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Abundant behavioral and psychophysiological evidence sug-
gests that people cannot select more than one response at a 
time, as if performance were limited by an immutable bottle-
neck in which responses must be chosen serially (Osman & 
Moore, 1993; Pashler, 1994). This observation has been the 
cornerstone of prominent theories of attention for 60 years 
(Broadbent, 1958; Pashler & Johnston, 1989; Welford, 1952). 
Most of the supporting evidence comes from a dual-task pro-
cedure known as the psychological refractory period (PRP), in 
which subjects respond rapidly to two successive stimuli. 
Researchers sought exceptions to serial response selection by 
examining practice effects and judiciously choosing stimuli 
and responses (Hazeltine, Ruthruff, & Remington, 2006; 
Hazeltine, Teague, & Ivry, 2002), but exceptions are rare, and 
serial processing of successive tasks is still the best explana-
tion of the PRP effect (Tombu & Jolicoeur, 2004).

Behavioral studies identified the locus of the bottleneck  
in the process of response selection that chooses between 
alternative responses (McCann & Johnston, 1992; Pashler & 
Johnston, 1989). Psychophysiological studies focused on the 
lateralized readiness potential (LRP), which is recorded from 
electrode sites on the scalp over the primary motor cortex in 
the left and right hemispheres. The LRP reflects the difference 
in activation of responses in subjects’ two hands and has been 
linked directly to response selection (Coles, 1989). Several 
studies have shown that the LRP is delayed in the PRP proce-
dure, as is response selection (Lein, Ruthruff, Hsieh, & Yu, 
2007; Osman & Moore, 1993; Sommer, Leuthold, & Schubert, 
2001).

We took a different approach to the question of serial 
response selection, examining 16 skilled typists who had a 
mean of 11 years of practice (SD = 6.5 years), reported typing 
for a mean of 2.5 hr per day (SD = 0.6 hr per day), and typed 
at a mean of 50.3 words per minute (SD = 14.7 words per min-
ute) on the typing test devised by Logan and Zbrodoff (1998). 
Behavioral evidence from priming studies (Crump & Logan, 
2010; Logan, 2003) and video recordings of finger movements 
(Flanders & Soechting, 1992) suggest parallel activation of 
responses in skilled typists, but these effects could occur 
before or after response selection (Salthouse, 1986).

To address response selection, we examined LRPs recorded 
while typists typed words with keystrokes distributed between 
their left and right hands. We used three sets of 60 three- to five-
letter words taken from Logan (2003). In each set, half of the 
words began with a left-hand keystroke and half began with a 
right-hand keystroke. One set (LEFT/right) consisted of words 
(e.g., rest) that required all keystrokes to be made by one hand. 
The second set (LEght/riFT) consisted of words (e.g., swim) 
that required the first two keystrokes to be made by one hand 
and the remaining keystrokes to be made by the other hand. The 
third set (Light/rEFT) consisted of words (e.g., dump) that 
required the first keystroke to be made by one hand and the 
remaining keystrokes to be made by the other hand. The LRP 
measures the difference in activation of responses in the two 
hands. If typists select keystroke responses in parallel, then the 
amplitude of the LRP for the first keystroke should decrease 
systematically from LEFT/right to LEght/riFT to Light/rEFT 
words, as progressively more keystrokes are activated in the 
opposite hand. If typists select keystrokes serially, then the LRP 
for the first keystroke should not differ between word sets.

Words were presented one at a time, and the typists typed 
them quickly and accurately. Mean response time was short 
and did not vary much between word sets (LEFT/right: M = 
662 ms, SD = 80 ms; LEght/riFT: M = 666 ms, SD = 84 ms; 
Light/rEFT: M = 656, SD = 84 ms). Mean interkeystroke interval 
(IKSI) was also short (LEFT/right: M = 197 ms, SD = 30 ms; 
LEght/riFT: M = 171 ms, SD = 41 ms; Light/rEFT: M = 163 ms, 
SD = 37 ms). Accuracy was high (LEFT/right: M = 89.7%, 
SD = 7%; LEght/riFT: M = 90.5%, SD = 7%; Light/rEFT: M = 
92.6%, SD = 5%). LRPs locked to the first keystroke were 
computed for correct responses as the difference between C3 
and C4 electrode sites (international 10-20 system; Jasper, 
1958; C4 – C3 for first keystrokes in the left hand, and C3 – 
C4 for first keystrokes in the right hand). These LRPs are  
plotted in Figure 1.
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The test of serial and parallel response selection requires iso-
lating the LRP to the first keystroke. For Light/rEFT words, we 
estimated the onset of the LRP for the second keystroke (the first 
opposite keystroke) by adding the IKSI (163 ms) to the onset of 
the LRP for LEFT/right words (−246 ms); this yielded −83 ms. 
We observed significant differences between LRPs to LEFT/
right and Light/rEFT words at −194 ms, before the predicted 
onset. This finding is contrary to serial response selection. For 
LEght/riFT words, the first opposite keystroke was the third. We 
estimated the onset of the third keystroke LRP by doubling the 
IKSI (342 ms) and adding the result to the LRP onset for LEFT/
right words; this yielded 96 ms. We observed significant differ-
ences between LRPs to LEFT/right and LEght/riFT words at 
−32 ms. This finding is contrary to serial response selection.

The first-keystroke LRPs may be contaminated by LRPs 
from subsequent keystrokes that are faster than average. To 
rule out this possibility, we repeated the analysis but omitted 
trials with the fastest 25% of the IKSIs. The LEFT/right  
LRP was significantly different from the Light/rEFT LRP at 
−174 ms and significantly different from the LEght/riFT LRP 
at −28 ms. Both these differences emerged before the estimated 
onset of the first opposite keystroke—a result inconsistent 
with serial response selection.

The present electrophysiological evidence and the previous 
behavioral evidence for parallel response selection in skilled 
typing contrast sharply with the abundant electrophysiological 
and behavioral evidence for serial response selection in the 
PRP procedure. Typing differs from the PRP in several 
respects. The most important may be the level of practice. Few 
PRP studies train subjects for more than 20 hr of practice. Our 
typists had nearly 10,000 hr of practice, which qualifies them 
as experts (Ericsson, Krampe, & Tesch-Römer, 1993). The 
words that our typists typed have considerably more structure 
than the random sequences of lights and tones in typical PRP 
experiments. Extensive practice may allow typists to take 
advantage of this structure to select successive keystrokes in 
parallel.

Many studies of expertise address small populations of spe-
cialists who practice rare skills, so it is tempting to dismiss 
their abilities as atypical. However, typing is extremely com-
mon in modern culture. The level of skill seen in our typists is 
typical of college undergraduates and is likely to be character-
istic of readers of this article. Theories of attention and perfor-
mance must be reconciled with the complexities of skilled 
performance, even if this means abandoning theories that have 
dominated the field for 60 years.
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Fig. 1. Grand-average lateralized readiness potential (LRP) amplitudes response-locked to subjects’ first keystroke for 
three sets of words. Sets consisted of words in which all letters are typed with one hand (LEFT/right), the first two 
letters are typed with one hand and the other letters are typed with the other hand (LEght/riFT), or the first letter 
is typed with one hand and the other letters are typed with the other hand (Light/rEFT). Results above the dotted 
horizontal line are associated with contralateral activation of the motor cortex elicited by typing the first letter in each 
word.  The hatched bars inset in the figure indicate the points at which significant differences (p < .05, based on t tests) 
occurred between LRPs for the comparisons shown.

 at VANDERBILT UNIV LIBRARY on April 14, 2011pss.sagepub.comDownloaded from 

http://pss.sagepub.com/


56		  Logan et al. 

Acknowledgments

We are grateful to Steve Luck for suggesting that we delete data from 
the fastest 25% of the interkeystroke intervals to remove contamina-
tion from subsequent lateralized readiness potentials.

Declaration of Conflicting Interests

The authors declared that they had no conflicts of interest with 
respect to their authorship or the publication of this article.

Funding

This research was supported by Grants BCS-0646588 and BCS-
0957074 from the National Science Foundation.

References

Broadbent, D. (1958). Perception and communication. New York, 
NY: Pergamon Press.

Coles, M.G.H. (1989). Modern mind reading: Psychophysiology, 
physiology, and cognition. Psychophysiology, 26, 251–269.

Crump, M.J.C., & Logan, G.D. (2010). Hierarchical control and 
skilled typing: Evidence for word level control over the execution 
of individual keystrokes. Journal of Experimental Psychology: 
Learning, Memory, and Cognition, 36, 1369–1380.

Ericsson, K.A., Krampe, R.T., & Tesch-Römer, C. (1993). The role 
of deliberate practice in the acquisition of expert performance. 
Psychological Review, 100, 363–406.

Flanders, M., & Soechting, J.F. (1992). Kinematics of typing: Par-
allel control of the two hands. Journal of Neurophysiology, 67, 
1264–1274.

Hazeltine, E., Ruthruff, E., & Remington, R.W. (2006). The role of 
input and output modality pairings in dual-task performance: 
Evidence for content-dependent central interference. Cognitive 
Psychology, 52, 291–345.

Hazeltine, E., Teague, D., & Ivry, R.B. (2002). Simultaneous  
dual-task performance reveals parallel response selection after 
practice. Journal of Experimental Psychology: Human Percep-
tion and Performance, 28, 527–545.

Jasper, H.H. (1958). The ten-twenty electrode system of the Interna-
tional Federation. Electroencephalography and Clinical Neuro-
physiology, 10, 371–375.

Lein, M.-C., Ruthruff, E., Hsieh, S., & Yu, T.-T. (2007). Parallel 
central processing between tasks: Evidence from lateralized 
readiness potentials. Psychonomic Bulletin & Review, 14, 133–141.

Logan, G.D. (2003). Simon-type effects: Chronometric evidence for 
keypress schemata in typewriting. Journal of Experimental Psy-
chology: Human Perception and Performance, 29, 741–757.

Logan, G.D., & Zbrodoff, N.J. (1998). Stroop type interference: 
Congruity effects in color naming with typewritten responses. 
Journal of Experimental Psychology: Human Perception and 
Performance, 24, 978–992.

McCann, R., & Johnston, J.C. (1992). Locus of the single-channel 
bottleneck in dual-task interference. Journal of Experimental 
Psychology: Human Perception and Performance, 18, 471–484.

Osman, A., & Moore, C.M. (1993). The locus of dual-task interfer-
ence: Psychological refractory effects on movement-related brain 
potentials. Journal of Experimental Psychology: Human Percep-
tion and Performance, 19, 1292–1312.

Pashler, H. (1994). Dual task interference in simple tasks: Data and 
theory. Psychological Bulletin, 116, 220–244.

Pashler, H., & Johnston, J.C. (1989). Chronometric evidence for post-
ponement in temporally overlapping tasks. Quarterly Journal of 
Experimental Psychology A: Human Experimental Psychology, 
41, 19–45.

Salthouse, T.A. (1986). Perceptual, cognitive, and motoric aspects of 
transcription typing. Psychological Bulletin, 99, 303–319.

Sommer, W., Leuthold, H., & Schubert, T. (2001). Multiple bottle-
necks in information processing? An electrophysiological exami-
nation. Psychonomic Bulletin & Review, 8, 81–88.

Tombu, M., & Jolicoeur, P. (2004). Virtually no evidence for virtu-
ally perfect time-sharing. Journal of Experimental Psychology: 
Human Perception and Performance, 30, 795–810.

Welford, A.T. (1952). The “psychological refractory period” and the 
timing of high-speed performance. British Journal of Psychol-
ogy, 43, 2–19.

 at VANDERBILT UNIV LIBRARY on April 14, 2011pss.sagepub.comDownloaded from 

http://pss.sagepub.com/

