hem. Second, ERPs represent average activity and discard infor-

ation about differences in when various components appeared
ithin each trial. Trial-by-trial variability in component latencies

ould be informative with respect to understanding variability in
vert behavioral responses.

To overcome these limitations, we developed a technique for
pplying hidden semi-Markov models and multivariate pattern
nalysis to EEG data (HSMM-MVPA; Anderson et al., 2016; Zhang
t al., in press). The method assumes that in the absence of task-
elated processing, the background EEG can be modeled as ongoing
inusoidal noise (Fig. 1, left), the amplitude of which varies by fre-
uency according to a known power spectrum (Yeung, Bogacz,
olroyd, Nieuwenhuis, & Cohen, 2007). Stimulus onset initiates

ask-related processing, and transitions from one cognitive stage
o the next are marked by the superposition of bumps on the back-
round EEG. A bump is a multidimensional distribution of scalp
ctivity, and is modeled as a half cycle of a 10 Hz sine wave (Fig. 1,
iddle). The bump rises, peaks, and falls over 50 ms. The recorded

EG contains ongoing sinusoidal noise along with the signal from
ne or more bumps (Fig. 1, right). This conceptual model is consis-
ent with the classical theory of ERP generation (Yeung et al., 2007),
n which ERPs arises from the addition of event-locked signals to
he background EEG. Others have argued that ERPs arise when an
vent causes the phase of an oscillation in a certain frequency band
o be reset, causing its peaks and troughs to be aligned across trials
Basar, 1980). Although these theories have different conceptual
ases, both predict the appearance of phasic bumps time-locked to
xperiment events (Yeung, Bogacz, Holroyd, & Cohen, 2004, 2007)

The intervals between bumps, referred to as flats, contain only
inusoidal noise with mean zero. The durations of flats differ on

 trial-by-trial basis, reflecting variability in the latencies of the
nderlying mental processes. Flat durations are modeled as ran-
om variables drawn from gamma  distributions (Fig. 2). The HSMM
stimates when bumps occurred during each trial, and the MVPA
stimates the multidimensional scalp activity associated with a
ump. Using HSMM-MVPA, it is possible to infer the number, tim-

ng, and topography of bumps that maximize the likelihood of the
EG data.

We  previously applied HSMM-MVPA to two studies of associa-
ive recognition and a study using the Sternberg Task (Anderson
t al., 2016; Zhang et al., in press). In all of those cases, a computa-
ional cognitive model for the task had already been created using
he integrated cognitive architecture ACT-R (Anderson, 2007). The

odels contained predefined numbers of processing stages, and
pecified how the durations of stages were impacted by the various
xperimental manipulations. The main contribution of HSMM-

VPA was to test whether the numbers and durations of stages

nferred from the EEG were consistent with the computational
odels. This constitutes a top-down application of HSMM-MVPA

or testing existing theories. HSMM-MVPA can also be used in a
chology 123 (2017) 47–61 49

bottom-up manner to infer the number and durations of process-
ing stages directly from the EEG. We  adopt the bottom-up approach
in this paper.

1.3. Overview of current experiments

We recorded EEG from participants as they performed three
tasks: the Psychomotor Vigilance Task (PVT; Dinges & Powell,
1985), the Hitchcock Radar Task (Hitchcock, Dember, Warm,
Moroney, & See, 1999), and the 3-Stimulus Task (Comerchero &
Polich, 1999). In the PVT, participants monitored the screen for the
onset of a millisecond counter. They responded when the counter
appeared. In the Hitchcock Radar Task, participants saw frequent
non-critical signals and infrequent critical signals. They responded
to critical signals only. Finally, in the 3-Stimulus Task, partici-
pants saw frequent distractors, rare distractors, and targets. They
responded to targets only. The particular tasks were selected for
reasons unrelated to the current paper. Yet they exemplify the one-
, two-, and three-stimulus oddball paradigms commonly used to
study the P3b.

We  applied HSMM-MVPA to EEG data from these tasks to
address two  questions. First, does HSMM-MVPA reveal a stage with
a bump corresponding to the P3b? Based on the existing literature,
we expected to see such a bump after counter onset in the PVT, after
critical signals in the Radar Task, and after targets in the 3-Stimulus
Task. Second, is the latency of the P3b stage associated with RTs?
Both the Radar and 3-Stimulus Task require categorizing stimuli
before responding. As such, we  expected responses to follow, and
be synchronized with, the P3b stage in trials of those tasks. The
PVT only requires detecting a stimulus before responding. Conse-
quently, it was unclear whether responses would precede or follow
the P3b in the PVT, and whether RTs would relate to P3b latencies.

2. Methods

2.1. Participants

Thirty individuals from the University of Dayton community
participated in a single two  hour session for monetary compen-
sation (10 men  and 20 women, ages ranging from 18 to 36 with a
mean of 22.7). 27 were right-handed. None reported a history of
neurological impairment.

2.2. Tasks

Each participant completed three tasks: the Psychomotor Vigi-
lance Task (PVT), the 3-Stimulus Task, and the Radar Task. The tasks
were separated by five-minute breaks. Because the Radar Task was
longest, all participants completed that task first, followed by the
PVT and the 3-Stimulus Task. We describe the tasks, and later the
results, in order of task difficulty as inferred from RTs. Responses
were fastest in PVT, followed by the 3-Stimulus Task, and the Radar
Task.

2.2.1. Psychomotor vigilance task
The PVT is frequently used in sleep research (Dinges & Powell,

1985; Lim & Dinges, 2008). Participants monitored a display for
the onset of a visual millisecond counter within a box that was
5 cm wide by 1 cm high. The counter started from zero and contin-
uously incremented until the participant responded, or until 30 s
passed. Elapsed time remained on the screen for 1 s after the par-

ticipant responded and served as performance feedback. The next
trial began from 1 to 9 s after feedback was  extinguished. The cumu-
lative duration of the inter-trial interval (including 1 s for feedback)
was randomly drawn from a uniform integer distribution ranging
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Fig. 1. Conceptual model of ERP generation, and assumptions underlying bump analysis.
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Fig. 2. Examples of three multidimension

rom 2 to 10 s. The counter and feedback appeared in white against
 black background.

Participants were instructed to respond as quickly as possible,
ut to avoid responding before the stimulus appeared. They pressed
he “J” key on a standard keyboard using their right index finger.
articipants were given 1 min  of practice on the PVT. Following a
hort break, they performed the task continuously for 10 min.

.2.2. 3-Stimulus task
The 3-Stimulus Task was based on the visual condition of two

rior studies (Comerchero & Polich, 1999; Conroy & Polich, 2007).
n each trial, participants viewed a target, a non-target distractor,
r a standard distractor. Targets and non-target distractors each

ppeared in 10% of trials, and standard distractors appeared in the
emaining 80% of trials. The target was a large circle (2.5 cm diam-
ter), the non-target distractor was a large square (2.5 cm height),
nd the standard distractor was a small circle (1.6 cm diameter).
ps along with flat-duration distributions.

Stimuli were presented in blue against a black background. A stim-
ulus appeared once every 2 s, and remained on the screen for 75 ms.

Participants were instructed to respond to targets and to ignore
non-target and standard distractors. They pressed the “J” key on a
standard keyboard using their right index finger. Participants were
given 20 practice trials. Following a short break, they completed 4
blocks of 90 trials. After each block, they received feedback about
the percentages of targets detected (i.e., hits), and non-target and
standard distractors ignored (i.e., correct rejects).

2.2.3. Radar task
The Radar Task was based on a study by Hitchcock et al. (1999).

A stimulus display with a filled central circle (1.6 cm diameter)

and three concentric rings (2.8 cm,  3.9 cm,  and 5.1 cm diameters)
appeared in each trial (Fig. 3). Two line segments (0.15 cm wide
by 1.4 cm long) were superimposed on the concentric rings. Par-
ticipants were told that the filled circle nominally corresponds to
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simultaneously identify components with power focused in higher
Fig. 3. Example confi

 city, and the line segments to two jets. They were instructed to
espond if the two jets were on a collision path with one another
i.e., the line segments were colinear). Critical events occurred in
.3% (10 out of every 300) trials. Stimulus displays were presented

n white against a black background. A new display appeared every
 s and remained on the screen for 300 ms.

Participants were instructed to respond to critical events and
o ignore non-critical events. They pressed the “J” key on a stan-
ard keyboard using their right index finger. Participants were
iven 200 practice trials. During practice, they received feedback
bout the percentages of critical events detected and non-critical
vents ignored after every 50 trials. Following a short break, they
erformed the task continuously for 40 min  (1600 trials) without

eedback or breaks.

.3. EEG recording and analysis

Stimuli were presented on a 60 Hz LCD monitor placed approx-
mately 60 cm from participants. The EEG was  recorded from 64
g-AgCl sintered electrodes (10–20 system) using a Biosemi Active

I System (BioSemi, Amsterdam, Netherlands). Voltage offsets were
educed to 40 mV  or less, and the resting EEG was checked for
ny problematic electrodes prior to recording.1 The EEG was  re-
eferenced online to the combined common mode sense (CMS)
nd driven right leg (DRL) circuit. Electrodes were also placed on
he right and left mastoids. Scalp recordings were algebraically re-
eferenced offline to the average of the right and left mastoids. The
EG signals were filtered with a bandpass of 0.1–70.0 Hz and were
igitized at 512 Hz.

The EEG recording was decomposed into independent compo-
ents using the EEGLAB FastICA algorithm (Delorme & Makeig,
004). Components associated with eye blinks were automati-
ally identified and projected out of the EEG recording. Epochs of
200 ms  (including a 200 ms  baseline) were then extracted from
he continuous recording and corrected over the prestimulus inter-
al. Epochs containing voltages above +100 �V or below −100 �V
ere excluded from further analysis. One participant with less than

0% artifact free data was excluded from the PVT, two  participants
ere excluded from the 3-Stimulus Task, and two participants were

xcluded from the Radar Task.
The P3b is typically defined in terms of its topographical distri-

ution along the midline and over the frontal, central, and parietal
calp (Comerchero & Polich, 1999; Conroy & Polich, 2007). Accord-
ngly, we averaged across contiguous electrodes to create three
egions: a frontal region (AF3, Fpz, AFz, Fz, AF4), a central region

C1, FCz, Cz, CPz, C2), and a parietal region (P1, CPz, Pz, POz, P2).
3b latency varies by task. For the PVT, we analyzed waveforms
voked by the onset of the visual millisecond counter. We quanti-

1 Electrode offset is the voltage measured between CMS  and each active electrode,
nd reflects in part the quality of the electrode/gel/skin contact. We  achieved offsets
ar  less than the maximum recommended value of 40 mV (BioSemi, Amsterdam,
etherlands).
ons from Radar Task.

fied the P3b as mean voltage from 250 to 500 ms  (Witkowski et al.,
2015). For the 3-Stimulus Task, we  compared waveforms evoked by
the onset of targets, non-target distractors, and standard distrac-
tors. We  quantified the P3b as mean voltage from 350 to 500 ms
(Comerchero & Polich, 1999). Lastly, for the Radar Task, we ana-
lyzed waveforms evoked by the onset of critical and non-critical
events. Only one previous EEG study of the Radar Task has been
published (Kamzanova, Kustubayeva, & Matthews, 2014), and that
study did not analyze ERPs. As such, the interval used to quantify the
P3b (450–800 ms)  in the Radar Task was  based on visual inspection
of the waveforms. For all analyses involving factors with more than
two levels, we  adjusted the p values using the Greenhouse-Geisser
correction.

2.4. HSMM-MVPA analysis

HSMM-MVPA models the variability of endogenous ERP compo-
nents that may  otherwise be distorted or lost in average waveforms
(Anderson et al., 2016; Zhang et al., in press). The method identi-
fies brief periods of activity characterized by distinctive patterns
of voltages across the scalp called bumps.  Bumps occur at variable
latencies in the single-trial EEG, and signify changes in information
processing. Bumps are separated by flat periods where the mean of
the ongoing sinusoidal noise is zero. Flat durations vary by trial, and
are treated as random variables drawn from gamma distributions.
The HSMM estimates the locations of bumps during each trial, and
the MVPA estimates their scalp topographies.

The EEG data were pre-processed in the same manner as for
the ERP analyses. Two  additional steps of dimensionality reduc-
tion were performed to increase the efficiency and tractability of
HSMM-MVPA. First, the data were interpolated and down-sampled
to 100 Hz (i.e., 10-ms samples). Second, because signals from dif-
ferent EEG electrodes are highly inter-correlated, spatial PCA was
performed and scores of the first 10 PCA components were retained.
These accounted for 86% of variance in the EEG signal during the
PVT, 85% of variance during the 3-Stimulus Task, and 83% variance
during the Radar Task.2 The PCA components were z-scored for
each trial. The final data consisted of 10 orthogonal PCA compo-
nents sampled every 10 ms  and with constant mean and variability
across trials.

HSMM-MVPA contains three ancillary assumptions. First,
bumps have a 50 ms  duration (i.e., 5 samples) and a half-sine
shape. The use of such narrow bumps promotes precision in the
identification of stage boundaries, and allows HSMM-MVPA to
frequencies (e.g., the N1) and lower frequencies (e.g., the P3b). Pre-
viously, we  found that HSMM-MVPA with a 50 ms  bump accurately

2 We used PCA for noise reduction and data compression, rather than to isolate
latent components. As such, we retained unrotated scores to maximize the vari-
ance accounted for. For comparison, the scores of the first 10 components returned
by  Promax with a kappa value of three (Dien, 2010) accounted for about 20% less
variance in the PVT (69%), the 3-Stimulus Task (64%), and the Radar Task (65%).
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ecovered the temporal location of 3 Hz signals (Anderson et al.,
016), which is important given that the P3b reflects power in the
elta and theta bands (Demiralp, Ademoglu, Comerchero, & Polich,
001). Second, bumps occur serially and do not overlap. Third, flat
urations are modeled as a gamma  distribution with a fixed shape
arameter 2 and a scale parameter estimated to fit the data. See
nderson et al. (2016) for a detailed discussion of these assump-

ions, and demonstrations of the robustness of the method against
iolations of each.

In our previous studies, we used HSMM-MVPA to place n bumps
etween stimulus onset and response commission (Anderson et al.,
016; Zhang et al., in press). Fitting an n-bump HSMM requires
stimating n + 1 stage distributions to describe the n + 1 periods of
ime collectively demarked by stimulus onset, the n bumps, and the
esponse. Most trials in the current tasks do not end with responses.
s such, we fit n-bump HSMMs  to the EEG from the first full second
f every trial in all tasks.3 This requires estimating n stage distribu-
ions to describe the duration of the flat preceding the first bump,
nd the durations of the flats separating the subsequent bumps.
ince the specific interval of time used in the HSMM-MVPA analy-
is did not end with a response and has no special significance, we
id not estimate a flat duration from the last bump to the end of
he interval.

Estimating an n-bump HSMM also requires estimating the topo-
raphical distributions of the n multidimensional bumps. These
re intended to capture signals, present in the 10 PCA dimensions,
uring the 50 ms  windows where bumps are centered. A bump is
efined as a 2-dimensional matrix of values Bij where j indexes the

 samples that make up the 50 ms  bump and i indexes the 10 PCA
imensions. The bump values are calculated as Bij = Pj*Mi where Pj
re the 5 sample weights (i.e., 0.309, 0.809, 1.000, 0.809, and 0.309)
hat describe the shape of a half-sine and Mi are the 10 PCA mag-
itudes for bump i. The values of Pj are fixed based on the half-sine
hape, and the values of Mi are estimated for each bump. To sum-
arize, finding n bumps requires estimating n scale parameters for

he gamma distributions that characterize the durations of the flats
hat precede each bump, and 10 x n magnitudes Mi to capture the
bserved PCA scores during the 50 ms  windows that each bump
pans.

The likelihood of a set of flat durations (t1, t2, . . .tn) during a trial
s given by

(t1, t2. . .tn) =
(

n∏
k=1

g2 (tk, bk)

) (
10∏
d=1

P (PCAd)

)
.

The first inner product in the equation describes the likelihoods
f the flat durations based on the gamma  distributions they are
rawn from. HSMM-MVPA estimates the scale parameter (bk) for
ach gamma distribution. The second inner product in the equa-
ion describes the likelihoods of the scores along each of the 10
CA dimensions. These are derived from the sum of the squared
eviations between the observed PCA scores and the model scores,
hich are zero during the flats and non-zero during the bumps

Anderson et al., 2016). The probability of the data in a trial is the
um of the probabilities of all possible placements of bumps within
he trial, each calculated as above.

The HSMM-MVPA estimates parameters (tn stage durations and
n bump topographies) that maximize the likelihood of the data

ver all trials of the experiment. The HSMM uses an iterative expec-

ation maximization algorithm (Dempster, Laird, & Rubin, 1977).
he dynamic programming techniques associated with the HSMM
ake tractable the computation of probabilities of the very large

3 Responses occurred within 1 s in more than 99% of trials from the PVT and the
-Stimulus Task, and in more than 98% trials from the Radar Task
chology 123 (2017) 47–61

number of ways of partitioning each trial into bumps and flats (Yu,
2010). When the iterative algorithm converges on a set of parame-
ters than maximize the probability of the data, the algorithm also
produces estimates of the probabilities that each bump occurred at
each sample of each trial.

2.5. Comparison of neural processing to RTs

HSMM-MVPA returns a sequence of bumps that appear in the
EEG for each trial. The bumps come after flats, whose durations vary
across trials according to gamma  distributions with scale parame-
ters estimated by the HSMM.  Because the flat durations vary across
trials, they can be used to create a predictive model of RTs. We  used
R (R Core Team, 2016) and lme4 (Bates, Maechler, Bolker, & Walker,
2015) to perform a linear mixed effects analysis of the relation-
ship between the trial-level bump latencies and RTs (Saville et al.,
2015). If the cognitive processes reflected in a bump are needed
to respond, we expected that inclusion of the time preceding that
bump (i.e., the duration of the flat) would improve the predictive
model of RTs.

We  compared the predictive model based on HSMM-MVPA with
two alternate techniques commonly used to quantify P3b latency:
peak picking and template matching (Woody, 1967). Following
Jaśkowski and Verleger (2000), we  applied a 3.5 Hz low-pass filter
to the single-trial data. In the case of peak picking, we  quanti-
fied P3b latency as the moment of peak amplitude at Pz. In the
case of template matching, we  generated a positive half-sinusoid
of 300-ms length. We  calculated the cross-covariance between the
template and the signal during 300 ms  time windows across every
trial, and quantified the P3b latency as the center of the window
that maximally covaried with the template. We  then computed a
new template using the average of the observed data from the iden-
tified windows, and iterated on the procedure until the template
converged on a stable average. For both peak picking and tem-
plate matching, we  used linear mixed effects models to examine
the relationship between P3b latencies and RTs.

3. Behavioral results

3.1. Task data

Responses in the PVT are often divided into three categories:
false starts occur before or within 150 ms  of counter onset; alert
responses occur from 150 ms  to 500 ms  after counter onset; and
lapses occur more than 500 ms  after counter onset. Table 1 shows
the distribution of response types along with the mean duration of
alert responses. Alert RTs and number of lapses were comparable to
PVT results obtained elsewhere with well-rested participants (for
reviews, see Basner & Dinges, 2011; Lim & Dinges, 2008).

In the 3-Stimulus Task, participants were instructed to respond
to targets, and to ignore non-target and standard distractors. Table 1
shows the percentage of hits and false alarms, along with the
mean duration of hits. Although false alarms were infrequent,
participants reliably responded to more non-target than standard
distractors, t(27) = 3.79, p < 0.001. Mean RTs, hit rates, and the rel-
ative frequencies of false alarms were consistent with outcomes
from other studies of the 3-Stimulus Task that used visual stim-
uli and were of comparable difficulty (Comerchero & Polich, 1999;
Demiralp et al., 2001).

In the Radar Task, participants were instructed to respond to
critical events and to ignore non-critical events. Table 1 shows the

percentage of hits and false alarms, along with the mean duration
of hits averaged across the entire experiment. Mean hit rates across
the 40 min  session were comparable to those previously reported
(Hitchcock et al., 1999).
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Table  1
Mean response time and distribution of response types with mean standard error in parenthesis.

Psychomotor Vigilance Task 3-Stimulus Task Radar Task

Measure Value Measure Value Measure Value

Response time (ms) 340 (8) Response time (ms) 517 (10) Response time (ms) 730 (18)
False  starts (%) 0.7 (0.2) Target hits (%) 97.5 (0.7) Target hits (%) 85.1 (2.3)
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Alert  responses (%) 95.0 (1.2) False alarms (%) 

Lapses (%) 4.3 (1.2) Non-target 

Standard 

.2. Between-task comparisons

We  restricted analyses to 26 participants with complete
ata from all tasks. Responses were faster in the PVT than in
he 3-Stimulus Task (t(25) = 19.2, p < 0.001) and the Radar Task
t(25) = 21.2, p < 0.001), and responses were faster in the 3-Stimulus
ask than in the Radar Task (t(25) = 11.0, p < 0.001). Hit rate was
igher in the 3-Stimulus Task than in the Radar Task (t(25) = 5.24,

 < 0.001), and false alarm rate was lower (t(25) = 2.77, p < 0.05).
ean RTs from the 26 participants were moderately correlated

airwise between the tasks (ranging from r = 0.18 to 0.53), as were
it rates and false alarms between the 3-Stimulus and Radar Tasks
r = 0.30 and 0.10, respectively).

. ERP results

.1. Task data

Fig. 4 shows waveforms from the PVT time-locked to the onset
f the visual counter. Mean amplitude of the waveforms from 250
o 500 ms  varied by region, F(2,56) = 45.6, p < 0.001. Voltages were

ost positive over the parietal region (Table 2). For each partici-
ant, we treated peak latency of the P3b as the time of the maximum
oltage in the averaged waveform over the parietal region from 250
o 800 ms  (the complete range of the time windows used across the
hree tasks). On average, the P3b peaked at 429 ± 25 ms.

Fig. 4 also shows waveforms from the 3-Stimulus Task time-
ocked to the onset of targets, non-target distractors, and standard
istractors. A 3 (region) by 3 (stimulus type) repeated measures
NOVA on mean amplitude from 350 to 500 ms  revealed main
ffects of region, F(2, 54) = 41.6, p < 0.001, and stimulus type, F(2,
4) = 24.5, p < 0.001. The interaction between region and stimulus
ype was also significant, F(4, 108) = 38.7, p < 0.001. The P3 to targets
i.e., the P3b) had a parietal maximum, whereas the P3 to non-target
istractors (i.e., the P3a) was more centrally distributed (Table 2).
tandard distractors did not produce a P3. The P3b during target
rials peaked at 458 ± 16 ms.

Finally, Fig. 4 shows waveforms from the Radar Task time-
ocked to the onset of critical and non-critical events. A 3 (region)
y 2 (stimulus type) repeated measures ANOVA on mean ampli-
ude from 450 to 800 ms  revealed main effects of region, F(2,
4) = 8.329, p < 0.001, and stimulus type, F(1, 27) = 17.8, p < 0.001.
he interaction between region and stimulus type was  also signifi-
ant, F(2, 54) = 38.6, p < 0.001. The P3 had a parietal maximum and
as greater for critical versus non-critical events (Table 2). The P3b

o critical events peaked at 611 ± 30 ms.

.2. Between-task comparison

We  compared the amplitudes of the P3b evoked by the visual
illisecond counter in the PVT, targets in the 3-Stimulus Task, and
ritical events in the Radar Task for the 26 participants with com-
lete data. P3b amplitude over the parietal area was smaller in
he Radar Task than in the PVT (t(25) = 3.82, p < 0.001) and the 3-
timulus Task (t(25) = 6.82, p < 0.001), and was similar between the
False alarms (%) 4.5 (1.2)
1.9 (0.5)
0.1 (0.1)

PVT and the 3-Stimulus Task (t(25) = 1.81, p < 0.1). We  also com-
pared the peak latencies of the P3b. Peak latency occurred later in
the Radar Task than in the PVT (t(25) = 4.64, p < 0.001) and the 3-
Stimulus Task (t(25] = 4.60, p < 0.001), and was  similar between the
PVT and the 3-Stimlus Task (t(25) = 1.09, p > 0.2). The peak latency
trends are only partially consistent with the behavioral results –
participants responded slower in the 3-Stimulus Task than in the
PVT, yet P3b peak latencies did not differ between the two tasks. P3b
peak amplitudes from the 26 participants were moderately corre-
lated pairwise between tasks (PVT and 3-Stimulus Task: r = 0.49;
PVT and Radar Task: r = 0.23; 3-Stimulus Task and Radar Task:
r = 0.21), whereas peak latencies were not (all r < 0.05).

5. HSMM-MVPA results

5.1. Psychomotor vigilance task

We compared how well two- and three-bump HSMMs
accounted for the EEG data from the PVT. We  fit each HSMM to
n-1 participants’ data and used the parameterized model to predict
the remaining participant’s data (leave-one-out cross validation,
or LOOCV). Adding more bumps involves estimating more parame-
ters. As such, log-likelihoods based on fit always increase from two
to three bumps, but log-likelihoods based on LOOCV only increase
if the additional bump captures structure in the data that general-
izes to other participants. Table 3 shows the average log-likelihood
values per participant and trial based on LOOCV. The addition of
a third bump improved out-of-sample prediction for most partici-
pants (p < 0.05 by a two-tailed sign test).

Fig. 5 shows the bump topographies along with their mean
latencies from the PVT (upper-left panel). The third bump corre-
sponds to the P3b with its posterior distribution and late onset.
The second bump resembles the N2b, an anterior negativity that
precedes the P3 and is sensitive to many of the same experimental
factors (Folstein & Van Petten, 2008). Activity related to the second
and third bumps is visible in the ERP waveforms at the correspond-
ing latencies (Fig. 4).

The first bump had a short latency and negative polarity over
the parietal scalp, yet the ERPs contain no evidence of such an early
deflection. This dissociation relates to trial-by-trial variability in
the latency of the first bump. Uncertainty about the latency of a
bump within a trial is represented by a probability distribution with
values corresponding to the likelihood that the bump is centered
at each sample. The latency of a bump in a trial is calculated as the
sum of the time points multiplied by the probability that the bump
is centered at each sample – that is, a weighted average of the time
points.

We divided trials into two  bins according to the estimated
latency of the first bump using a median split. Trials in both bins
had an early negative-going deflection followed by a positive peak
(Fig. 6, left). Further, the waveforms appeared to contain an oscilla-

tion that originated during the prestimulus interval and extended
through the first bump. We  fit sine waves to averaged data from
the two sets of trials from −200 ms  to the time where voltages
exceeded zero following the first bump (90 ms for trials where



54 M.M. Walsh et al. / Biological Psychology 123 (2017) 47–61

Fig. 4. Stimulus-locked waveforms from three tasks, and from electrode clusters centered over frontal, central, and parietal regions.

Table 2
Mean voltages over frontal, central, and parietal regions in three tasks with mean standard error in parenthesis.

PVT 3-Stimulus Task Radar Task

Region Target Non-Target Standard Critical Non-Critical

Frontal 0.97 (0.95) 1.30 (1.14) 3.52 (1.11) 1.46 (0.80) −0.11 (1.09) 0.10 (0.61)
Central 6.01 (1.25) 6.90 (1.28) 7.15 (1.23) 0.77 (0.61) 2.99 (1.08) −0.92 (0.42)
Parietal 9.92 (1.31) 12.54 (1.22) 10.12 (1.15) 2.94 (0.59) 6.01 (1.02) −0.16 (0.50)

Table 3
Log likelihood per trial and participant based on LOOCV from 2- and 3-bump HSMMs, and number of participants better predicted by a 3-bump HSMM.

2 Bumps 3 Bumps Number Participants 2 Bumps < 3 Bumps

PVT
Counter 1.04 1.88 25/29

3-Stimulus Task
Target 1.25 1.96 21/28
Non-target distractor 0.87 1.30 21/28
Standard distractor 0.49 0.51 17/28
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Radar Task
Non-critical 0.67 

Critical 1.28 

he bump occurred early and 150 ms  for trials where the bump
ccurred late). The amplitudes (1.00 �V versus 1.17 �V) and fre-
uencies (9.6 Hz versus 9.2 Hz) of the fitted sine waves were nearly

dentical, but the phase of the sine wave for trials where the bump
ccurred late was shifted to the right by 56 ms.  Consequently, the
ositive and negative cycles of the two groups of waveforms almost
erfectly canceled out in the average data. The separation of trials

nto two bins is arbitrary; the phase of the oscillation varied contin-
ously between trials, and because the oscillation was not stimulus

ocked, the positive and negative cycles averaged to zero across tri-

ls. Makeig et al. (2002) proposed that the N1 arises from alpha
inging (8–12 Hz) over the parietal scalp during visual attention
asks, a point we return to in the discussion.
0.85 19/28
1.79 20/28

5.2. 3-Stimulus task

The 3-Stimulus Task included a mixture of trial types that could
contain different numbers of bumps; for example, we expected
bumps corresponding to the P3 for targets and non-target distrac-
tors, but not for standard distractors. Trial types could also contain
bumps with different topographies; for example, we expected a
more posterior bump for targets (P3b), and a more central bump
for non-target distractors (P3a). To test for these differences, we fit
2- and 3-bump HSMMs  separately to data from each condition. We

constrained the latencies of the first and second bumps to be shared
across conditions, and allowed the latencies of the third bump and
the topographies of all bumps to vary. Table 3 shows the average
log-likelihood values per trial and participant based on LOOCV. The



M.M. Walsh et al. / Biological Psychology 123 (2017) 47–61 55

Fig. 5. Topographies and latencies of bumps in the HSMMs from the three tasks.

ency of first bump, along with topography of bump across all trials.
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Table 4
Mean-squared error (MSE) between voltages in PVT and 3-Stimulus Task across
electrodes at the peak latencies of bumps.

PVT

3-Stimulus Bump 1 Bump 2 Bump 3

Bump 1 10.3 59.9 367.9
Bump 2 34.2 13.8 137.1
Bump 3 220.3 101.2 27.4
Fig. 6. Waveforms over parietal region binned according to lat

ddition of a third bump improved out of sample prediction for a
ajority of participants in target trials and non-target distractor tri-

ls (p < 0.05 by a two-tailed sign test), but not in standard distractor
rials (p > 0.3 by a two-tailed sign test).

Fig. 5 shows the 3-bump HSMMs  for targets and non-target
istractors, and the 2-bump HSMM for standard distractors. We  cal-
ulated the voltages over the frontal, central, and parietal regions
t the peak of the third bump for targets and non-target distrac-
ors. The bump had a more posterior distribution for targets than
or non-target distractors, reflected in a significant condition-by-
ocation interaction, F(2, 54) = 40.7, p < 0.0001. This is consistent

ith the centrally-distributed P3a for non-target distractors and
he parietal P3b for targets in the ERP waveforms (Fig. 4).

The topographical distributions of the second and third bumps
n target trials of the 3-Stimulus Task closely resembled the cor-
esponding bumps in the PVT (Table 4). This, paired with their
onsistent latencies caused us to interpret them as the N2/P3 com-
lex in the 3-Stimulus Task as well. Likewise, the topographical

istribution of the first bump in the 3-Stimulus task closely resem-
led the corresponding bump in the PVT (Table 4). Its time course
nd distribution are consistent with the posterior N1, a component
voked by the presentation of a visual stimulus at an attended loca-
tion during a task that requires discrimination judgments (Hopf,
Vogel, Woodman, Heinze, & Luck, 2002; Makeig et al., 2002; Vogel
& Luck, 2000).

Although the first bump in the PVT closely resembled the first
bump in the 3-Stimulus Task (Table 4), it came about 100 ms  earlier
in the PVT. If the first bump in the PVT truly reflected an alpha oscil-
lation, as suggested by Fig. 6, then a brain state with a very similar
topographic distribution would come 100 ms  later. Relatedly, if the
first bump in the 3-Stimulus Task reflected a continuation of this

oscillation, a brain state with a very similar topographic distribution
would come 100 ms  earlier.
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Table 5
Mean-squared error (MSE) between voltages in the Radar Task, and in the 3-Stimulus
Task  and PVT across electrodes at the peak latencies of bumps.

3-Stimulus PVT

Radar Bump 1 Bump 2 Bump 3 Bump 1 Bump 2 Bump 3

Bump 1 1.8 77.9 320.5 15.0 72.3 400.0

a
h
s
f
c
(
a
a
t
a
d
f
C
o
i
t
c

5

d
t
a
s
l
v
p
o
t

b
c
b
w
a
T
(
a
t
a
w

t
P
t
T
s
c
l
e

t

Table 6
Negative log likelihood of linear mixed effects models with different fixed factors.

PVT 3-Stimulus
Task

Radar Task

Null Model 14531 5549 12765

HSMM-MVPA
Bump 1
Bumps 1 and 2
Bumps 1, 2,
and 3

14426
14325
14325

5460
5451
5340

12717
12712
12560

P3b peak
latency

14514 5502 12764

inclusion of Bump 1 (�1 = 209.5) and Bump 2 (�1 = 201.7), but not of
Bump 3 (�1 = 0.8, p > 0.3) in the PVT. Conversely, the likelihood ratio
test justified the inclusion of Bumps 1, 2, and 3 in the 3-Stimulus

5 At the level of individual participants, RTs were most strongly correlated with
the  latencies of Bump 2 (mean r = 0.39), followed by Bumps 3 (r = 0.33) and 1
(r  = 0.27).

6 At the level of individual participants, RTs were also most strongly correlated
Bump 2 1.1 48.7 262.1 7.2 46.2 335.1
Bump 3 170.8 36.6 18.7 115.5 40.5 55.0

To examine this possibility, we fit another HSMM to target tri-
ls from the 3-Stimulus Task while constraining the first bump to
ave a mean latency of 80 ms.  The timing and topography of the
econd and third bumps in the constrained HSMM matched bumps
rom the original HSMM. The topography of the first bump in the
onstrained model was nearly identical to the first bump in the PVT
r = 0.98, MSE  = 4.1). We  binned target trials in the 3-Stimulus task
ccording to the estimated latencies of the constrained first bump
nd observed an oscillation extending from −200 ms  to just beyond
he bump (Fig. 6, middle). The amplitudes (1.08 �V versus 1.04 �V)
nd frequencies (8.7 Hz versus 8.0 Hz) of fitted sine waves to the
ata were similar to one another, but the phase of the sine wave

or trials with later bump onset was shifted to the right by 50 ms.
onsequently, as in the PVT, the positive and negative cycles of the
scillation averaged to zero across trials. Note, HSMM-MVPA did

nitially detect a bump at 80 ms  in the 3-Stimulus Task. The oscilla-
ion had larger amplitude and/or phase synchronization at 150 ms,
ausing HSMM-MVPA to place the first bump at that time instead.

.3. Radar task

The Radar Task contained a mixture of trial types that could
iffer in terms of number and topography of bumps. To examine
hese differences, we fit 2- and 3-bump HSMMs  to data from critical
nd non-critical trials. We  constrained the latencies of the first and
econd bumps to be the same across conditions, and allowed the
atencies of the third bump and the topographies of all bumps to
ary. Table 3 shows the average log-likelihood values per trial and
articipant based on LOOCV. The addition of a third bump improved
ut of sample prediction for a majority of participants in critical
rials only (p < 0.05 by a two-tailed sign test).4

Fig. 5 shows the 3-bump HSMM for critical trials, and the 2-
ump HSMM for non-critical trials. The first and third bumps in
ritical trials of the Radar Task closely resembled the corresponding
umps in target trials of the 3-Stimulus Task (Table 5). This paired
ith their similar latencies caused us to interpret them as the N1

nd P3b in the Radar Task as well. The second bump in the Radar
ask was most similar to the first bump in the 3-Stimulus Task
Table 5). The apparent difference relates to the fact that the P3b
ppeared earlier in the 3-Stimulus Task, causing it to overlap with
he second bump there but not in the Radar Task. This difference
side, we interpret the second bump in the Radar Task as the N2 as
ell.

To determine whether a posterior oscillation beginning during
he prestimulus interval was present in the Radar Task, as in the
VT and 3-Stimulus Task, we fit another HSMM to critical trials
hat constrained the first bump to have a mean latency of 80 ms.
he topography of the first bump in the constrained model was very
imilar to the first bump in the PVT (r = 0.90, MSE  = 1.7). We  binned

ritical event trials in the Radar Task according to the estimated
atencies of the constrained first bump and observed an oscillation
xtending from −200 ms  to just beyond the bump (Fig. 6, right).

4 The addition of a third bump improved out of sample prediction in non-critical
rials for many participants as well (19/28, p < 0.1 by a two-tailed sign test).
P3b  template
matching

14500 5511 12704

The amplitudes (1.00 �V versus 0.90 �V) and frequencies (10.0 Hz
versus 8.8 Hz) of fitted sine waves to the data were similar to one
another, but the phase of the sine wave for trials with later bump
onset was  shifted to the right by 30 ms.  Consequently, as in the
other two  tasks, the positive and negative phases of the oscillation
averaged to zero across trials.

5.4. Comparison of neural processing to response latencies

The latencies of the bumps vary on a trial-by-trial basis. To
determine which bumps relate most to RTs in the three tasks, we
compared RTs and bump latencies from 2577 trials in the PVT, 926
target trials in the 3-Stimulus Task, and 2124 critical event trials
in the Radar Task (Fig. 7). In the PVT, RTs were most strongly cor-
related with the latencies of Bump 2, which peaked 39 ms  (±6 ms)
before responses on average.5 RTs also correlated with the laten-
cies of Bumps 1 and 3. In the case of Bump 3, the correlation arose
because Bumps 1 and 2 impacted the timing of responses as well as
cumulative time until Bump 3. In contrast to the PVT, RTs were most
strongly correlated with the latencies of Bump 3 in the 3-Stimulus
Task and the Radar Task (Fig. 7).6 Bump 3 peaked 11 ms  (±8 ms)
after the response in the 3-Stimulus Task on average, and 16 ms
(±11 ms)  after the response in the Radar Task.7

We  performed a linear mixed effects analysis on the relation-
ship between bump latencies and RTs. To do so, we calculated the
elapsed time before the peak of Bump 1, the elapsed time between
the peaks of Bumps 1 and 2, and the elapsed time between the
peaks of Bumps 2 and 3. We  treated these as fixed effects and esti-
mated a random intercept for each participant. We  added factors
in a stepwise manner beginning from a null model with a random
intercept only, and used the likelihood ratio test to compare full
and reduced models. If the mental processes reflected by each sub-
sequent bump are necessary for responding, inclusion of the bump
in the mixed effects model should account for additional variance
in RTs. As shown in Table 6, the likelihood ratio test justified the
with the latencies of Bump 3 in the 3-Stimulus Task and the Radar Task (r = 0.61 and
r  = 0.43), followed by Bumps 2 (r = 0.43 and r = 0.22) and 1 (r = 0.41 and r = 0.21).

7 To test whether the weaker relationship between the latency of Bump 3 and RTs
in the PVT was  an artifact of lower signal-to-noise ratio in that task, we computed
the  amplitude of the third bump at site Pz during each trial. We then divided the
mean amplitude of the bump by its standard deviation. The resulting signal-to-noise
ratios were higher in the PVT (1.2) and the 3-Stimulus Task (1.2) than in the Radar
Task  (0.8). This indicates that the lower correlation between the latency of Bump 3
and  RTs in the PVT was not caused by a lower signal-to-noise ratio.
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findings with respect to the functional significance of the P3b and
the use of HSMM-MVPA for mental chronometry in turn.

8 To allow comparison with previously reported results, we also divided each
Fig. 7. Scatter plots showing relationship

ask (�1 = 177.4, �1 = 18.1, �1 = 222.3), as well as in the Radar Task
�1 = 96.0, �1 = 10.0, �1 = 303.5).

P3b latency has been shown to relate to RTs in choice reaction-
ime tasks (Kutas et al., 1977; Ritter, Simson, & Vaughan, 1983). To
etermine whether this was the case in our three tasks, we  iden-
ified the latency of the P3b on a trial-by-trial basis using peak
atency and a template matching procedure as described in the

ethods section. In the PVT, a simple detection task, there was a
eak relationship between RTs and the P3b, measured using peak

atency (r = 0.09) or template matching (r = 0.18). In the 3-Stimulus
nd Radar Tasks, which are choice reaction-time tasks, there was a
tronger relationship between RTs and the P3b, measured using
eak latency (3-Stimulus: r = 0.30; Radar: r = 0.05) and template
atching (3-Stimulus: r = 0.29; Radar: r = 0.23).

We  performed two additional linear mixed effects analyses to
xamine the relationship between P3b latency, measured using
eak latency or template matching, and RTs. In both analyses,
e treated P3b latency as a fixed effect and estimated a ran-

om intercept for each participant (Table 6). In the PVT, including
3b latency produced an improvement beyond the null model
peak picking: �1 = 33.3, p < 0.0001; template matching: �1 = 60.4,

 < 0.0001). In the 3-Stimulus Task, including P3b latency also
roduced an improvement beyond the null model (peak pick-

ng: � = 92.9, p < 0.0001; template matching: � = 74.0, p < 0.0001).
1 1
inally, in the Radar Task, including P3b latency measured with
emplate matching, but not peak picking, produced an improve-
een bump latencies and response times.

ment beyond the null model (peak picking: �1 = 0.7, ns;  template
matching: �1 = 120.6, p < 0.0001).8

6. General discussion

The P3b is among the most widely studied components in ERP
research. In this paper, we used HSMM-MVPA to analyze data from
three variants of the oddball paradigm known to evoke the P3b.
We asked whether HSMM-MVPA would reveal a stage in each task
corresponding to the P3b, and whether the stage’s latency would
relate to response times. The onset of the millisecond counter in
the PVT produced a bump with a topographical distribution and
time course resembling the P3b, as did targets in the 3-Stimulus
Task and critical signals in the Radar Task. The latencies of the P3b
differed across trial and correlated with RTs in the 3-Stimulus and
Radar Tasks, but not in the PVT. We  discuss the implications of these
participants’ trials into upper and lower quantiles based on median RTs. We
then compared P3b latencies, quantified using the template matching procedure,
between the quantiles. P3b latency differed slightly between quantiles in the PVT
(355  versus 392 ms, t(28) = 2.43, p < 0.05), the 3-Stimulus Task (351 versus 404 ms,
t(27) = 3.94, p < 0.001), and the Radar Task (458 versus 513 ms, t(27) = 5.74, p < 0.001).
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given that the data were extensively filtered (i.e., a 3.5 Hz low-
pass filter) before applying peak picking and template matching,
yet HSMM-MVPA still accounted for far more variance in RTs.

9 We binned trials based on median RTs, and compared voltages at the peak laten-
cies  of the P3b bumps for each quantile. Mean voltages over the parietal region at
the  peak of the third bump were similar for the fast and slow response quantiles in
8 M.M. Walsh et al. / Biologic

.1. Functional significance of the P3b

A long standing theory is that the P3b reflects context updat-
ng (Donchin, 1981; Polich, 2007). Incoming stimuli are attended
o and compared against a stimulus representation in memory. If
o change is detected, the stimulus context is maintained and only
ensory components are evoked. If change is detected, however,
he stimulus context is updated and a P3b is evoked, reflecting
he corresponding neural activity following the earlier sensory
omponents. This account explains why manipulations that exacer-
ate sensory processing and prolong stimulus categorization delay
3b latencies. The question of how the P3b relates to responding
emains controversial, however. According to the strategic view,
he P3b reflects an overarching process not directly relevant to
mmediate responses (Donchin & Coles, 1988). According to the
actical view, the P3b bridges stimulus categorization and response
reparation (Verleger et al., in press; Verleger et al., 2005). Both
ccounts ascribe the P3b a role in stimulus processing. They differ,
owever, in whether the P3b relates strategically to future behavior
r tactically to trial-level responses.

In the 3-Stimulus and Radar Tasks, which both required cat-
gorizing the stimulus before responding, the P3b bump peaked
ith responses and correlated with RTs. Critically, the latency of

he P3b bump varied across repeated presentations of the same
timuli and was predictive of RTs. This strongly suggests that the
rocess reflected by the P3b bump contributes tactically to trial-

evel responses in the 3-Stimulus Task and the Radar Task. In the
VT, which required simple detection, the P3b came about 150 ms
fter responses and did not correlate with RTs after controlling
or the latencies of earlier bumps. This indicates that the process
eflected by the P3b bump did not contribute tactically to trial-
evel responses in the PVT. The central finding pertaining to the
3b bump, and the P3b itself, is that it plays a tactical role in tasks
hat require stimulus categorization, but not in tasks that require
imple detection.

Ouyang et al. (2011, 2013) recently proposed a novel tech-
ique called residue iteration decomposition (RIDE) to separate the
EG into stimulus-locked, response-locked, and central component
lusters. The technique involves iteratively estimating the latencies
f central clusters during single trials, and iteratively improv-

ng estimates of the stimulus-locked, central, and response-locked
omponents. Central components bridge stimulus- and response-
elated processes. Verleger et al. (in press) applied RIDE to EEG data
rom a task with conditions that involved rare and frequent go and
o-go responses. Participants responded more slowly to rare-go
timuli than to frequent-go stimuli. RIDE revealed a central clus-
er focused over the middle of the scalp in the rare-go condition
ut not in the frequent-go condition. Verleger et al. interpreted
hese results in terms of a two-process account; controlled pro-
essing in the case of rare-go stimuli produced a P3b that bridged
timulus categorization and responding, whereas automatic pro-
essing in the case of frequent-go stimuli allowed participants to
ypass categorization and respond to stimulus onset. Our results
re entirely consistent with this interpretation. Because controlled
rocessing was needed in the 3-Stimulus Task and the Radar Task,
he latency of the P3b predicted RTs in those tasks. Alternatively,
ecause automatic processing was possible in the PVT, the P3b
ollowed responses and did not relate to RTs in that task.

Twomey et al. (2015) recently proposed that the P3b reflects
ccumulation of evidence toward an action-triggering threshold.
hey found that although P3b amplitude varied with decision dif-
culty and response speed in stimulus-locked waveforms, P3b

mplitude was equivalent across conditions and for fast and slow
esponses in response-locked waveforms. Twomey et al. (2015)
nterpreted this as meaning that the P3b builds to a fixed decision
riterion after which a response occurs. Our results are partially
chology 123 (2017) 47–61

consistent with their account. The latency but not the amplitude of
the P3b bump varied with RTs in the 3-Stimulus and Radar Tasks,
suggesting that the P3b builds to roughly the same value in all target
trials ending in a response.9 If the P3b purely reflected accumula-
tion of evidence toward an action criterion, however, we would also
expect for it to precede and be predictive of responses in the PVT,
which it was not. These results could potentially be reconciled if
the P3b built to a decision about the identity of a stimulus, rather
than the response. Such a decision is required to respond in choice
tasks (e.g., the 3-Stimulus and Radar Tasks) but not simple RT tasks
(e.g., the PVT).

6.2. Mental chronometry

Multiple studies have demonstrated a relationship between P3b
latency and RTs. Some of these involve blocked designs where
mean P3b latency and RTs are computed in multiple conditions
and compared to one another (McCarthy & Donchin, 1981; Ritter
et al., 1982; for a review, see Verleger, 1997). The general find-
ing is that P3b latency is more sensitive to manipulations that
affect stimulus versus response processing. Other studies divide
participants’ RTs into quantiles, and compare the amplitude and
latency of the P3b averaged across trials that make up quantiles
(Friedman, 1984; Holm, Ranta-aho, Sallinen, Karjalainen, & Müller,
2006; Kida et al., 2003; Morgan, Luu, & Tucker, 2016; Ramchurn
et al., 2014; Roth et al., 1978). These studies draw on the fact that
P3b latencies to repeated presentations of the same stimuli vary
by tens of milliseconds within individuals (Nishida et al., 1997).
The typical finding from these studies is that the P3b amplitude is
diminished and its latency is longer in trials with slower responses.
Far fewer studies have compared variability in P3b latency and RTs
on a trial-by-trial basis. In one of the few studies to do so, Kutas
et al. (1977) used template matching to quantify P3b latency in
each trial (see also Pfefferbaum et al., 1980a,b; Ritter, Simson, &
Vaughan, 1972). Regardless of whether instructions stressed speed
or accuracy, P3b latencies correlated with RTs when participants
responded correctly.10

The correlations we  calculated were based on single trial
responses. In the 3-Stimulus and Radar Tasks, the latencies of the
P3b bump correlated with RTs (r = 0.60 and r = 0.44, respectively).
These correlations were statistically significant for most partici-
pants in both tasks (25 of 28 in the 3-Stimulus Task and 21 of 28 in
the Radar Task). P3b latencies measured using peak amplitude and
template matching, two  classic procedures (Woody, 1967), were
only weakly to moderately predictive of RTs during individual tri-
als. Consistent with earlier studies, P3b latencies were predictive of
RTs at coarser levels of aggregation, however. For example, the cor-
relation between group-averaged P3b peak latencies and RTs across
the three tasks was  high (r = 0.90), and the P3b peaked earlier dur-
ing the fastest 50% of trials in all tasks. However, as compared to P3b
latencies, HSMM-MVPA provided a far more reliable indicator of the
timing of mental events culminating in responses during individual
trials. The performance of HSMM-MVPA is even more impressive
the PVT (16.6 �V versus 17.2 �V), the 3-Stimulus task (19.7 �V versus 18.8 �V), and
the Radar task (13.5 �V versus 12.5 �V).

10 Quantifying the relationship between response times and P3b latencies in error
trials is complicated by the fact that error responses elicit a late error positivity that
overlaps the P3b (Verleger et al., 2005).
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HSMM-MVPA is more reliable than peak picking and template
atching for two reasons. First, HSMM-MVPA detects bumps with
ulti-dimensional distributions of activity across the entire scalp,
hereas peak picking and template matching detect a feature (i.e.,
aximum voltage or maximum cross-covariance with a template)

ver a single sensor or region. The presence of more features in the
ase of HSMM-MVPA may  increase its robustness against noise (cf.
askowski & Verleger, 2000; Tomberg, 1995). Second, HSMM-MVPA
ses information from all trials to estimate the gamma distributions
hat influence the durations of the flats preceding the bumps. Single
rial estimates of bump timing, then, take advantage of constraints
rom all other trials. Peak picking and template matching are typi-
ally applied over a fixed window. Latency estimates in a given trial
re not influenced by estimates from other trials. The added con-
traint to minimize differences in bump latencies between trials in
SMM-MVPA further increases its robustness against noise.

In addition to being more robust against noise, HSMM-MVPA
as another significant advantage beyond peak picking and tem-
late matching: it can be used to discover the number of bumps in
he EEG, and to temporally localize them on a trial-by-trial basis.
SMM-MVPA detected significant mental events besides the tran-

ition from stimulus- to response-related processing signaled by
he appearance of the P3b. Across all conditions of the experi-

ents, HSMM-MVPA also detected bumps related to the N1 and
he N2b. Their latencies, though more weakly correlated with RTs
cf. Ouyang, Schacht, Zhou, & Sommer, 2013; Verleger et al., 2016),
onetheless accounted for trial-by-trial variability in RTs (Fig. 7).
his replicates other reports that the latencies of early components
re predictive of RTs (Kida et al., 2003; Ribeiro, Paiva, & Castelo-
ranco, 2016).

According to Sternberg’s additive-factors logic, RTs reflect the
umulative duration of successive processing stages beginning
rom stimulus onset (1969). The latencies of later stages neces-
ary for responding are more strongly associated with RTs because
hey encompass the cumulative variability of all earlier stages. Suc-
essively later bumps in the three experiments tended to be more
trongly associated with RTs. The one exception was the PVT, where
he second bump was most strongly associated with responses. This
ndicates that the third (P3b) bump reflects a mental process that
s not needed to respond in the PVT. The ability to isolate multi-
le stage durations from EEG enables more refined measurement
f how experimental factors impact specific mental processes than
umulative measures like RT allow (Anderson et al., 2016; Zhang
t al., in press).

The trial-level correlations between bump latencies and RTs,
hough high, were not perfect. Remaining variance in RTs could
elate to limitations in HSMM-MVPA’s ability to identify precisely
hen neural events occurred during a trial. In earlier simulation

tudies where HSMM-MVPA was used to recover known locations
f bumps from synthetic data on a trial-by-trial basis, root-mean-
quared deviations ranged from 50 to 100 ms.  Based on the variance
n RTs from the 3-Stimulus and Radar Tasks, an absolute estima-
ion error on the order of 100 ms  would account for nearly all of
he unexplained variance in the trial-level estimates of P3b bump
atencies and RTs. Alternatively, RTs could be influenced by addi-
ional processes that occurred subsequent to the P3b bump such as
hecking and motor planning. Notwithstanding these limitations,
SMM-MVPA provides a sensitive measure of the timing of neural
vents at the level of single trials.

.3. Early sensory components
Our main focus was on the P3b, yet HSMM-MVPA also detected
umps related to the N1 and the N2b. Unlike the P3b, these bumps
ppeared in all conditions of the tasks. The topographical distri-
ution and latency of the N2b bump was relatively consistent
chology 123 (2017) 47–61 59

across experiments and conditions. This component is thought to
be involved in stimulus classification, but is more sensitive to per-
ceptual features of the stimulus than the P3b is (Folstein & Van
Petten, 2008). For example, Daffner et al. (2000) presented par-
ticipants with visual stimuli that were unfamiliar or familiar. The
N2b amplitude depended on whether the stimulus was  unfamiliar
or familiar, whereas the P3b amplitude depended only on whether
the stimulus was a target or a distractor. It is sensible that responses
in the PVT occurred during perceptual processing and before stim-
ulus categorization, as detection is all that was  needed to respond
in that task.

The amplitude of the N2b is sometimes larger for infrequent
non-target stimuli than for target stimuli (Folstein & Van Petten,
2008), however the N2b did not vary with stimulus type or fre-
quency in our experiments. In other studies that have used the
3-Stimulus Task, the N2b is greater for infrequent stimuli that
are highly perceptually deviant (Demiralp et al., 2001; Polich &
Comerchero, 2003). However, when infrequent stimuli are not
perceptually deviant, as in our experiments, differences in N2b
amplitude between conditions are small or absent (Comerchero
& Polich, 1999; Polich & Comerchero, 2003; Sawaki & Katayama,
2008).

A bump corresponding to the N1 clearly appeared between 160
and 190 ms  in the 3-Stimulus and Radar Tasks, but not the PVT.
The N1 is evoked by the presentation of a stimulus at an attended
location, and is greater in choice than in simple RT tasks (Vogel &
Luck, 2000). The presence of an N1 bump between 160 and 190 ms
in the 3-Stimulus and Radar Tasks is consistent with the fact that
they involve choice responses whereas the PVT involves simple
detection only.

A bump with a topography very similar to the N1 appeared
around 80 ms  in the PVT (Fig. 5). When we binned trials accord-
ing to the latency of the first bump and plotted waveforms over
the parietal region, an 8 to 10 Hz oscillation originating during the
prestimulus interval and extending to about 150 ms after stimu-
lus onset became evident. The first bump in the 3-Stimulus Task
and the first bump in the Radar Tasks were extremely similar to
the first bump in the PVT, but they occurred about 100 ms later.
This raises the possibility that the first bump in the PVT, and the
first bumps in the 3-Stimulus and Radar Tasks reflect consecutive
cycles of an alpha oscillation. Consistent with this idea, when we
constrained the HSMM-MVPA to estimate a bump at 80 ms  in the
3-Stimulus and Radar Tasks, the constrained bump exhibited a pos-
terior negativity and was  nearly identical to the first bump from the
PVT. Binning trials according to the latency of the constrained bump
again revealed an alpha oscillation extending from the prestimulus
interval until about 180 ms  after stimulus onset.

The question of whether ERPs arise from the superposition of
event-locked signals atop ongoing EEG activity, temporal resetting
of the phase structure of ongoing EEG activity, or some combina-
tion of both is basic to EEG research (Basar, 1980; Van der Lubbe,
Szumska, & Fajkowska, in press; Vaughan, 1969; Yeung et al., 2004,
2007). Our results indicate that activity driving the first bump in
the PVT at 80 ms  (and the temporally constrained bumps in the
3-Stimulus and Radar Tasks at 80 ms)  originates during the pres-
timulus interval (Fig. 6). Stimulus presentation did not cause the
phase of oscillation to become aligned by 80 ms across trials – oth-
erwise, a negative-going potential would be evident around 80 ms
in the ERPs. The oscillation’s amplitude did appear to increase
following stimulus presentation, however. As such, these results
suggest that stimulus-presentation increased the amplitude of an
ongoing alpha oscillation, but did not induce phase realignment by

80 ms.

These unanticipated outcomes pertaining to the N1 are con-
sistent with a study by Makeig et al. (2002) where alpha ringing
was observed over the parietal scalp during a visual attention task.
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akeig et al. (2002) reported peak N1 latency around 200 ms.  By
lotting the subset of trials with greatest power in the alpha fre-
uency range, they showed additional negative troughs occurring
t 100 ms  intervals preceding and following the N1. This sug-
ests that the N1 may  arise from increased power and/or phase
ynchronization in the alpha frequency band following stimulus
resentation (see also Klimesch et al., 2004). Interestingly, although
SMM-MVPA models neural signals as half-cycle sine waves, it

evealed an alpha oscillation by detecting the increased amplitude
f the first negative cycle following stimulus onset. Because the

ocations of bumps are allowed to vary on a trial-by-trial basis,
SMM-MVPA detected the first negative cycle despite the fact that

t was not stimulus locked.
The power of EEG at each frequency is comprised of evoked

nd induced power. Evoked power is an event-related change in
he power of an oscillation whose period is phase-synchronized to
he event, whereas induced power is event-related but not phase-
ynchronized. The oscillation we detected was concentrated in
he lower alpha band (8–10 Hz). The oscillation was not stimu-
us locked, and would thus appear as a combination of sustained
ower from the baseline period and additional induced power. Van
er Lubbe et al. (in press) recently performed a wavelet analysis
f visual potentials to faces. They found that the amplitude of the
1 related to an increase in evoked power in the theta band. The
pparent discrepancy between those results and ours could relate
o either of two factors. First, the oscillation we observed was not
timulus locked and would thus appear as a change in induced
ather than evoked power. Second, our analysis does not rule out
he possibility of concurrent oscillations in other frequency bands.
n the absence of amplitude differences, HSMM-MVPA will tend
o detect alpha oscillations because (1) the temporal duration of
umps (50 ms)  coincides with a half-cycle of an alpha oscillation,
nd (2) the greater durations between adjacent peaks of slower
scillations will cause them to appear at less predictable times on

 trial-by-trial basis.

.4. Conclusion

The P3b has been extensively studied, and has been used to sup-
ort inferences about the timing and types of mental processes that
ccur in a range of tasks. We  applied a novel methodology, HSMM-
VPA, to data from three paradigms commonly used to study the

3b. The methodology revealed distinct neural signals correspond-
ng to the P3b and earlier visual components. The latencies of these
umps, and particularly of the P3b bump, correlated with single
rial RTs when stimulus categorization was needed to respond.
hese results provide new information about the functional sig-
ificance of the P3b, and demonstrate the utility of a new approach
o EEG-based mental chronometry.
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