
Journal of Expenmen1al PS)chol(lgy: 
Human Perception and Performance 
1993, Vol. 19, No. 6. 1292-1312 

C(1p)nght 194.l ti~ tht: Anw11cm P.:.~ch!,logical Association. Inc. 
<Wl%-1<2JN1;~3!~1 

The Locus of Dual-Task Interference: Psychological Refractory Effects on 
Movement-Related Brain Potentials 

Allen Osman and Cathleen M. Moore 

We sought to measure separately the motor potentials for each of 2 concurrent tasks and to use these 
measurements to identify the locus of dual-task interference. Lateralized readiness potentials 
(LRPs) were measured in the psychological refractory period paradigm, in which a separate 
response is required to each of 2 successive signals. As the interval between the signals decreased. 
the 2 reaction time (RT) tasks increasingly overlapped and the 2nd RT was prolonged. The LRP for 
the 2nd task was also delayed but maintained a constant temporal relation with the 2nd RT and 
sometimes preceded the !st-task RT. The results indicate that (a) independent measures of the LRP 
can be obtained for each of 2 concurrent tasks, (b) slowing of the 2nd task was caused by a delay 
in processes that precede LRP onset, and (c) the 1st task may cease to interfere with the 2nd 
considerably before producing an overt response. 

There is an emerging body of work in which combined 
measures of reaction times (RT) and event-related brain po
tentials are used to study the temporal properties of cognitive 
processes (Coles, 1989; Meyer, Osman, Irwin, & Yantis, 
1988; van der Molen, Bashore, Halliday. & Callaway, 1991 ). 
A promising development within this field has been the use 
of a lateral shift in electrical potential over motor cortex to 
study the preparatory processes preceding movement. This 
measure, called the lateralized readiness potential (LRP), 
arises from the differential engagement of the two hands and 
can be observed in the absence of overt movement. So far, 
the LRP has been used to study the dynamics of advance 
preparation prior to a response signal (e.g., Gratton et al., 
1990), the transmission of information between perceptual 
and motor processes (e.g., Osman, Bashore, Coles, Donchin, 
& Meyer, 1992), and the inhibition of voluntary movements 
(de Jong, Coles, Logan, & Gratton, 1990). 

The present study extends the use of LRP measurements 
to an important area of research within experimental psy
chology: dual-task performance. We demonstrate that it is 
possible to record separately the LRPs associated with each 
of two concurrent tasks and that these measurements can be 
used to investigate the interactions between the tasks. For 
example, they can help specify where the limitations respon
sible for dual-task interference occur within the information 
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processing system. We approach dual-task performance 
through the study of Psychological Refractory Period effects. 
The paradigm under which these effects are observed pro
vides a well-controlled vehicle for investigating dual-task 
performance (e.g., Pashler, 1993) and, as will become ap
parent, is especially well suited for the measurement of 
LRPs. 

Psychological Refractory Period Effects 

The psychological refractory period (PRP) effect refers to 
the increase in RT to the second of two successive response 
signals (RT2) as the interval between the signals (stimulus 
onset asynchrony, or SOA) is decreased. At very short SOAs, 
there is often a perfect reciprocity between SOA and RT2; a 
decrease in SOA produces an equivalent increase in RT2. 
PRP effects can be as large as several hundred milliseconds 
and are extremely robust. They can occur for simple and 
choice RT, after extensive practice, and regardless of whether 
the two reactions involve the same sensory or response mo
dalities. Indeed. it has proven difficult to find any pair of 
concurrent RT tasks for which PRP effects do not occur (for 
reviews, see Bertelson, 1966; Kantowitz, 1974; Pashler, 
1993; Schweickert & Boggs. 1984; Smith, I 967b; Welford, 
1980). 

Much of the interest in PRP effects stems from the pos
sibility that they reflect a fundamental limitation in the 
information-processing system. As such, they have been hy
pothesized to be closely related to other limitations in human 
performance. For example, the current version of the PRP 
paradigm was first introduced (Vince, 1948) to investigate 
the hypothesis of a central intermittency in sensorimotor con
trol (Craik, 1947, 1948). Similarly, some models of attention 
(e.g., Broadbent, 1958, 1971) have attributed PRP effects to 
the same mechanisms responsible for selective attention and 
Hick's ( 1952) law. More recently, PRP effects have been used 
to study the general phenomenon of interference between 
concurrent tasks (e.g., Pashler, 1984; Pashler & Johnston, 
1989). 



PRP EFFECTS ON MOTOR POTENTIALS 

The PRP effect was originally thought to reflect a phe
nomenon analogous to the refractory period of neurons (Tel
ford, 193 l ), but this analogy is now considered to be a rather 
loose one (Bertelson, 1966; Schweikert & Boggs, 1984). Un
like physiological refractory periods, the length of the psy
chological refractory period varies under different condi
tions, and the response to the second stimulus is slowed 
rather than absent. Another explanation was that the first 
stimulus acts as a warning signal and that the decrease in RT2 
at longer SOAs is due to an increased expectation that the 
second stimulus will soon occur (Adams, l 962; Elithom & 
Lawrence, 1955; Poulton, 1950). It is now known, however, 
that this type of expectancy can at best account for only a 
small portion of the PRP effect (Bertelson, 1966; Smith, 
I 967b ). Several classes of theory are currently entertained. 
These attribute PRP effects to difficulties in maintaining a 
state of preparation for both reactions (de Jong, l 993; 
Gottsdanker, 1979; Poulton, 1950), competition between re
sponses (Herman & Kantowitz, 1970; Kantowitz, 197 4; Rey
nolds, 1964 ), competition for limited resources (Kahneman, 
1973; McCleod, 1977), and a single-channel mechanism that 
can handle only one reaction at a time (Pashler, 1984; Pashler 
& Johnston, 1989; Welford, 1952. 1980). We first discuss 
PRP effects from one of these perspectives and then later 
consider how our findings may also be interpreted from the 
others. 

A single-channel explanation of PRP effects was first pro
posed by Welford ( 1952) and has received considerable sup
port (e.g., McCann & Johnston, 1992; Pashler, 1984; Pashler 
& Johnston, 1989; Smith, l 967b; Welford, 1980). According 
to single-channel models, PRP effects are caused by bottle
neck processes that can be engaged only by one reaction at 
a time. Any two processes from separate reactions can occur 
in parallel, except for bottleneck processes. Consequently, 
the two reactions can proceed in parallel up to the bottleneck, 
but then the second reaction must wait for the first reaction 
to clear the bottleneck before continuing. The effect of SOA 
on RT2 is due entirely to its effect on how long the second 
reaction must wait. At short SOAs, the second reaction is 
more closely preceded by the first at the bottleneck and must 
therefore wait longer before taking its tum. 

The Locus of PRP Effects 

Single-channel models differ with respect to what pro
cesses constitute the bottleneck. For example, Broadbent's 
original filter theory of attention (Broadbent, 1958) proposed 
that the bottleneck occurred during stimulus identification. 
Other models have placed the bottleneck at a more central 
stage involving decision or stimulus-response translation 
processes (McCann & Johnston, 1992; Pashler, 1984; Pa
shler & Johnston, 1989; Smith, l 967b; Welford, 1952, 1980). 
Still others have placed the bottleneck at the level of response 
initiation (Keele, 1973). Finally, it has been proposed that 
PRP effects will occur only if the first reaction reaches the 
point at which an overt response can no longer be inhibited 
(Logan & Burkell, 1986). 

Early work bearing on this question sought to dissociate 
the contributions to the PRP effect of the stimulus and re-

sponse in the first reaction. One way is to present the first 
stimulus without requiring a response. Unfortunately. the re
sults appear to depend on whether the second stimulus is 
involved in a simple or choice reaction. The mere presen
tation of an attended stimulus can produce PRP effects on 
simple RT, although not as large as when the stimulus re
quires a response (Fraisse. 1957; Kay & Weiss, 196 l: but see 
Davis, l 959). There is no PRP effect, however, when the 
second stimulus signals a choice reaction (Borger, 1963; 
Davis, 1962; Logan & Burkell, 1986: Pashler & Johnston. 
l 989). 

Another possible way to dissociate stimulus and response 
contributions to the PRP effect is to use a go/no-go task as 
the first reaction. A PRP effect on choice RT has been found 
on both go and no-go trials and is larger in the former (Ber
telson & Tisseyre, 1969; de Jong, 1993; Smith, l967a). Re
sults in a related paradigm, however, appear to be at odds 
with a PRP effect on no-go trials. Logan and Burkell (1986) 
had subjects perform a choice reaction task under conditions 
in which the stimulus was occasionally followed by a coun
termanding signal. This later signal instructed them to with
hold the original response and execute a new one. A PRP 
effect on the RT to the countermanding signal was found only 
when subjects failed to inhibit the original response. 

A different approach to identifying the bottleneck has been 
to manipulate factors that selectively influence known pro
cessing stages in the second reaction (Pashler, 1984: Pashler 
& Johnston, 1989). As noted, single-channel models attribute 
PRP effects to a delay before engaging the bottleneck pro
cesses. According to additive factors logic (Sternberg, 1969). 
prolonging processes that occur during or after the bottleneck 
should therefore have additive effects with SOA on RT2. In 
contrast, according to critical path logic (Schweickert, 1978 ), 
the effects of prolonging processes before the bottleneck 
should be absorbed by the delay and therefore reduced at 
shorter SOAs. Additive effects with SOA on choice RT have 
been found for response type (Pashler, 1984), stimulus
response repetition (Pashler & Johnston, 1989), and several 
types of stimulus-response compatibility (McCann & Johns
ton, 1992). Underadditive effects with SOA on choice RT 
have been found for stimulus intensity (Pashler, 1984; Pa
shier & Johnston, 1989) and the Simon effect (McCann & 
Johnston, 1992). These findings have led some to conclude 
that stimulus-response translation processes constitute the 
bottleneck (McCann & Johnston, 1992; Pashler, 1984; Pa
shier & Johnston, 1989). 

Lateralized Readiness Potential 

We sought to discover the locus of PRP effects by means 
of the Lateralized Readiness Potential. The LRP is closely 
connected with the differential engagement of the two hands 
and, as its name suggests, is believed to be the lateralized 
portion of the readiness potential (Coles, 1989; de Jong et al., 
1990; Gratton, Coles, Sirevaag. Eriksen, & Donchin, 1988; 
Smid, Mulder, Mulder, & Brands, 1992). The readiness po
tential is a slow, negative wave observed preceding sponta
neous movements of the distal limbs (Kornhuber & Deecke, 
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1965; Vaughan, Costa, & Ritter, 1968). 1 The later part of this 
wave is largest contralateral to the responding hand and is 
believed to arise primarily from activity in the precentral 
motor cortex (Arezzo & Vaughan, 1975, 1980; Brunia, 1988; 
Coles, 1989; Deecke, 1987; Ikeda & Shibasaki, 1992). 

The LRP is a waveform representing electrical potential 
over time. It is recorded during choice reaction time tasks 
from electrode sites C3' and C4'. These electrode sites are 
located over the left and right motor cortices, where previous 
research (Kutas & Donchin, 1980) has found the readiness 
potential to be largest during hand movements. 2 Let the po
tentials recorded at these sites at time t be denoted by C3'(t) 
and C4' (t). Let the difference between these sites when a left
or right-hand response is signaled be denoted left hand 
[C3'(t)- C4'(t)] and right hand [C3'(t)- C4'(t)]. Then the 
LRP at time t is defined as: 

LRP{t) = left hand (C3'{t) - C4'(t)] 
(1) 

- right hand (C3'(t) - C4'(t)]. 

The actual measurement of the LRP involves three steps. 
First, a waveform representing the differences in potential 
between the two electrode sites is obtained on each trial. 
Next, the waveforms for left- and right-hand trials are av
eraged separately. Averaging a set of waveforms involves 
averaging the voltages at corresponding time points. Finally, 
the average waveform for right-hand trials is subtracted from 
the average waveform for left-hand trials. This involves tak
ing the difference between voltages at corresponding time 
points. The resulting LRP will be positive when there is 
greater electrical potential (more negativity) contralateral to 
the response hand and negative when there is greater elec
trical potential ipsilateral to the response hand. 

The LRP has a number of properties that make it especially 
well suited to study PRP effects. One property arises from the 
subtraction involving the left-hand and right-hand terms in 
Equation l. This allows differences between the two elec
trode sites that do not depend on the identity of the signaled 
hand to be canceled out. For example, a subject might be 
biased to prepare a particular hand before the onset of the 
response signal or the class of stimuli used might tend to 
engage one hemisphere more than the other. Because these 
effects would be expected to occur regardless of the signaled 
hand, they would be canceled by the subtraction. The LRP 
therefore reflects only that portion of the lateral asymmetry 
that varies with the signaled response hand. 

This property may enable us to measure separately the LRP 
associated with each of two concurrent reactions, even when 
they involve the same hand. The LRPcan be calculated sepa
rately for each reaction by using the responses in that reaction 
to define the left-hand and right-hand trials in Equation l. 
When the left-hand and right-hand terms contain equal con
tributions from the other reaction, the contributions will be 
canceled by the subtraction. We might expect equal contri
butions to occur when left-hand and right-hand responses for 
the two reactions are paired together equally often, and there 
are no subtle sequential effects (e.g., different left-hand re
sponses following left-hand than following right-hand re-

sponses). Moreover, the contribution of the other reaction to 
the left-hand and right-hand terms will be attenuated even 
before the subtraction. because it will contain both left-hand 
and right-hand responses with opposing patterns of lateral
ization. 

Another property arises from alternative definitions of 
time ( t) in Equation l. The LRP for a particular reaction (i.e., 
first or second) can be either stimulus- or response-locked. 
Stimulus-locked (S-locked) means that each point in the LRP 
is based on points from individual trials that follow the stimu
lus for the reaction by the same amount of time. Response
locked (R-locked) means that each point in the LRP is based 
on points from individual trials that precede the overt re
sponse (RT) for the reaction by the same amount of time. The 
interval between the stimulus and S-locked LRP is related to 
the duration of the processes that occur before the start of the 
LRP, and the interval between the R-locked LRP and RT is 
related to the duration of the processes that occur after the 
start of the LRP. By examining which of these two intervals 
are affected by an experimental manipulation, it is possible 
to determine whether the manipulation 's effects on RT occur 
before or after the start of the LRP. With respect to PRP 
effects, this can help us to discover where the effects of SOA 
on RT occur within the second reaction. 

Finally, a related property is that the LRP for one reaction 
can be time-locked to the stimulus or response of the other. 
In the present study, we are concerned with the LRP from the 
second reaction time-locked to the response from the first 
reaction (RTl). Here Equation 1 is applied to the second 
reaction (i.e., "left" and "right" refer to the second reaction), 
but each point in the LRP is based on points from individual 
trials that precede or follow the first response by the same 
amount of time (i.e., t is defined using RTl). Of particular 
interest is the presence and timing of a second-reaction LRP 
before RT 1. Its presence indicates preparation of the second 
response before overt execution of the first response, and its 
timing can help determine when the first reaction ceases to 
interfere with the second. 

Objectives of the Present Study 

These three properties of the LRP in combination with the 
single-channel hypothesis may enable us to elucidate further 
the locus of dual-task interference. The present study has 
three objectives, each related to one of the previously dis
cussed properties. 

The first objective is to determine empirically whether it 
is actually possible to measure separately the LRP associated 
with each of two concurrent reactions. To accomplish this, 
we examine whether the LRP measured for each reaction is 

1 The term Readiness potential is used here to designate the 
entire complex of premovement activity. Strictly speaking, how
ever, it refers only to the initial portion of this activity. 

2 Electrode sites C3' and C4' are located near (as indicated by 
the prime) standard sites C3 and C4 of the International 10/20 
System (Jasper, 1958). Further information concerning their loca
tion can be found in the Method section of Experiment I. 
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affected by the presence of another reaction, the response 
made in the other reaction, and the temporal overlap between 
the two reactions. Such effects could arise from measurement 
artifacts due to the presence of two LRPs or from real in
teractions between the processes involved in the two reac
tions. Valid measurement, therefore, does not necessarily im
ply that the LRP for each reaction will be unaffected by the 
other reaction. Finding independence, however, would pro
vide evidence that separate measurement of concurrent LRPs 
is possible. Such measurement is a prerequisite for pursuing 
the other two objectives. 

The second objective is to determine whether the bottle
neck begins before the processes that produce an LRP. To 
accomplish this, we compare the effects of SOA on RT2 with 
its effects on the timing of the S- and R-locked LRPs for the 
second reaction. According to single-channel models, the ef
fects of SOA on RT2 are due to how long the second reaction 
must wait to enter the bottleneck after having completed all 
earlier stages of processing. If any of these earlier stages 
produce an LRP, we would expect SOA to affect the interval 
between LRP onset and the response but not the interval 
between the stimulus and LRP onset. If all processes that 
produce an LRP occur in or after the bottleneck, we would 
expect SOA to affect the interval between the stimulus and 
LRP onset but not the interval between LRP onset and the 
respouse. 

The third objective is to help discover where the bottleneck 
ends. To accomplish this, we examine the LRP for the second 
reaction time-locked to the first response. Of particular in
terest is whether the LRP for the second reaction precedes 
RTl and, if so, by how long. The interpretation of a second
reaction LRP prior to RT! depends on the results concerning 
the start of the bottleneck (Objective 2). If the second re
action can only produce an LRP after it has entered the bottle
neck, then, according to single-channel models, the presence 
of this LRP would imply that the first reaction had already 
left the bottleneck. The time by which the second-reaction 
LRPs precedes RTI would then provide a conservative es
timate of the duration of the postbottleneck portion of the first 
reaction. 

Experiment l 

To measure LRPs within the PRP paradigm, it is necessary 
that each reaction involve two alternative responses made 
with the opposite hands or feet. In Experiment l, the first 
reaction involved a keypress with the left or right index fin
ger, and the second reaction involved a keypress with the left 
or right middle finger. The first stimulus was a high or low 
tone, and the second stimulus was one of two visually pre
sented letters. The two stimuli could be separated by one of 
three SOAs, which were randomly mixed within each block 
of trials. Each block also contained "catch" trials in which 
only the first signal was presented. Catch trials were included 
to discourage subjects from grouping their responses (see 
later discussion) and provided an opportunity to measure the 
LRP for a single reaction in isolation. 

Method 

Subjects. Eleven undergraduate students from the University of 
California, San Diego <UCSDl Psychology Department subject 
pool were each tested individually in a single 3-hour session. Sub
jects fulfilled a course requirement during the first 2 hours and were 
paid $5 for the third. 

Apparatus. Stimulus presentation and data acquisition were 
controlled by a Dell System 200 personal computer. Auditory 
stimuli were presented over a speaker in the computer chassis. Vis
ual stimuli were presented on a Dell VGA Color Plus monitor at a 
viewing distance of approximately 50 cm. Manual responses were 
made by depressing the keys on a Dell Enhanced terminal keyboard. 
Psychophysiological signals were recorded using Ag/AgCI elec
trodes and a Grass Model 12 Neurodata Acquisition System. 

Stimuli. The stimuli consisted of a warning signal and response 
signals for the first and second tasks. The warning signal consisted 
of two yellow asterisks that each subtended and were separated by 
I. 7° of visual angle. The response signals for the first task were 440 
Hz and 880 Hz tones of 20-ms duration, and the response signals 
for the second task were red Ls and Rs that subtended .8 X 1.6" of 
visual angle. 

Design. Each block of trials consisted of 64 trials presented in 
a random order. Three quarters of the trials involved both tasks. On 
these "dual-task" trials, the first signal indicated a left- or right-hand 
response, the second signal indicated a left- or right-hand response, 
and the onsets of the two signals were separated by one of three 
intervals (50, 200, and 500 ms). Each of these 12 <2 X 2 X 1) 
combinations occurred equally often. The remaining quarter of the 
trials were catch trials in which only the first signal was presented, 
indicating a left- or right-hand response equally often. 

Procedure. At the beginning of each session, subjects were 
given instructions that described the tasks and explained how the 
recording electrodes would be applied. Task instructions empha
sized that both responses should be made as quickly as possible 
while maintaining a high degree of accuracy. However, subjects 
were encouraged to focus on the first task, even at the expense of 
speed or accuracy on the second task. They were also warned 
against "grouping" the two responses (i.e., executing both as a cou
plet after attending to both signals) and told that the purpose of the 
catch trials was to discourage such behavior. 

Each session consisted of 2 practice and 10 experimental blocks. 
During the first practice block, the experimenter observed subjects 
and offered feedback on their performance. Electrodes for mea
suring psychophysiological activity were then applied (see Record
ing section). Subjects' electroencephalographic and electrooculo
graphic activity were displayed for them on a monitor and the 
effects of eye movements on electroencephalographic recordings 
demonstrated. Subjects were asked to fixate the warning signal dur
ing each trial and to avoid eye movements and blinks witile it was 
present on the screen. Next, a second practice block was admin
istered to further familiarize subjects with the tasks and give them 
practice minimizing eye movements. During this block, the ex
perimenter monitored eye movement from another room and of
fered feedback via a two-way intercom. Finally, the 10 experimental 
blocks were administered. After each block, subjects received feed
back concerning their performance on the previous block and were 
allowed to rest for as long as they wished. The feedback consisted 
of the mean RT for the first response and the percentage of trials 
on which both responses had been correct. 

Subjects sat facing the monitor with their fingers resting com
fortably on the number pad of the keyboard. The right and left index 
fingers were positioned on the 8 key and the 2 key at 90° and 270°. 
The right and left middle fingers were positioned on the 6 key and 
the 4 key at 180° and0°. This arrangement (up-down and left-right) 
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was chosen to make the two response pairs spatially distinct, so that 
their anatomical similarity (index fingers and middle fingers) would 
not cause them to be confused. 

Each trial began with the presentation of the warning signal (two 
asterisks), which remained on the screen until the end of the trial 
(2,900 ms). After 900 ms, a high or low tone (SI) was presented, 
signaling a keypress (RI) with the right (90°) or left (270°) index 
finger. On catch trials, no further event occurred until the warning 
signal vanished. On dual-task trials, a letter (S2) appeared between 
the asterisks 50, 200, or 500 ms after the tone. The letter was an R 
or Land signaled either a keypress (R2) with the right ( 180°) or left 
(0°) middle finger. At the end of the trial, the letter vanished along 
with the warning signal. The onsets of the warning signals on suc
cessive trials were separated by 6 s plus the time for any error 
message. If either of the two responses was incorrect or too slow 
(RT!> 1,200 ms; RT2 > 1,500 ms), the word "ERROR" appeared 
for 500 ms just below where the warning signal had been, and the 
trial was rerun at the end of the block. 

Recording. Electroencephalographic (EEG) and electrooculo
graphic (EOG) activity was recorded on each trial. EEG activity was 
recorded bipolarly from electrode sites C3' and C4', 4 cm to the left 
and right of the standard electrode site Cz (vertex) along the in
teraural line (International 10/20 System; Jasper, 1958). Vertical and 
horizontal EOG activity was recorded bipolarly from sites above 
and below the midpoint of the right eye and 2 cm external to the 
outer canthus of each eye. These signals were digitized at a rate of 
100 Hz for a recording epoch of 3,000 ms, starting JOO ms before 
the warning signal on each trial. EEG was filtered on-line with a 
bandpass (half-power) of 0. I to I 00 Hz, and EOG was filtered 
on-line with a bandpass (half-power) of 0.01 to 100 Hz. 

Data reduction. RT was defined as the interval between stimu
lus onset and microswitch closure. A correct trial was defined as one 
on which microswitch closure occurred for the signaled keys only, 
the response to the first signal preceded the response to the second 
signal (on dual-task trials), RTl was less than 1,200 ms, and RT2 
was less than 1,500 ms (on dual-task trials). 

LRPs were based on correct trials without excessive eye move
ment. Both S- and R-locked waveforms were obtained for the first 
and second reactions (Equation 1 ). S-locked waveforms were ad
justed by subtracting the average voltage during a baseline interval 
200 to IO ms preceding the stimulus, and R-locked waveforms were 
adjusted by subtracting the average voltage during a baseline in
terval 1,000 to 750 ms before the RT. 

Onsets were determined for the S- and R-locked LRPs from 
individual subjects. These LRPs were first smoothed using a low
pass digital filter with a one-half power cutoff of 8.8 Hz. A separate 
criterion was then defined for each of four sets of LRPs from each 
subject (the S- and R-locked waveforms for the first and second 
reactions). The maximum amplitude was determined for each wave
form within a set (one waveform for each SOA as well as catch trials 
for R 1 ), these amplitudes were averaged, and the criterion was set 
at 25% of the average. The onset of a given waveform was defined 
as the point at which it began to consistently maintain an amplitude 
above the criterion. This required that both the onset and the average 
voltage of each of the next two 50-ms intervals were above the 
criterion. Magnitudes were also calculated for R-locked waveforms 
from individual subjects.3 These were obtained by averaging the 
voltages at time points during the 750 ms preceding the RT. 

Finally, we obtained LRPs for the second reaction that were 
time-locked to the first response (RTI). These waveforms were 
adjusted by su.btracting the average voltage during a baseline in
terval 750 to 500 ms before RTL The onsets of the waveforms for 
individual subjects were determined after they had been smoothed 
using a low-pass digital filter with a one-half power cutoff of 8.8 
Hz. These onsets were determined by a more sensitive, but less 
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Figure I. Mean reaction time and percentage correct for the first 
(RI) and second (R2) tasks at each stimulus onset asynchrony 
(SOA) and for the first task on catch trials. 

precise, measure than that used with the other types of LRP. A 50-ms 
window was slid backward in time from the peak of the waveform 
in IO-ms steps, and a statistical test was performed at each step. The 
test was a one-tailed t test with a 95% confidence level that the mean 
voltage within the window exceeded the mean voltage within the 
baseline interval. Onset was defined as the latest time point in the 
first window that failed this test. 

Results 

Overt peifonnance. Figure 1 shows the mean RT and 
percentage of correct trials for each trial type averaged across 
subjects. Trial type is shown on the horizontal axis, and mean 
RT and percentage correct are shown on the left and right 
vertical axes. The top, middle, and bottom lines show the 
mean RT for second responses on correct trials, the mean RT 
for first responses on correct trials, and the percentage of 
correct trials at each level of SOA, respectively. The top and 
bottom points on the far right correspond to the mean RT for 
correct responses on catch trials and the percentage of correct 
catch trials. 

It can be seen here that a strong PRP effect was obtained. 
There was a large effect of SOA on mean RT for the second 
response (787 ms, 631 ms, and 508 ms for short [SJ, medium 
[M], and long [L], SOAs, respectively), F(2, 20) = 245.59, 
p < .001. The slope between RTs at short and medium SO As 
is -1.04, a nearly equivalent trade-off between SOA and RT. 
Mean RT for the first response was also affected by SOA (S 
= 571 ms, M = 544 ms, and L = 539 ms), F(2, 20) = 8.69, 
p < .002. However, the magnitude of the effect was small, 
and the mean RTs for the first response at medium and long 
SOAs were not significantly different from the mean RT on 

3 We calculated LRP magnitude for R-Jocked averages but not 
for S-locked averages. After the RT, the direction of LRP growth 
sharply reverses, sometimes causing the waveform to reverse po
larity. Because of variability in RT, pre-RT activity and post-RT 
activity are averaged together in the S-locked LRPs. 
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Figure 2. Vincentized cumulative distribution functions (CDFs) 
of reaction times for the first (RTl) and second (RT2) tasks. (CDFs 
are shown for each task at each stimulus onset asynchrony and for 
the first task on catch trials.) 

catch (C) trials (538 ms), F(2, 20) = 0.49, p > .6. Finally. 
the percentages of correct trials provide little indication that 
a speed-accuracy trade-off contributed to the effects of SOA 
on RT (S = 94%, M = 96%, and L = 94% ), F(2. 20) = 1.28. 
p > .2. 

Figure 2 shows that the effects of SOA were quite robust. 
Shown here are cumulative distribution functions (CDFs) of 
reaction times for correct trials at each SOA and on catch 
trials. The vertical axis indicates the proportion of RTs less 
than or equal to the values on the horizontal axis. Each func
tion was obtained by averaging the percentiles (Vincentizing) 
from the individual subjects. 4 The first responses are shown 
in the top panel and the second responses in the bottom panel. 
We see here that the effects of SOA on the second response 
are spread across the entire reaction time distribution. We can 
also see that the entire RT l distributions for catch trials and 
trials with medium and long SOAs are quite similar and that 
the increase in mean RT at the shortest SOA (see Figure I) 
is representative of a large portion of the distribution. 

LRPs for the first reaction. Grand average LRPs for the 
first reaction are displayed in the top two panels of Figure 3. 
S-Iocked LRPs are shown in Panel A. and R-locked LRPs are 
shown in Panel B. The horizontal and vertical axes in each 
panel represent time and voltage, the vertical lines in Panel 
A indicate the onsets of the warning and response signals, and 
the vertical line in Panel B indicates the time of microswitch 
closure. The four waveforms in each panel were obtained by 
averaging the unfiltered waveforms from individual subjects. 
Each was recorded at one of the three SO As or on catch trials. 
If the first reaction was unaffected by the presence or amount 
of overlap with the second, and if LRPs can be measured 
separately for each reaction, then there should be no sys
tematic difference between the LRPs at each SOA and on 
catch trials. A systematic effect would be one related to the 
amount of overlap with the second reaction (short SOA > 
medium SOA > long SOA > catch trials). 

From Figure 3, it can be seen that the LRPs in all four 
conditions are similar but not identical. The R-locked grand 
averages have similar onsets (S = -390 ms, M = -390 ms, 
L = -390 ms, C = -380 ms). similar peak latencies (S = 
-110 ms, M = -120 ms. L = -140 ms, C = -110 ms), and 
similar magnitudes prior to the response (S = 1.555 µ V, M 
= l.818 µV, L = l.825 µV, C = l.614 µV). The S-locked 
grand averages have similar onsets (S = 160 ms, M = 160 
ms, L = 160 ms, C = 170 ms) and similar peak latencies (S 
= 310 ms, M = 310 ms, L = 320 ms, C = 340 ms), although 
that for catch trials is a bit later than the rest. The later por
tions of the LRPs (after the response in the R-locked wave
forms and after about 500 ms in the S-locked waveforms) 
clearly differ across conditions but do not seem to be sys
tematically related to the amount of overlap with the second 
reaction. 

4 Vincentizing involves averaging the values associated with a 
fixed probability level across probability functions (Thomas & 
Ross, 1980). We applied it here to combine individual subjects' RT 
distributions (see Figures 2 and 6). In effect. this involved aver
aging the abscissa values (times) associated with each ordinate 
(probability). 
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An analysis of the waveforms from individual subjects 
confirmed most, but not all, of the results apparent in the 
grand averages. Onsets, peak latencies, and preresponse 
magnitudes were calculated for the average waveforms of 
each subject at each SOA and on catch trials. The R-locked 
waveforms did not differ significantly with respect to their 
onsets (S = -366 ms, M = -436 ms, L = -441 ms, C = -391 
ms), F(3, 30) = 1.062, p > .3, peak latencies (S = -150 ms, 
M = -155 ms, L = -178 ms, C = -148 ms), F(3, 30) = 
1.278, p > .3, or preresponse magnitudes (same mean values 
as the grand averages), F(3, 30) = 0.576, p > .6. The 
S-locked waveforms did not differ significantly in their on
sets (S = 165 ms, M = 159 ms, L = 171 ms, C = 185 ms), 
F(3, 30) = 0.938, p > .4, but their peak latencies differed in 
a marginally significant and systematic way (S = 301 ms, 
M = 324 ms, L = 336 ms, C = 348 ms), F(3, 30) = 2.596, 
p <.I. 

LRPs for the second reaction. If the PRP effect occurs 
before the processes that give rise to the LRP, the slowing 
of RT2 at shorter SOAs should be accompanied by delayed 
S-locked onsets; if the PRP effect occurs after the start of 
the LRP, the slowing of RT2 at shorter SOAs should be ac
companied by an increase in the interval between LRP on
set and RT2. To evaluate these alternatives, we performed 
two analyses. The first examined the overall effects of 
SOA on the S-Iocked and R-locked LRPs for the second 
reaction. These LRPs can be seen in the bottom two panels 
of Figure 3. The S-locked waveforms (Panel C) were de
layed at shorter SOAs, just like RT2 (see Figures 1 and 2). 
The onsets of the grand averages (S = 370 ms, M = 290 
ms, L = 270 ms) decreased with longer SOAs, as did the 
onsets of the waveforms from individual subjects (S = 374 
ms, M = 296 ms, L = 255 ms), F(2, 20) = 13.0, p < 
.00 I. A similar pattern was found for the peak latencies of 
the grand averages (S = 500 ms, M = 450 ms, L = 400 
ms) and of the waveforms from individual subjects (S = 
526 ms, M = 438 ms, L = 399 ms), F(2, 20) = 8.825, p 
< .002. 

The R-locked waveforms (Panel D) present a more com
plicated picture. SOA did not have a clear-cut systematic 
effect on LRP onset. Although the grand averages cross the 
criterion for onset at different times (S = -300 ms, M = 
-310 ms, L = -180 ms), they first arise at roughly the 
same time. Moreover, the effect of SOA on individual sub
jects' waveforms was nonmonotonic and did not reach sig
nificance (S = -293 ms, M = -325 ms, L = -253 ms), 
F(2, 20) = 2.142, p > .1. However, SOA clearly had a 
systematic effect on the peak amplitudes, which differed 
between the grand averages (S = 3.52 µ V, M = 4.42 µ V, 
L = 6.29 µ V) and the waveforms from individual subjects 
(S = 4.66 µ V, M = 5.37 µ V, L = 7.02 µ V), F(2, 20) = 
12.889, p < .001. Peak latencies were similar for all grand 
averages (-80 ms at all SOAs) and did not differ signifi
cantly for the waveforms from individual subjects (S = 
-121 ms, M = -119 ms, L = -95 ms), F(2, 20) = 1.525, 
p > .2. The preresponse magnitudes were also similar for 
all grand averages (S = 1.048 µV, M = 1.382 µV, L = 
1.276 µ V) and did not differ significantly for individual 
subjects' waveforms, F(2, 20) = 1.018, p > .3. 

The second analysis examined the direct re;ation between 
the PRP effect {i.e .. of SOA on RT2l and the two inter\·ah 
of interest: the time by which LRP onset followed the second 
stimulus and the time by which LRP onset preceded RT2. 
PRP effects for each subject were indexed by the change in 
median RT2 with SOA (see Figure 2). The relation between 
PRP effects and the two LRP intervals was therefore deter
mined for each subject by calculating two regression lines: 
one between their median RT2s (X) and S-locked LRP onsets 
(Y) at the three SOAs; and the other between their median 
RT2s (X) and R-locked LRP onsets (Y) at the three SOAs. 
The slopes of these lines indicate whether RT2 and each of 
these two intervals were similarly affected by SOA. Finally. 
we averaged the slopes of each of the two lines across all 
subjects. The mean slope of the line for S-locked onsets was 
positive and significantly greater than zero (Mean = .47). 
t(lO) = 3.340, p < .01. The mean slope of the line for 
R-locked onsets was not significantly different from zero 
(Mean= .14), t(lO) = 0.896, p > .3. This indicates that the 
PRPeffects on RT2 occurred before the second reaction gave 
rise to an LRP. 

Effects of each reaction 011 the LRPs .for the other. To 
determine whether it is possible to measure separately the 
LRPs associated with each of two concurrent reactions, we 
examined whether the measurements obtained for each re
action depended on the response hand involved in the other. 
LRPs for each reaction were calculated separately for trials 
on which the other reaction involved right- and left-hand 
responses, and the former were subtracted from the latter 
(e.g., LRPs for the first reaction when the second reaction 
involved a right-hand response were subtracted from LRPs 
for the first reaction when the second reaction involved a 
left-hand response). This procedure was performed sepa
rately for the S- and R-locked LRPs for each reaction at each 
SOA for each subject. The results of this subtraction are 
shown at the bottom of the four panels in Figure 3. Each panel 
contains three grand average left-right difference wave
forms, each of which corresponds to the LRP at one SOA in 
the upper portion of the panel. Measurement artifacts that 
depend on the polarity and magnitude of the other reaction's 
LRP should cause these waveforms to deviate from zero. 
with increasing effects at shorter SO As. An impression of the 
magnitude of such effects can be obtained by comparing the 
waveforms at the bottom of each panel with those displayed 
above. 

Which response occurred in one reaction did not have 
much of an effect on the LRPs measured for the other. Four 
separate analyses of variance (ANOVAsl, one corresponding 
to each panel, were performed on the left-right differences 
from individual subjects at each SOA. The dependent vari
able in the S-locked cases was the average difference during 
the I s following the stimulus, and the dependent variable in 
the R-locked cases was the average difference during the 750 
ms preceding the RT. In one case the difference from zero 
was marginally significant: Pane 1 A mean = -0. 157 µ, V. F( I, 
10) = 3.575,p < .l; Fs(l, 10) = 0.557. 0.11. and 1.062. 
respectively, for Panels B to D. In no case, however, was 
there an effect of temporal overlap between the two reactions 
(i.e., of SOA), Fs(2, 20) = 1.170. 1.243, 0.582. and 0.602. 
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Figure 4. Second-task lateralized readiness potentials (LRPs) time-locked to first-task reaction 
time (RTI) at short and long interresponse intervals (IRls). (The top portion of the panel shows the 
LRPs, and the bottom portion shows the effects on these LRPs of which response occurred in the 
first task.) 

respectively, for Panels A to D.5 A grand ANOVA was also 
performed on the differences represented in all four panels, 
with reaction (first vs. second), time-locking (stimulus vs. 
response), and SOA as factors. The mean voltage did not 
differ significantly from zero, F(l, IO) = 1.052, p > .3, and 
there was no significant effect of SOA, F(2, 20) = 0.541, 
p > .5. 

Second-reaction LRPs time-locked to the first response. 
The purpose of this analysis was to determine by how long 
preparation for the second response could precede the overt 
execution of the first response. To ensure that such prepa
ration was not the result of grouping (which could involve 
deliberately delaying RT l until the second response had been 
prepared), the 10% of each subject's trials with the slowest 
RT ls was excluded from the analysis.6 The median of each 
subject's RT1-RT2 intervals was then used to divide their 
dual-task trials, regardless of SOA, into two categories. Two 
average waveforms, based on trials with long versus short 
inter-response intervals (IRls), were calculated for each sub
ject. These waveforms were of the LRP associated with the 
second reaction (Equation I) but were based on recordings 
from individual trials that were time-locked to RTI. 

Figure 4 shows the grand averages of the second-reaction 
LRPs time-locked to the first response. The LRP on the left 
is from trials with short IRls, the LRP on the right is from 
trials with long IRis, and the vertical line indicates RT I. The 
present analysis focuses on the earliest possible time that the 
presence of an LRP can be reliably detected. We therefore 
used a more sensitive, but less precise, measure of onset than 
for the preceding LRP analyses (see Data Reduction section). 
Not surprisingly, IRI had a large effect on the time between 
RT l and the onset of the grand average LRP (Short = -240 
ms and Long = 10 ms). This finding was confirmed by an 
analysis of the waveforms from individual subjects (Short = 
-172 ms and Long= 7 ms), t(lO) = 3.930, p < .003. More 
interestingly, there appears to be activity associated with the 
second reaction considerably before overt execution of the 
first response, at least on trials in which RT2 follows close 
on the heels of RT I. 

Table l presents information concerning the short IRI 
waveforms from individual subjects. Shown here is the onset 
of each subject's LRP, as well as the range of IRis, range of 
RT ls, and RTI cutoff for the trials on which the waveform 
was based. It can be seen here that the onsets for individual 
subjects varied considerably. This variation could be due in 

part to differences in IRI, residual grouping, or an inability 
to detect initial LRPs. Nevertheless, over half of the subjects 
produced second-reaction LRPs that began 200 ms or more 
before the overt execution of the first response. This overlap 
between the two responses occurs for a considerable pro
portion of RT I, as can be seen by comparing LRPonsets with 
the RTl ranges. With shorter IRis, this overlap might have 
been greater yet. If the LRP for the second reaction does not 
begin before this reaction enters the bottleneck, it could not 
arise until the first reaction had departed. It therefore appears 
that the first reaction can emerge from the bottleneck con
siderably before RT I. 

Discussion 

LRP measurements were used to determine where the 
bottleneck responsible for PRP effects occurs within the RT 
interval. To discover where the bottleneck begins, we ob
served whether PRP effects were associated with changes in 
S- or R-locked LRP onset. To obtain evidence about where 
the bottleneck ends, we measured the time by which the LRP 
for the second reaction preceded the first response. Before 
using the LRP to investigate PRP phenomena, however. it 
was first necessary to satisfy two preconditions: We had to 
produce bona fide PRP effects, and we had to demonstrate 
that it was possible to measure separately the LRP for each 
of two concurrent reactions. 

The PRP effects on RT were robust and similar to those 
typically found. The second reaction was considerably 
slowed as the interval (SOA) between the two stimuli de
creased. At the shorter SOAs, there was almost perfect 
reciprocity between RT2 and SOA (i.e., a slope close to -1 
in the RT2/SOA function). In contrast, RT for the first re
action was for the most part unaffected by whether (dual-

s An effect of the concurrent LRP should increase with overlap 
between the two reactions. Differences from zero that do not 
interact with SOA could be due to random variability in the base
line averages used to define zero (see Data Reduction section). 

6 Excluding trials with the slowest RT ls will result in a more 
conservative test. At least some (and perhaps all) of the excluded 
trials will not involve grouping, and these trials will tend to have 
short interresponse intervals. Short interresponse intervals provide 
greater opportunity for the second-reaction LRP to precede RT!. 
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Table l 
R2 LRPs Time-Locked to RTJ from Short /RI 
Trials in Experiment I 

Subject Onset (ms) IRI (ms) RTl (ms) Cut (ms) 

I -200 166--258 334-701 731 
2 -250 255-391 287-746 810 
3 -120 204-337 341-703 757 
4 -380 196--276 483-865 912 
5 30 183-254 332-637 675 
6 -70 160-262 315-685 720 
7 -10 133-254 340-671 690 
8 -260 215-323 286--700 750 
9 -260 169-228 370-703 735 

10 -300 148-282 451-889 937 
II -70 186--287 319--487 512 
M -172 183-287 351-708 748 

Note. IRI = interresponse interval; RTJ = first reaction time. 
Onset is measured with respect to RTL IRI and RTI ranges extend 
from the 5th to the 95th percentile. Cut refers to the RTI criterion 
(upper bound) for including trials in the analysis. 

task vs. catch trials) or when (SOA) the second reaction 
was called for. 

The results also suggest that it is possible to measure the 
LRP associated with each of two concurrent reactions sepa
rately. Such measurement requires that the LRPs obtained for 
each reaction be uninfluenced by the presence, timing, or 
form of another LRP. The LRPs recorded for the first reaction 
were hardly affected by whether the second reaction (and 
hence its LRP) occurred or the temporal overlap between the 
two reactions. There was also little or no effect of the polarity 
of the other LRP. The LRPs measured for each reaction were 
little affected by whether the other reaction involved a Ieft
or right-handed response, and there was no indication that 
such effects increased with the temporal overlap between the 
two reactions. 

Let us now consider the locus of the processing bottleneck. 
It appears that the effects of SOA on RT2 occurred entirely 
before the onset of the LRP for the second reaction. SOA had 
similar effects on both RT2 and S-locked LRP onset but not 
on RT2 and R-locked LRP onset: S-locked LRP onset in
creased at shorter SOAs, and the magnitude of this increase 
was positively correlated with the increase in RT2; R-locked 
LRP ons~t was not systematically affected by SOA, and 
changes m R-locked LRP onset with SOA were not corre
lated with changes in RT2. According to single-channel mod
els, SOA affects the duration of a waiting period just before 
the second reaction enters the bottleneck. If the entire effect 
of SOA precedes the LRP for the second reaction, so must 
the waiting period. Since the bottleneck processes immedi
ately follow the waiting period, they must begin no later than 
the LRP. 

The interference produced by the first reaction on the sec
ond ended, at least in some cases, well before the first re
sponse became overt. The LRP for the second response began 
200 ms or more before RT I in over half of the subjects. Since 
the entire effect of SOA on RT2 preceded the LRP for the 
second reaction, the presence of this LRP indicates that SOA
modulated interference had ended. If such interference arises 
only while the first reaction preempts the second at the bottle-

neck, then the first reaction must have (at least sometimes) 
emerged from the bottleneck well before RTI. This would 
imply that the bottleneck does not necessarily include the 
very latest stages of response preparation. 

A remaining mystery concerns the effects of SOA on the 
~o~hology of the LRP for the second reaction. Although the 
t1~mg (onset and peak latencies) and area were not system
atically affected, peak magnitude increased with SOA. These 
changes make it more difficult to characterize the timing of 
the R-locked LRPs (see Figure 3) and thus complicate our 
inferences concerning the locus of PRP effects. One possible 
explanation is that the first signal acted as a precue for the 
second, reducing its temporal uncertainty. Perhaps the SOA 
co~~d be considered as an "aging" foreperiod, with the prob
abthty that the second signal will soon occur increasing until 
the moment it is presented (Adams, 1962; Elithom & 
Lawrence, 1955; Poulton, 1950). More peaked LRPs at 
longer SO As could arise if increased temporal certainty made 
late stages of response preparation more consistent in their 
timing. 

Experiment 2 

Experiment 2 was an attempt to replicate and refine the 
findings of Experiment l. As before. we examined whether 
it is possible to measure separately the LRPs associated with 
each of two concurrent reactions. Here we also included 
blocks of trials involving only a single reaction so as to com
pare the LRPs measured for the first and second reactions in 
isolation and in combination. We again used the timing of the 
LRPs for the second of two concurrent reactions to locate the 
processing bottleneck. To minimize differences in the mor
phology of this LRP at different SO As, we tried to minimize 
d.ifferences in the temporal uncertainty of the 2nd-response 
signal by holding SOA constant within each block of trials 
(Borger, 1963; Broadbent & Gregory. 1967; Creamer, 
1963). 7 

We also wanted to replicate the findings in Experiment I 
under conditions in which the two reactions involved dif
ferent sensory and response modalities. In Experiment 2, 
the first reaction involved a keypress with one of the two 
feet in response to a high or low tone, and the second re
action involved a keypress with one of the two index fin
gers in response to one of two visually presented letters. It 
was anticipated that the foot response would produce a 
pattern of lateralization opposite that found for the hand 
response. Greater activity at electrode sites ipsilateral to 
the responding foot has been observed previously in both 
the readiness potential (Boschert, Brickett, Weinberg, & 

7 Blocking SOA will not completely eliminate differences in 
temporal uncertainty. The variability of time estimates increases 
with interval (Snodgrass, Luce, & Galanter, I 967), and thus the 
temporal uncertainty of the second signal should increase with 
SOA. ~is is the opposite of the pattern predicted by an aging 
forepenod. Any effects of SOA, via temporal uncertainty, on LRP 
morphology should therefore be the opposite of those in Experi
ment I. 
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Deecke, 1983; Brunia & Van den Bosch, 1984) and contin
gent negative variation, a slow wave measured during the 
foreperiod in simple RT tasks (Brunia, 1980; Brunia & 
Vingerhoets, 1980). This "paradoxical" pattern of lateral
ization may seem surprising. since each foot is controlled 
by the contralateral hemisphere. It can be explained, how
ever, by the location and orientation of the motor pro
jection areas for the feet within the longitudinal fissure 
(Brunia, 1980; Brunia & Vingerhoets, 1980). 

Method 

Subjects. Twelve undergraduate students from the UCSD Psy
chology Department subject pool were each tested individually in 
a single 4-hour session. Subjects fulfilled a course requirement dur
ing the first 2 hours and were paid $10 for the remaining 2. None 
had participated in the previous experiment. 

Apparatus and stimuli. The apparatus was the same as in Ex
periment I, with the addition of two keys for foot responses. These 
keys were each 8 cm x 2.5 cm, separated by 10 cm (edge to edge), 
and mounted on a 22.5 cm x 14.5 cm platfonn that sloped from 4.0 
cm at the back to 1.5 cm at the front. The stimuli were also the same 
as in Experiment I, except that the letters 0 and X were used as 
response signals in the second task instead of the letters R and L. 

Design. There were 13 experimental blocks in each session. 
These were divided into three sets of three dual-task blocks and 
two sets of two single-task blocks. Each set of dual-task blocks 
contained one block at each level of SOA (50, 200, and 500 ms), 
and each set of single-task blocks contained one block involving 
each of the two tasks. The presentation of experimental blocks al
ways involved the following order: a dual-task set, a single-task 
set. a dual-task set, a single-task set, and a dual-task set. During a 
session, the same ordering was applied to the blocks within each 
dual-task set (one of six possible pennutations) and the blocks 
within each single-task set (one of two possible pennutations). 
Each of the 12 subjects received one of these 12 (6 x 2) possible 
orderings. 

Each experimental block consisted of 70 trials presented in a 
random order. On single-task blocks, each of the two responses were 
signaled equally often. On dual-task blocks, four fifths of the trials 
involved both tasks, with each combination of left and right re
sponses (2 X 2) signaled equally often. The remaining one-fifth of 
the trials were catch trials on which only the first signal appeared, 
indicating a left or right response equally often. 

Procedure. The instructions, procedure, and feedback were 
similar to those in Experiment I. At the beginning of each session, 
subjects were given instructions that described the tasks and ex
plained how the recording electrodes would be applied. The in
structions emphasized that both responses should be made as 
quickly as possible while maintaining a high degree of accuracy. 
Subjects were encouraged to focus on the first task, even at the 
expense of speed or accuracy on the second task. They were warned 
against grouping the two responses and were told that the purpose 
of the catch trials was to discourage such behavior. 

Each session consisted of 2 practice and 13 experimental blocks. 
Each practice block consisted of five IS-trial miniblocks, each cor
responding to one of the 5 block types (2 single-task and one dual
task miniblock at each of the three SOAs). During the first practice 
block, the experimenter observed the subjects and offered feedback 
on their perfonnance. Electrodes for measuring psychophysiologi
cal activity were then applied. EEG and EOG activity were dis
played for them on a monitor and the effects of eye movements on 
EEG recordings demonstrated. Subjects were asked to fixate the 

warning signal during each trial and to avoid eye movements and 
blinks while it was present on the screen. Next. a second practice 
block was administered to familiarize subjects further with the tasks 
and give them practice minimizing eye movements. During this 
block, the experimenter monitored eye movement from another 
room and offered feedback via a two-way intercom. Finally, the 13 
experimental blocks were administered in a different order for each 
subject (see Design section). After each block (or miniblock), sub
jects received feedback concerning their perfonnance and were al
lowed to rest for as long as they wished. The feedback consisted of 
the mean RT for the first (or only) response and the percentage of 
trials on which all the required responses had been correct. 

Subjects sat facing the monitor with their left and right index 
fingers resting respectively on the Z and I keys of the tenninal 
keyboard. Their big toes rested on the foot keys. with the ball of each 
shoeless foot supported by the platfonn. Each trial began with the 
presentation of the warning signal (two asterisks). which remained 
on the screen until the end of the trial (2.900 ms). After 900 ms, the 
signal for the first task was presented. On half of the single-task 
blocks, a high or low tone signaled a right- or left-foot response. On 
the other single-task blocks, the letter 0 or X was presented between 
the asterisks and signaled a right or left keypress. On dual-task 
blocks, the first task was always a foot response to a tone. On catch 
trials, no further event occurred until the warning signal vanished. 
On dual-task trials. the letter signal for a manual response followed 
the tone by the same SOA throughout the block. When presented 
in either single- or dual-task blocks, letter stimuli remained on the 
screen until the end of the trial and then vanished with the warning 
signal. The onsets of the warning signals on successive trials were 
separated by 6 s plus the time for any error message. If any response 
was incorrect or too slow (RTI > 1,200 ms; RT2 > 1,500 ms). the 
word "ERROR" appeared for 500 ms just below where the warning 
signal had been and the trial was rerun at the end of the block. 

Recording and data reduction. The recording of psychophysi
ological signals and treatment of behavioral and psychophysiologi
cal data were the same as in Experiment I. 

Results 

Overt perfonnance. Figure 5 shows the mean RT and 
percentage of correct trials for each trial type averaged across 
subjects. RT and accuracy are shown on the left and right 
vertical axes. The horizontal axis indicates the SOA on dual
task blocks or that the block involved a single task. The top 
line shows RT2 on correct trials, the middle two Jines show 
RT l for correct dual-task and catch trials, and the bottom two 
lines show the percentage of correct dual-task and cr.tch trials 
on dual-task blocks. The two pairs of points at the far right 
correspond to the mean RT and the percentage of correct 
trials for each of the two tasks in single-task blocks. 

As in Experiment I, a strong PRP effect was obtained. 
There was a large effect of SOA on mean RT2 (S = 884 ms, 
M = 746 ms, and L = 637 ms), F(2, 22) = 86.628, p < .00 I, 
with a slope between short and medium SOAs of -.92. Mean 
RTl on dual-task trials was again slightly affected by SOA 
(S = 535 ms, M = 498 ms, and L = 509 ms), F(2, 22) = 
7.49, p < .01. RTl was significantly longer on dual-task 
blocks than on catch trials at the short SOA, t(l l) = 2.03, 
p < .05, one-tailed, but not at the medium SOA, t(ll) = 
-0.096, p > .5, one-tailed, or long SOA, t(ll) = -1.739, 
p > .9, one-tailed. Mean RT on catch trials was not signifi
cantly affected by SOA (S = 515 ms, M = 499 ms, and L 
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Figure 5. Mean reaction time and percentage correct for the first 
(Rl) and second (R2) tasks at each stimulus onset asynchrony 
(SOA), each task on single-task blocks, and the first task on catch 
trials. 

= 519 ms), F(2, 22) = 1.416, p > .2, suggesting that the 
blocking manipulation did not induce a different set toward 
the first reaction at different SOAs. Finally, mean RT on 
single-task blocks was faster for the first (tone/foot) than for 
the second (letter/hand) reaction (Foot = 449 ms, Hand = 
555 ms), t(ll) = 4.33, p < .002, and the first reaction was 
faster on single-task blocks than catch trials in dual-task 
blocks (mean difference= 62 ms), t(ll) = 5.21,p < .001. 
This latter finding indicates a cost of dual-task performance 
beyond that modulated by SOA (e.g., of being prepared to 
perform two concurrent reactions). 
The percentages of correct trials provide little indication that 
a speed-accuracy trade-off contributed to the effects of SOA 
on RT2, obscured the effects of SOA on catch trials, or con
tributed to the differences between the two single-task re
actions or between the first reaction on single-task blocks and 
catch trials. Accuracy increased with SOA on dual-task trials 
(S = 89%, M = 92%, L = 93% ), F(2, 22) = 3. 79, 
p < .05, and was not significantly affected by SOA on catch 
trials (S = 96%, M = 96%; L = 97%), F(2, 22) = 0.518, 
p >. 6. The first reaction was no less accurate than the second 
on single-task blocks (Rl = 98% and R2 = 97%), t(ll) = 
-1.169, p > .8, one-tailed, and was significantly more ac
curate on single-task blocks than on catch trials (mean dif
ference = 1.8%), t(ll) = 3.021, p < .02. 
A more complete picture of the reaction time data can be seen 
in Figure 6, which shows the cumulative distribution func
tions for correct trials in each condition. The vertical axis 
indicates the proportion of RTs less than or equal to the values 
on the horizontal axis. As in Experiment I, each function was 
obtained by averaging the percentiles (Vincentizing) from 
the individual subjects. The first reactions are presented in 
the top panel, which shows distributions for dual-task trials 
at each SOA, catch trials collapsed across SOA, and single-

task blocks. Of particular interest are the almost identical 
distributions for medium and long SOAs and catch trials. 
Also apparent is the broad range of percentiles at which the 
distribution for single-task blocks is faster than that for catch 
trials. The second reactions are presented in the bottom panel, 
which shows the distributions for dual-task trials at each SOA 
and single-task blocks. It can be seen here that the large effect 
of SOA extended to all percentiles of the RT distribution. 

LRPs for the first reaction. The grand average LRPs for 
the first reaction are shown in the top two panels of Figure 
7. S-locked LRPs are shown in Panel A, and R-locked LRPs 
are shown in Panel B. The five waveforms in each panel 
correspond to the three SOAs, catch trials, and single-task 
blocks (S-T). As anticipated, the LRPs for the foot response 
were negative. This indicates that a greater potential was 
detected ipsilateral to the signaled response (Equation I). 
The average voltage was significantly less than zero during 
the I s following the response signal in the S-locked wave
forms (Mean = -l.130 µ V), t(l I) = 6.390, p < .001, one
tailed, and the 500 ms before and after the response in the 
R-locked waveforms (Mean = -l.178 µ V), t(l l) = 5.524. 
p < .001, one-tailed. In contrast. the LRPs associated with 
hand responses in both Experiments I and 2 were predomi
nantly positive (compare Panels A and B with Panels C and 
D and Figure 3). Another salient, but unexpected, difference 
between the LRPs associated with foot and hand responses 
concerns their timing. The R-Jocked waveforms for the foot 
response preceded the response more closely and followed 
the response for a greater duration (see below). 

The grand average LRPs in each condition were roughly 
the same. The waveforms varied considerably across sub
jects, and it was difficult to detect any systematic differences 
between conditions.8 An exception was the delayed onset of 
the S-locked LRPs at the shortest SOA (S = 352 ms, M = 
288 ms, L = 255 ms, C = 232 ms, S-T = 287 ms), F(4, 36) 
= 3.031, p < .05. There were no significant differences in 
the peak latency of the S-locked waveforms (S = 557 ms, 
M = 499 ms, L = 587 ms, C = 484 ms, S-T = 477 ms), 
F(4, 36) = 1.754, p > .15, the onset of the R-locked wave
forms (S = -231 ms, M = -190 ms, L = -214 ms, C = -224 
ms, S-T = -151 ms), F(4, 36) = l.487, p > .2, the peak 
latency of the R-locked waveforms (S = 38 ms, M = 60 ms, 
L = 31 ms, C = 44 ms, S-T = 34 ms), F(4, 36) = 0.276, 
p > .8, or the preresponse magnitude of the R-locked 
waveforms (S = -0.786 µV, M = -0.690 µV, L = -0.865 
µV, C = -0.910 µV, S-T = -0.453 µV), F(4. 44) = 1.415, 
p > .2. 

LRPs for the second reaction. The bottom two panels of 
Figure 7 show the S- and R-locked grand-average LRPs for 
the second reaction at each SOA and on single-task blocks. 
As in Experiment I, the S-locked waveforms mirrored the 

8 Because the R-locked LRPs for the foot response preceded RT 
more closely than those for hand responses, their baselines (see 
Experiment 1, Data Reduction section) were calculated from a 
portion of the waveform closer to the RT (-750 to -500 ms). We 
were barely able to detect LRPs for the foot response in 2 subjects 
and therefore excluded their waveforms from the latency analyses 
(onset and peak) of these LRPs. 
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Figure 6. Vincentized cumulative distribution functions (CDFs) 
of reaction times for the first (RTI) and second (RT2) tasks. (CDFs 
are shown for each task at each stimulus onset asynchrony [SOA], 
for each task on single-task blocks, and for the first task on catch 
trials. [Note: The first-task CDFs for the long SOA and catch trials 
are so similar that they are difficult to distinguish from a single 
CDF.)) 

pattern of RT (see Figures 5 and 6). The onsets of the grand 
averages decreased with increasing SOA and were fastest on 
single-task blocks (S = 450 ms. M = 330 ms, L = 250 ms, 
S-T = 200). The same ordering was found for the peak 
latencies of the grand averages (S = 570 ms. M = 480 ms, 
L = 400 ms, S-T = 370 ms). An analysis of the wavefonns 
from individual subjects confinned this pattern for both LRP 
onset (S = 423 ms, M = 397 ms, L = 244 ms, S-T = 208 
ms), F(3, 33) = 6.455, p < .001, and peak latency (S = 564 
ms, M = 485 ms, L = 402 ms, S-T = 358 ms), F(3, 33) = 
13.587, p < .001. 

The R-locked wavefonns at each SOA and on single-task 
blocks were very similar. Both the onsets (S = -370 ms, M 
= -380 ms, L = -420 ms, S-T = -410 ms) and peak la
tencies (S = -90 ms, M = -90 ms, L = -110 ms. S-T = 
-120 ms) of the grand averages preceded the response a bit 
more closely for short and medium SO As than for long SO As 
and single-task blocks. However, an analysis of the wave
fonns from individual subjects found almost identical LRP 
onsets (S = -392 ms, M = -377 ms, L = -388 ms, S-T = 
-377 ms), F(3, 33) = 0.048, p > .9, and no significant effect 
on peak latencies (S = -196 ms, M = -183 ms, L = -163 
ms, S-T = -181 ms), F(3, 33) = 0.289, p > .8. As in Ex
periment 1. the preresponse magnitudes in each condition 
were similar (S = 0.896 µ V, M = 1.062 µ V, L = 1.224 µ V, 
S-T = 1.220 µ V for both grand averages and the waveforms 
of individual subjects), F(3, 33) = 1.303, p > .2. However, 
unlike Experiment 1, the amplitudes of the peaks were simi
lar, both for the grand averages (S = 2.612 µV, M = 2.646 
µV, L = 2.746 µV, S-T = 2.994 µV) and forthe wavefonns 
from individual subjects (S = 3.645 µV, M = 3.8708 µV. 
L = 3.899 µV, S-T = 4.399 µV), F(3, 33) = 1.234,p > .3. 

Most important, SOA again produced similar effects on 
RT2 and S-Iocked LRP onsets but unrelated effects on RT2 
and R-locked LRP onsets. As in Experiment I, we calculated 
two regression lines for each subject. One was between me
dian RT2 (X) and the onset of the S-locked LRP (Y) at each 
SOA, and the other was between median RT2 (X) and the 
onset of the R-locked LRP (Y) at each SOA. The slopes of 
the lines relating RT2 to the stimulus-LRP onset interval 
were large and positive (Mean = . 798), t( l l) = 8.574, p < 
.001. The slopes of the lines relating RT2 to the LRPonset-RT 
interval were close to zero (Mean = -.063 ), t(l 1) = 0.207, 
p > .8. These findings, as well as the overall effects of SOA 
on the S-locked and R-locked LRPs, indicate that the PRP 
effect on the second reaction occurred before it gave rise to 
an LRP. 

Effects of each reaction on the LRPs for the other. We 
again tested whether it was possible to obtain separate mea
surements for each reaction by examining whether the LRP 
measurements obtained for each depended on the response 
side involved in the other. LRPs for each reaction were cal
culated separately for trials on which the other reaction in
volved right- and left-sided responses, and the former were 
subtracted from the latter. This procedure was performed 
separately for the S- and R-locked LRPs for each reaction at 
each SOA for each subject. The results, averaged across sub
jects, are shown at the bottom of the four panels in Figure 
7. Each waveform corresponds to the LRP at one SOA in the 
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panel above. As in Experiment l, we determined whether the 
left-right difference waveforms differed from zero and 
whether they were affected by the degree of task overlap 
(SOA). Again, there does not appear to be much of an effect 
of which response occurs in one reaction on the LRPs for the 
other reaction. 

Four separate ANOVAs, one corresponding to each panel, 
were performed on the left-right differences from individual 
subjects at each SOA. The dependent variable in the S-locked 
cases was the average difference during the l s following the 
stimulus. and the dependent variable in the R-locked cases 
was the average difference during the 750 ms preceding the 
RT. The average voltages for the first reaction (Panels A and 
B) did not significantly differ from zero, F(l, 11) = 2.043, 
p > .15 for S-locked; F(l, 11) = 0.009, p > .9 for R-locked, 
but the average voltages for the second reaction (Panels C 
and D) were marginally significant: Mean = 0.09 µ V, F( I, 
11) = 2.826. p = .12. for S-locked, and Mean = 0.186 µV, 
F( I, 11) = 3.949, p = .07 for R-locked. In no case, however, 
was the effect of SOA significant, Fs(2, 22) = 0. 737. 0.617. 
0.537, and 0.654, respectively, for Panels A to D. A grand 
ANOVA was also performed on the differences represented 
in all four panels, with reaction (first vs. second), time
locking (stimulus vs. response), and SOAas factors. Because 
the foot and hand LRPs had opposite polarities, each might 
be expected to produce the opposite pattern of measurement 
artifact for the other. Yet there was no significant effect of 
reaction, F(I. 11) = 0.415, p > .5. or interaction between 
reaction and SOA, F(2, 22) = .481, p > .6. 

Second-reaction LRPs time-locked to the first response. 
LRPs for the second reaction were calculated from record
ings on individual trials that were time-Jocked to the first RT. 
As in Experiment 1, the 10% of each subject's trials with the 
slowest RT 1 s was discarded as a precaution against group
ing. The median of each subject's RT1-RT2 intervals was 
then used to divide their trials, regardless of SOA, into two 
categories. Two average waveforms. based on trials with 
long versus short IRis, were calculated for each subject. The 
grand averages of these waveforms are shown in Figure 8. 
The LRP on the left is from trials with short IRis, the LRP 
on the right is from trials with long IRis, and the vertical line 
indicates RT I. 

The more sensitive algorithm for detecting LRP onset was 
employed (Experiment 1, Data Reduction section). As in Ex
periment 1, IRI had a large effect on the time between RT 1 
and the onset of the grand average LRP (Short= -50 ms and 
Long = 100 ms) and the onsets of the waveforms from in
dividual subjects (Short = 24 ms and Long = 133 ms), 
t(l l) = 2.872, p < .02.9 However, unlike in Experiment I, 
there was little sign of second-reaction LRP activity preced
ing overt execution of the first response. 

Table 2 presents information concerning the short IRI 
waveforms from individual subjects. Shown here is the onset 
of each subject's LRP, as well as the range of IRis, range of 
RT ls, and RTl cutoff for the trials on which the waveform 
was based. Although the onsets for individual subjects varied 
considerably, only 2 subjects (Subjects 3 and 8) had onsets 
that preceded RT 1 by more than 50 ms. The lack of a second
reaction LRP prior to RTl may be due, at least in part, to the 

long IRis in Experiment 2. As the interval between two re
sponses increases, there is less opportunity for the LRP from 
the second to precede the overt execution of the first. The 
medians of individual subjects' short IRls were considerably 
longer in Experiment 2 than in Experiment I (Experiment 1 
Mean = 240 ms, Experiment 2 Mean = 355 ms), t(21 l = 
4.882, p < .001. 

Discussion 

Experiment 2 allows us to evaluate the reliability and gen
erality of the findings from Experiment I. Here we attempted 
to replicate these findings under somewhat different condi
tions. First, we tried to minimize differences in the temporal 
uncertainty of the second signal at different SOAs by holding 
SOA constant within each block of trials. We also included 
blocks of trials involving only a single reaction, so as to 
compare the LRPs measured for the first and second reac
tions in isolation and in combination. Finally, although the 
second reaction again involved a manual response to a visual 
signal, and the first signal was again a tone. the first response 
was now made with the foot. 

Although the two reactions shared neither sensory nor re
sponse modalities, we again obtained robust and represen
tative PRP effects on RT. The interval between the two re
sponse signals had a large effect on RT2 and a negligible 
effect on RTL The slower RTs for the first reaction on catch 
trials than on single-task blocks is also typical and has been 
interpreted (e.g., Pashler & Johnston. 1989) as reflecting the 
cost of preparing for two reactions. As anticipated, the foot 
response produced a pattern of lateralization opposite that 
found for the hand response: A greater increase in electrical 
potential was observed at electrode sites ipsilateral than con
tralateral to the responding foot. An unexpected finding was 
that the LRPs for the foot response began and ended later 
relative to the RT than did the LRPs for the hand response. 10 

There was considerable evidence that the LRP measure
ments for each reaction were impervious to the LRP from the 
other reaction. We again found that the LRPs for the first 
reaction were little affected by when (SOA) or whether 
(catch vs. noncatch trials) the second reaction occurred. The 
R-locked LRPs for the second reaction were also unaffected 
by SOA, and the R-locked LRPs for both reactions were the 
same on dual- and single-task blocks. As in Experiment I, the 

9 The onset (-140 ms) of the short-IRI LRP for Subject 8 (Table 
2) is based on visual inspection. The detection algorithm and 
criterion level (a = .05) used for the other subjects in both ex
periments yielded a much earlier onset (-430 ms) that appeared to 
result from idiosyncrasies of the waveform unrelated to RT2. 
Application of the algorithm with a more conservative criterion 
(a= .01) provided a result (-150 ms) similar to that from visual 
inspection. 

10 This finding is unlikely to be due to a difference in the time 
necessary to detect RTs between the keyboard and foot pedals, 
since they produce similar RTs when used under identical con
ditions. Instead, it probably reflects the different timing of pre
paratory processes and different kinematics of the hand and foot 
movements. 



PRP EFFECTS ON MOTOR POTENTIALS 1307 

LRPs measured for each reaction were little affected by 
whether a right- or left-sided response occurred in the other 
reaction. Moreover, there was no indication that such effects 
increased with the overlap between reactions or depended on 
whether the other reaction involved the hands or feet. 

As hoped, the R-locked LRPs for the second reaction did 
not differ in fonn or magnitude. This simplified the mea
surement of their relative timing. thus facilitating inferences 
about the locus of PRP effects. By equating the temporal 
uncertainty of the 2nd-response signal across SOAs, the 
blocking manipulation may have eliminated the differences 
in morphology found in Experiment l. Yet we cannot be 
certain of this interpretation, since the two experiments also 
employed different responses in the first reaction. Perhaps 
the effects in Experiment I arose from response competition 
between concurrent manual responses, and such competition 
was absent in Experiment 2 because the two reactions in
volved different response modalities. This latter hypothesis, 
however, leads to several predictions that were not con
finned. First, it predicts longer IRis in Experiment I than in 
Experiment 2 (see Tables I and 2). Second, the LRPs for the 
second reaction in Experiment I should have been influenced 
by which hand participated in the first reaction (see Equation 
I and Figure 3). Finally, of the second-reaction R-locked 
LRPs in Experiment I, the one at the longest SOA should 
have been the least affected by response competition. It 
should therefore have been the one to resemble most closely 
the LRPs from manual reactions unaffected by response 
competition (see Figures 3 and 7). 

Experiment 2 only partially replicated Experiment 1 with 
respect to the locus of dual-task interference. As in Experi
ment I, the start of the processing bottleneck occurred no 
later than the processes that give rise to an LRP. Again, we 
found that the effects of SOA on RT2 occurred entirely before 
the start of the LRP for the second response: S-locked LRP 
onset increased at shorter SOAs, and the magnitude of the 
effect was positively correlated with the effect of SOA on 
RT2; R-locked LRP onset was unaffected by SOA and did not 
correlate with RT2 across SOA. We did not, however, find 
evidence that the bottleneck ended much before overt re
sponse execution. Unlike in Experiment l, there was little 
sign of second-response LRP activity preceding RT!. Only 
2 subjects had second-response LRP onsets that preceded 
RTI by more than 50 ms. 

There are at least two possible explanations for this dif
ferent pattern of effects in the two experiments. One is that 
the second-response LRP preceding RT 1 in Experiment I 
was due to grouping (i.e., to subjects occasionally preparing 
both responses before making either). On such trials one 
would expect especially long RTls, short IRis, and an in
crease in RTI at longer SOAs. However, the exclusion of the 
trials with the longest RTls from the analyses, the magni
tudes of the IRis on the remaining trials (see Table I), and 
the slight effect of SOA on RT! in the opposite direction (see 
Figures I and 2) suggest that grouping was not much of a 
problem in Experiment I. The other possibility concerns the 
longer IRis in Experiment 2 (see Tables I and 2). If the 
second response followed the first response by long enough, 
we would not expect the second-response LRP to precede 

RTI regardless of when the bottleneck ended. Perhaps if the 
lRis for Experiment 2 were similar to those in Experiment 
l, we would also have found the second-response LRP to 
precede RT 1 by a similar interval. 

Yet even if we accept the latter possibility, the question of 
why the IRis were longer in Experiment 2 still remains. One 
speculative explanation is that the first reactions in the two 
experiments differed in the duration of their respective post
bottleneck processes. According to single-channel models, 
the smallest possible !RI should be inversely related to the 
duration of the postbottleneck processes for the first reac
tion. 11 If the foot responses had shorter postbottleneck pro
cesses than the hand responses, we would then expect longer 
IRis in Experiment 2. Although post hoc, this explanation is 
supported by our finding that the R-locked LRPs preceded 
the foot responses more closely than the hand responses. The 
duration of at least some postbottleneck processes must con
tribute to the LRP onset-RT interval. Moreover. this expla
nation leads to a new and testable prediction: First reactions 
with longer LRP-RT intervals should lead to longer !Rls, all 
else being equal. 

General Discussion 

We sought to apply the lateralized readiness potential to the 
study of dual-task perfonnance. To accomplish this, we ex
amined the psychological refractory period effects that arise 
between two concurrent reaction-time tasks. The PRP para
digm provided a vehicle for measuring separately the LRPs 
associated with each of two concurrent tasks. We then used 
these measurements in combination with the single-channel 
hypothesis to help specify where PRP effects occur within the 
infonnation-processing system. These goals were embodied 
in three objectives, each of which is discussed separately 
below. 

Separate Measurement of LRPs From Concurrent 
Tasks 

The first objective was to evaluate empirically whether it 
is possible to measure separately the LRPs associated with 
each of two concurrent RT tasks. To accomplish this. we 
examined how the LRPs measured for each reaction de
pended on the presence of the other reaction, its temporal 
overlap with the other reaction, and which response occurred 
in the other reaction. Dependencies could arise from either 
measurement artifacts caused by the presence of two LRPs 
or to real interactions between the processes underlying the 
two reactions. Thus, although the ability to measure each of 
the two LRPs separately does not necessarily imply their 

11 At very short SOAs (RT2/SOA slope equals - I), the second 
reaction always waits and then enters the bottleneck as the first 
reaction leaves. The interval between the two RTs will then equal 
the duration of the bottleneck and postbottleneck processes for the 
second reaction minus the duration of the postbottleneck processes 
for the first reaction. 
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RT! 

- Short !RI ··· ···· ·· Long !RI 

-750 -500 -250 0 250 
Time (msec) 

Figure 8. Second-task lateralized readiness potentials (LRPs) time-locked to first-task reaction 
time (RTI) at short and long interresponse intervals (lRls). (The top portion of the panel shows the 
LRPs, and the bottom portion shows the effects on these LRPs of which response occurred in the 
first task.) 

independence, finding independence would provide evi
dence that such measurements are possible. 

Independence between the LRPs measured for the two re
actions was observed in a number of instances. The LRPs for 
the first reaction were very similar in their overall form and 
timing at each SOA and on catch trials. In Experiment 2, the 
R-locked LRPs for both reactions were quite similar at each 
SOA as well as on dual- and single-task blocks. Moreover, 
the LRPs from both reactions were little affected by whether 
the other reaction involved a left- or right-sided response. 
These instances provide existence proofs for the separate 
measurement of LRPs from concurrent reactions. As such, 
they also bear on the interpretation of instances in which the 
LRPs for one reaction were affected by the other reaction. 
The demonstration that LRP measurements are insensitive to 
extreme variations in an overlapping LRP suggests that these 
latter instances were not due to measurement artifacts but 
reflect real effects on underlying processes. 

Locus of Dual-Task /nteiference 

The remaining two objectives concern the locus of the 
processing bottleneck. To discover where the bottleneck be-

Table 2 
R2 LRPs Time-Locked to RTJ from Short /RI 
Trials in Experiment 2 

Subject 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
II 
12· 
M 

Onset (ms) 

180 
60 

-150 
-30 
160 

0 
150 

-140 
-50 
100 

0 
10 
24 

lRI (ms) 

216-353 
239--409 
160-374 
202--486 
291-525 
219-557 
273-539 
188--437 
174--429 
310-539 
154-349 
248--443 
223--453 

RTI (ms) 

282-503 
373-740 
384-811 
368-768 
361-564 
359-752 
319-503 
356-800 
402-751 
312-522 
277-600 
285-725 
340-670 

Cut (ms) 

555 
807 
851 
808 
641 
798 
559 
832 
787 
548 
645 
752 
715 

Note. IRI = interresponse interval; RT! = first reaction time. 
Onset is measured with respect to RT!. IRI and RT! ranges extend 
from the 5th to the 95th percentile. Cut refers to the RT! criterion 
(upper bound) for including trials in the analysis. 

gins, we determined whether the effects of SOA on RT2 
occur before or after the start of the LRP for the second 
reaction. This was accomplished by examining the effects of 
SOA on the timing of the S- and R-locked LRPs for the 
second reaction. The same pattern of effects was found in 
both experiments: SOA delayed the onset of the S-locked 
LRP, and this delay was positively correlated with the effect 
of SOA on RT2; SOA did not systematically affect the time 
between the onset of the R-locked LRPand RT2, and changes 
in this interval were unrelated to the effects of SOA on RT2. 
These findings indicate that the entire effect of SOA on RT2 
occurred before the start of the 2nd-reaction LRP. According 
to single-channel models, SOA affects the duration of a wait
ing period just before the second reaction engages the bottle
neck processes. These processes must therefore begin no 
later than LRP onset. 

To help locate the end of the processing bottleneck. we 
examined by how long the LRP for the second reaction pre
ceded RTL This involved measuring the LRP for the second 
reaction time-locked to RTL Since the first reaction only 
prolonged the second before the latter gave rise to an LRP, 
the presence of an LRP for the second reaction indicated that 
the interference from the first had ended. According to 
single-channel models, cessation of interference implies that 
the first reaction has completed the bottleneck processes. Our 
findings therefore suggest that the first reaction may some
times clear the bottleneck considerably before producing an 
overt response. In Experiment I, many subjects had an LRP 
for the second reaction that preceded RT l by 200 ms or more. 
We found little sign of a second-reaction LRP before RT I in 
Experiment 2, but this may have been due to the greater 
interval between the two responses. 

Implications for Single-Channel Models 

It therefore appears that the bottleneck begins no later than 
LRP onset and may end well before an overt response. These 
conclusions are consistent with many single-channel models 
of the PRP effect. They are consistent with models in which 
perceptual (Broadbent, 1958) or central (Davis, 1957; Pa
shler & Johnston, 1989; Smith, l 967b; Welford, 1952) pro
cesses constitute the bottleneck. They may also be consistent 
with the response-initiation bottleneck proposed by Keele 
(1973). Response initiation was defined here as the segment 
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of the reaction occurring after the identity of the signaled 
response is retrieved from memory. These memory retrieval 
processes were characterized as the latest set of processes in 
the reaction affected by the number of response alternatives. 
If the bottleneck begins at or before LRP onset, and the num
ber of response alternatives affects only processes before the 
bottleneck, then the number of response alternatives should 
affect only processes before LRP onset. 

There are also single-channel models that are difficult to 
reconcile with our findings. For example, Logan and Burkell 
(1986) proposed that the bottleneck processes begin only 
after the start of overt movement can no longer be inhibited. 
There is considerable evidence, however, that an LRP can 
arise while it is still possible to inhibit the start of overt 
movement (e.g., de Jong et al., 1990; Miller & Hackley, 
1992; Osman et al., 1992; Smid et al., 1992). In combination 
with the present findings, this would imply that at least some 
of the bottleneck processes must occur before overt move
ment becomes inevitable. It has also been suggested that PRP 
effects may sometimes arise from several bottlenecks, the 
latest of which extends at least until the RT (de Jong, 1993). 
Postponement of the second reaction at the latest bottleneck 
was hypothesized to occur only when the two reactions in
volve similar response systems and the two RTs would oth
erwise have occurred in sufficiently close proximity. Such a 
bottleneck appears not to have contributed to the PRP effects 
in Experiment l, despite the similar response sets and rela
tively short IRis. Since all slowing of the second reaction 
occurred prior to its LRP, this LRP must have arisen only 
after the second reaction entered the latest bottleneck re
sponsible for the slowing. Had this bottleneck extended until 
RT, it would have been relinquished by the first reaction only 
after RT l, and we would not have observed a second-reaction 
LRP prior to RT l. 

The existence of a bottleneck that ends before RT l may at 
first seem inconsistent with a well-known finding in the PRP 
literature. An effect of SOA on RT2 has sometimes been 
observed when the second signal follows RTI (e.g., Davis, 
1957; Telford, 1931; Vince, 1948; Welford, 1980). We do not 
know whether this would have occurred in the present ex
periment. Nevertheless, several mechanisms have been sug
gested whereby a bottleneck involving only central processes 
could produce effects after RTL For example, it has been 
suggested that the bottleneck processes may have a refractory 
period (Davis, 1957), that kinesthetic feedback following 
RTI may sometimes preempt the second reaction at the 
bottleneck (Welford, 1952, 1980), or that the second reaction 
might still await a switch of attention after the first has 
cleared the bottleneck (Smith, 1967b). These explanations 
only require that interference continue after RT! on a portion 
of the trials. On the remaining trials, the second reaction 
could resume unimpeded prior to RTI, perhaps giving rise 
to an LRP that also preceded RT 1. 12 

Alternative Models of the PRP Effect 

There are three major classes of alternatives to single
channel models. One class attributes PRP effects to compe
tition between the two reactions for limited resources (Kah-

neman, 1973; McCleod. 1977l. In these models. the two 
reactions can proceed in parallel but each at a rate that de
pends on available resources. When the first reaction is em
phasized, it receives all necessary resources at the expense 
of the second. The shorter the SOA. the longer the second 
reaction is deprived of resources. According to such models, 
the two reactions must have competed only for resources that 
subserve the second reaction prior to its LRP. If we define 
the bottleneck as the set of all processes deprived of limited 
resources, then our findings imply that the entire bottleneck 
preceded LRP onset. 

Another class of models attributes PRP effects to response 
conflict (Herman & Kantowitz. 1970; Kantowitz, 1974; Rey
nolds, 1964 ). As with limited capacity models, two reactions 
can proceed in parallel but may result in conflicting response 
tendencies. The opportunity for conflict is greater at shorter 
SOAs and slows only the second response when the first is 
made "prepotent." In some models (Reynolds, 1964) "re
sponse tendency" is used as a molar term that refers to the 
entire reaction prior to its overt execution, whereas in others 
(Kantowitz, 1974) it refers specifically to covert motoric pro
cesses. Our findings are of more relevance to the later class 
of models. If response-conflict slowed motoric processes in 
the second reaction, these processes must have subserved a 
more central portion of the reaction, and thus a more abstract 
level of motor organization, than the processes that gave rise 
to the LRP. 

The final class of models attributes PRP effects to the in
ability to prepare fully for both reactions (de Jong, 1993: 
Gottsdanker, 1979; Poulton, 1950). Here the second reaction 
is slowed not by the actual performance of the first but by 
preparation to perform the first. Lack of preparation could 
conceivably slow the second reaction in two ways. It could 
be postponed, as in single-channel models, while processes 
requiring preparation are readied. Alternatively, the reaction 
could be executed more slowly by these processes, as in 
capacity-sharing or response-conflict models. The implica
tions of our findings for preparation models depend on 
whether lack of preparation leads to postponement or slow
ing. In the former case, the last set of processes requiring 
preparation in both reactions must have begun before LRP 
onset and ended well before RT. In the latter case. all pro
cesses slowed within the second reaction must have preceded 
the occurrence of its LRP. 

Nature of the LRP 

Regardless of which model best explains PRP effects, the 
full implications of our findings depend on additional in
formation concerning LRP onset. In particular, they depend 
on the answers to two questions: At what point in the reaction 
does the LRP first arise? To what extent can this point vary 
under subjects' strategic control? Answers to both questions 
may be found by further examining the effects of different 

12 Each of the mechanisms described above would contribute an 
additive component to the IRI at very short SOAs (see footnote 
11 ). The effects of the durations of the postbottleneck processes 
from two reactions on these IRis would therefore remain the same. 
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manipulations on the timing of S- and R-locked LRPs. 
Consistent effects of a factor exclusively before or after LRP 
onset would imply that the RT interval before or after LRP 
onset can be selectively influenced. It would also imply that 
the affected RT processes and LRP onset always occur in the 
same temporal order. Given these two preconditions, the 
functional properties of the RT intervals before and after LRP 
onset can be inferred by specifying which factors affect their 
respective durations (Sternberg, 1969). 

The present findings provide evidence that LRP onset oc
curs at a consistent stage within the RT and that the preceding 
portion of the RT can be influenced selectively. Suppose the 
early portion of the LRP arose from a process that could 
occur before or after the start of the bottleneck processes but 
that subjects' preferred strategy was to begin the bottleneck 
processes before producing an LRP. We might then expect at 
least some subjects to occasionally produce an LRP before 
the bottleneck processes, thus causing an effect of SOA on 
the timing of both the S- and R-locked LRPs. Similar results 
would also have been observed if the effects of SOA prior 
to LRP onset indirectly influenced the portion of the RT after 
LRP onset. The exclusive influence of SOA on S-locked LRP 
onset thus suggests that LRP onset is a consistent landmark 
within the RT interval whose location can be specified further 
by examining the effects of additional factors on S- and 
R-locked LRPs. 

Our findings also provide evidence concerning the neural 
generators of the LRP. Recall that the LRP is believed to be 
the lateralized portion of the readiness potential and that the 
readiness potential is thought to arise primarily from pre
central motor cortex (Arrezo & Vaughan, 1975, 1980; Bru
nia, 1988; Coles, 1989; Deecke, 1987; Ikeda & Shibasaki, 
1992). Generalizations from the readiness potential to the 
LRP must be made with caution, however, since the two 
potentials are observed under different conditions. The readi
ness potential is observed prior to spontaneous movements, 
whereas the LRP is defined with respect to the stimuli or 
responses in a choice RT task (see Equation l ). The pattern 
of lateralization observed in the present study may facilitate 
inferences about the LRP's sources by clarifying further its 
relation to the readiness potential. 

Greater activity was observed contralateral to the respond
ing hand but ipsilateral to the responding foot, a pattern also 
observed in the readiness potential (Boschert et al., 1983; 
Brunia & Van den Bosch, 1984). This common pattern of 
lateralization for the LRP and the readiness potential would 
be expected if both arose, at least in part, from common 
generators in primary motor cortex (Area 4). It is predicted 
by the somatotopic organization of primary motor cortex, 
with the paradoxical lateralization for foot responses arising 
from the location and orientation of the foot projection areas 
within the longitudinal fissure. The pattern of lateralization 
observed here may also help reject hypotheses about addi
tional sources of the LRP, for example, premotor cortex (Lat
eral Area 6). The hand and foot projection areas in premotor 
cortex are both located laterally and might be expected to 
become active before primary motor cortex. 13 If premotor 
cortex contributed to the LRP, we might therefore have ex
pected an initial positive portion of the LRP (see EquatiOn 
l) for both hand and foot responses. 

Another finding fits nicely into a scenario in which the 
LRP arises from at least two functionally distinct populations 
of neurons (Miller. Riehle, & Requin. 1992). The activity of 
some neurons are more closely synchronized to the onset of 
a stimulus (S-synched), whereas the activity of others is more 
closely synchronized to overt responses (R-synched). Both 
types of neurons have been found in several cortical areas, 
including primary motor cortex, with S-synched preceding 
R-synched activity (Miller et al.. 1992; Requin, Riehle, & 
Seal, 1993). If the initial LRP were generated by S-synched 
neurons, whereas R-synched neurons contributed only to 
later portions of the waveform, this might help explain the 
effects SOA on LRP morphology observed in Experiment I. 
The peak amplitude of the R-locked LRP for the second 
reaction increased with SOA. whereas its onset remained 
unaffected. This effect was attributed to a greater expectation 
that the 2nd-response signal would soon occur at longer 
SOAs. The temporal predictability of a response signal is 
believed to selectively affect a very late "motor adjustment" 
stage of RT (Sanders, 1980). If this stage were implemented 
by an R-synched population of neurons. temporal uncertainty 
might then selectively influence the later part of the LRP. 

The effects of SOA on peak LRP amplitude also bear on 
the relation between the LRP and overt movement. It has 
been suggested that electromyographic (EMG) activity arises 
when LRP amplitude crosses a fixed threshold. This hypoth
esis was first proposed by Gratton et al., (1988 ), who con
ceived of the LRP as indexing the activation of a "response 
channel" in which successive stages of a response arise at 
fixed levels of activation. 14 The assumption of a causal re
lation between a fixed LRP amplitude and EMG onset later 
played an important role in conclusions concerning the in
hibition of movement. De Jong et al. ( 1990) found that the 
LRP associated with inhibited responses (no EMG) can ex
ceed the level observed at EMG onset for regular responses. 
This was interpreted as indicating that response inhibition 
can occur at a level sufficiently peripheral as to leave un
influenced the processes that give rise to the LRP while 
blocking their overt expression. Figure 3 (Panel D), however. 
suggests that EMG onset at each SOA did not occur when the 
LRP first reached a common threshold amplitude. 15 If rep
licable, such effects on the morphology of the R-locked LRP 

13 We thank Steve Hackley for bringing to our attention the 
somatotopic organization and timing of premotor cortex. 

14 Gratton et al. ( 1988) equated the LRP with the relative acti
vation of two response channels, one corresponding to each hand. 
rather than with the absolute activation of either. However, in 
practice (e.g., de Jong et al., 1990: Gratton et al., 1988) the LRP at 
EMG onset has been interpreted as reflecting the activation of the 
channel for the responding hand. 

15 Suppose that EMG onset occurred when each of the three 
LRPs in Figure 3 (Panel D) first crossed a common threshold 
amplitude. Unless the threshold was extremely low and EMG 
onset preceded RT2 by more than 300 ms. the three LRPs would 
have had to cross the threshold at very different times. This would 
imply that the interval between EMG onset and RT2 was quite 
different at each SOA. Effects of this magnitude on the EMG-RT 
interval are unlikely, especially when RT corresponds to the very 
start of a relatively gentle movement. 
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may require revision of the response-channel hypothesis as 
well as reevaluation of conclusions based on this hypothesis. 
At the very least, they would suggest the existence of ad
ditional factors that can modify the relation between LRP 
amplitude and the onset of an overt response. 

Conclusions 

This study provides a first step toward using lateralized 
readiness potentials to study dual-task interference. A major 
goal was to examine the feasibility of measuring separately 
the LRP associated with each of two concurrent tasks. The 
prognosis appears quite promising. Several procedures were 
illustrated for using such measurements to infer how dual
task interference affects the time course of each respective 
task. These include examining effects on the onsets of S- and 
R-locked LRPs and time-locking the LRP associated with 
each task to the response in the other. The study also provides 
a number of substantive findings concerning the locus of 
psychological refractory period effects and the nature of the 
LRP. Some of these findings are more tentative than others 
and need to be further replicated before their implications are 
seriously entertained. Regardless, however, of the ultimate 
resolution of particular questions, we hope to have estab
lished that lateralized readiness potentials may provide a use
ful tool for investigating an important problem area within 
experimental psychology. 
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