
A hallmark of human behavior is the ability to respond 
appropriately to dynamic changes in the environment. 
For example, a skilled pianist makes seamless transitions 
between key signatures, whereas a musician of lesser 
ability persists in playing the notes corresponding to 
the previous scale (von Kries, 1895, cited in Woodworth 
& Schlosberg, 1954). From the perspective of human 
information processing, the performance of highly 
skilled pianists suggests that, with sufficient practice, 
one stimulus– response (S–R) mapping can be replaced 
with another without any decrement in performance. 
However, beginning with the seminal studies by Jersild 
(1927), in investigations of performance on different 
tasks in succession—task  switching—interference ef-
fects have been consistently observed whenever switches 
occur (reviewed in Monsell, 2003). One challenge in 
developing a theoretical account of task switching is to 
simultaneously account for the ability of people to exer-
cise executive control operations to endogenously drive a 
task switch while explaining the performance costs when 
people implement the task switch.

Switch costs arise from multiple possible sources. One 
influential view of task switching is to consider the human 
operator as a finite-state machine. Accordingly, a control 
signal determines the state of the operator, and each dis-
crete state selects the set of task-appropriate S–R connec-

tions (e.g., de Jong, 1995; Meiran, 1996, 2000a, 2000b; 
Rubinstein, Meyer, & Evans, 2001). In such a finite state, 
only the selected task is represented, and there is no trace 
of an unselected task. Thus, there should be no intertask 
interference once the system is selected and instantiated. 
Switch costs could only result in the interval between a 
new control signal and the subsequent transition to that 
state. As pointed out by Allport and Wylie (2000), this view 
suggests that switch costs may occur immediately follow-
ing a task switch but not once the system is appropriately 
reconfigured. This view of task switching predicts that all 
switch costs—even for the trial immediately following a 
task switch—should be completely eliminated if the ap-
propriate task settings are configured before a response is 
required. However, advance task cuing reduces—but does 
not completely eliminate—task-switch costs (Arrington, 
Logan, & Schneider, 2007; Jost, Mayr, & Rösler, 2008; 
Mayr & Kliegl, 2003; reviewed in Monsell, 2003; Pashler, 
2000), suggesting that the finite-state machine hypothesis 
is insufficient to explain switch costs in general.

What produces these residual switch costs? Residual 
costs are not attributable to an endogenous control process 
of task-set configuration, because they persist regardless 
of the preparation time (Arrington & Logan, 2004). Use of 
newly selected S–R connections improves their efficiency, 
as is evidenced by performance benefits on nonswitch tri-

 503 © 2009 The Psychonomic Society, Inc.

On the minimization of task switch costs  
following long-term training

MARIAN E. BERRYHILL AND HOWARD C. HUGHES
Dartmouth College, Hanover, New Hampshire

Flexible, context-dependent linkages between stimulus and response are fundamental to adaptive behavior. 
In the present article, we evaluate the limits of this flexibility by exploring the asymptotic efficiency of people’s 
ability to switch between two different sensorimotor mappings. Two stimulus–response (S–R) mappings were 
learned, either both on the same hand (unimanual condition) or one mapping per hand (intermanual condi-
tion). The S–R mappings presented bivalent stimuli and employed the same response keys. A novel training 
regimen successfully reduced task-switch costs to approximately 20 msec, suggesting that residual switch 
costs cannot be eliminated. These costs cannot be entirely attributed to the cognitive control process of task-
set reconfiguration, because they are observed over cued switch intervals of several seconds. Two additional 
issues in motor learning were addressed: the single or dual loci of manual motor control and the coordinate 
system of task representation. First, the results favored the notion of independent controllers for each hand in-
stead of a single dominant controller, since intermanual performance was superior to unimanual performance. 
Second, a transfer task tested internal (egocentric) and external (allocentric) coordinate systems. Transfer was 
more effective using the external coordinate system, suggesting that the S–R mappings reflected the associa-
tion between the bivalent stimuli and external goals (i.e., the individual keys) rather than the concrete pattern 
of muscle contractions (i.e., the finger pressing the key). Finally, retention tests revealed that these learned 
S–R associations were remarkably durable, since no decrements in fluent task-switching performance were 
observed after 10 months without practice.

Attention, Perception, & Psychophysics
2009, 71 (3), 503-514
doi:10.3758/APP.71.3.503

M. E. Berryhill, berryhil@psych.upenn.edu



504    BERRYHILL AND HUGHES

nally, we assessed the long-term retention of these learned 
S–R connections after a period with no task practice.

The present results indicate that the performance of two 
S–R mappings can equal performance of a single S–R 
mapping, suggesting that mixing costs can be eliminated. 
We found that switch costs on randomly cued task switches 
were reduced to an average of less than 20 msec, suggesting 
a remarkably facile degree of cognitive control associated 
with task-set reconfiguration. Intermanual performance 
was superior to unimanual performance. This finding sup-
ports the traditional view of independent controllers coor-
dinating manual motor control. Finally, with regard to the 
nature of the S–R associations learned under this training 
regimen, superior performance was observed when the 
transfer task maintained the external coordinate system 
rather than internal coordinates. This suggests that the ab-
stract task goal is preserved more readily than the specific 
pattern of muscle contractions. Task-switching retention 
was tested after 10 months without practice, and, remark-
ably, no change in performance was observed. These re-
sults indicate that multiple S–R mappings can be learned 
and maintained at the same level of proficiency over sur-
prisingly long temporal intervals, even though switch costs 
usually associated with endogenous processes such as task-
set reconfiguration cannot be completely avoided.

METHOD

Subjects
Twenty right-handed subjects (10 men, 10 women, ages 17–42 years) 

completed Phases 1–4 of behavioral training (the training phases are 
described below). In the retention test (Phase 7), 12 of the original 
20 subjects participated—7 from the unimanual group and 5 from 
the intermanua l group. Subjects received $3 per session unless they 
were participating in task-switching training phases, for which they 
received $5. The Dartmouth College Committee for the Protection of 
Human Subjects approved all experimental protocols.

Apparatus
Stimuli were displayed on a 19-in. CRT monitor at a viewing 

distance of 57 cm. Subjects’ heads were stabilized in a chinrest. 
Responses were keypresses on a standard keyboard modified so 
that keypresses were registered as an analog input to a National In-
struments data acquisition board. Stimulus presentation and timing 
were controlled by a generic PC running DOS, which yoked stimu-
lus presentation to the vertical refresh rate of the CRT monitor. RTs 
and response accuracy were collected and stored to disk for offline 
analysis using MATLAB 6.5 (MathWorks, Natick, MA).

S–R Mappings
The stimuli were four circular annuli of 1º diameter positioned 

at the corners of an imaginary square at an eccentricity of 8º. A 
fifth circular annulus of 1º was placed at the center of the display 
and served as the fixation point. A red or green border around the 
five annuli cued the mappings. The intensities of the borders were 
approximately equiluminant, as determined by heterochromatic 
flicker photometry. The target luminance was 27 cd/m2 over a dark 
background of 3.9 cd/m2. Each of the four responses was associated 
with an individual finger (excluding the thumb) and was mapped 
onto one of the four visual stimuli. There were two different S–R 
mappings that were inversions of each other. In one mapping, the 
index and ring fingers responded to the upper two annuli, and the 
middle and small fingers responded to the lower two annuli. In the 
second mapping, the index and ring fingers responded to the lower 

als. This is consistent with the well-known finding that, 
even in a single-task situation, repeatedly activating the 
same S–R pathway facilitates response times (RTs; e.g., 
Theios, 1975). Allport and colleagues (Allport, Styles, 
& Hsieh, 1994; Allport & Wylie, 2000; Wylie & Allport, 
2000) suggested that there is long-term facilitation of S–R 
pathways associated with the unselected task, accompa-
nied by long-term suppression of the S–R pathways of 
the selected task, despite the best efforts of endogenous 
control operations to reconfigure the task settings ap-
propriately. They termed the combination of persistent 
activation of unwanted and suppression of wanted S–R 
pathways task-set inertia. Task-set inertia leads to com-
peting response tendencies when the system is confronted 
with bivalent stimuli, and thus slows response selection 
(Hasbroucq, Burle, Akamatsu, Vidal, & Possamaï, 2001; 
Osman, Bashore, Coles, Donchin, & Meyer, 1992; re-
viewed in Gilbert & Shallice, 2002; also, cf. the results of 
Kveraga, Boucher, & Hughes, 2002, with those of Nelson 
& Hughes, 2007).

Switching costs that persist over many trials can also 
result if the asymptotic strength of the S–R connections 
differs under single- and dual-S–R-task testing sessions. 
These long-term effects of the sequential performance of 
two tasks, relative to single-task performance, have been 
called the mixing cost (Monsell, 2003; Pashler, 2000). 
On the basis of this brief overview of the task-switching 
literature, it appears that the facility of task switching 
rarely—if ever—approximates the efficiency expected of 
a finite-state system. Yet, the question remains: How can 
empirical studies identifying multiple sources of switch 
costs and interference be reconciled with the astonishing 
skills of Rachmaninoff, Horowitz, or Monk?

In the present study, a novel training regimen was ad-
opted, with the goal of minimizing all varieties of switch-
ing costs as much as possible. In a long-term training 
period of 5 months, the switch rate between two biva-
lent S–R mappings steadily increased. Initially, switches 
between the two S–R mappings were based on attain-
ment of asymptotic performance criteria. Subsequently, 
switches alternated daily between mappings, and, even-
tually, switches occurred unpredictably within a session. 
Within the context of this training regimen, we examined 
five related experimental questions. First, we investigated 
whether performance of a second mapping can equal per-
formance on the first mapping; that is, can retroactive and 
proactive interference (i.e., mixing costs; Monsell, 2003) 
be eliminated? Second, to what extent can the effects of 
task-set reconfiguration and other residual costs be re-
duced? Third, with regard to the issue of shared versus 
independent controllers for each hand, we asked whether 
switching between S–R mappings was more efficient 
under intermanual conditions (one mapping per hand) 
than under unimanual conditions (both mappings on one 
hand). Fourth, we examined the facility of task transfer 
from one hand to the other hand to examine the nature of 
the S–R connections learned during training. This also 
permitted an evaluation of whether transfer is superior 
when using an external or internal coordinate system. Fi-
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and speed. Subjects performed experimental sessions of 200 trials. 
Experimental sessions occurred during successive days during the 
work week; there was no testing on the weekends or during occasional 
scheduling conflicts.

Training Paradigm
The principal difference between this and previous investigations 

of task switching is the manner and duration of the applied training 
regimen. The following section describes this training procedure.

Session types. The switch rate between S–R mappings increased 
in frequency through a series of training phases described below (see 
Table 1 for a summary).

Phase 1: Acquisition of single mappings and full session alternation. 
This training phase was characterized by performance of only one 
S–R mapping during each experimental session. Subjects began the 
experiment by first learning one of the two alternative S–R map-
pings. This was counterbalanced across subjects. Subjects continued 
performing the same mapping until they reached criterion perfor-
mance. Criterion was reached when the mean correct RT remained 

two annuli, and the middle and small fingers responded to the upper 
two annuli (see Figure 1). In the Results sections, each reference to 
Map 1 or Map 2 collapses across the specific mapping and refers 
to the first or the second S–R mapping that the particular subject 
experienced.

Trial Design
Each trial began with the onset of a colored border indicating the 

S–R mapping that would be in effect for that trial. The border ap-
peared for an interval of 500–2,500 msec, which gave the subject a 
variable interval over which to implement their task-set configuration. 
One of the four peripheral annuli was then illuminated to indicate 
that it was the target and remained illuminated until a response was 
recorded. When the response was correct, the next trial began. When 
an incorrect response was made, the target annulus blinked twice to 
indicate the mistake. Although response accuracy was indicated to 
the subject, no feedback was provided regarding the RTs. Each trial 
lasted approximately 3,000 msec and was followed by a 1,000-msec 
intertrial interval. Subjects were instructed to emphasize accuracy 

Figure 1. Stimulus–response mappings and transfer schematic. The numbers denote 
the correspondence between the stimuli and the correct responses. For example, for 
Map 1, the filled annulus (Number 3) corresponds to a keypress from the right ring 
finger, as is noted by the solid circle. For the Map 1 task, the correct answer would be 
a keypress using the middle finger when the task is performed by the left hand and the 
ring finger when performed by the right. The right column shows Map 2, for which the 
correct response to Number 3 is a keypress using the small finger when performed by 
the left hand and the pointer finger when performed by the right hand. The mappings 
were indicated by two different border colors—red and green, shown here as a solid 
and a dashed border, respectively. In the example on the left, the trained answer was 
the right ring finger. For the internal transfer task (marked by a square), the finger 
pressing the key is maintained, thus the correct answer is a keypress with the left 
ring finger. For the external transfer condition (marked by a hexagon), the key being 
pressed is maintained, thus the correct answer is the second finger from the right—the 
middle finger. Note that the numbers were never visible to the subjects and are shown 
here for illustration purposes only.
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whether practiced unimanually or intermanually—to eval-
uate whether the numbers of sessions to criterion for the 
unimanual and intermanual groups differed. There was no 
difference in the numbers of sessions to initial criterion, as 
measured by a two-tailed t test comparing unimanual (mean 
number of sessions to criterion  8.05) and intermanual 
(M  8.00) groups [t(18)  1.46, p  .16]. These results 
indicate that the early learning of two S–R mappings on 
one hand did not impose additional interference when com-
pared with learning the mappings on different hands.

Comparing Map 1 and 2 proficiency. We next eval-
uated whether performance on the second mapping was 
equivalent to the level of performance on the first map-
ping. The data from the eight criterion points of Phase 1 
(four per S–R mapping) were chosen. These data points 
reflect performance when subjects maintained perfor-
mance across 3 days, which should demonstrate a stable 
level of proficiency. A repeated measures MANOVA was 
conducted, comparing performance at criterion (RT, ac-
curacy), mapping (Map 1, Map 2), and criterion point 
per mapping (1–4) separately for the unimanual and in-
termanual groups. The unimanual group performed the 
first mapping more rapidly than the second mapping but 
equally as accurately [RT, F(1,9)  5.09, p  .05; ac-
curacy, F(1,9)  1.26, p  .29], although the difference 
in means along both dimensions was numerically small 
(mean RT, Map 1  402.5 msec, Map 2  422.7 msec; 
mean accuracy, Map 1  96.6%, Map 2  95.9%). The 
main effect of criterion point was also significant [RT, 
F(3,27)  15.54, p  .001; accuracy, F(3,27)  1.0, 
n.s.], such that performance of the first criterion level 
was significantly slower than later criterion levels (all 
ps  .03); the second through fourth criterion levels were 
not statistically different from each other (all ps  .07). 
The interaction of map and criterion level did not reach 
significance for RT or accuracy [RT, F(3,27)  1, n.s.; 
accuracy, F(3,27)  2.01, p  .14]. In contrast, the in-
termanual group showed no significant difference in RT 
[F(1,9)  1, n.s.] but did reveal a significant main effect 
of accuracy [F(1,9)  8.74, p  .02] between mappings. 
Again, the numerical differences between values are small 
(RT, Map 1  418.4 msec, Map 2  421.4 msec; accuracy, 
Map 1  96.5%, Map 2  95.7%). The interaction of map 
and criterion level did not reach significance for RT or ac-
curacy [RT and accuracy, F(3,27)  1, n.s.]. The main ef-

within 40 msec and accuracy remained within a 5% range across 
three consecutive testing sessions. Only then did subjects learn 
the other S–R mapping, which they then performed until they re-
established criterion performance. Subjects then alternated between 
the two S–R mappings until they had achieved the criterion level of 
performance four times on each mapping.

In the remaining Phase 1 sessions, the S–R mappings alternated 
with one mapping rule in effect for each experimental session. The 
total number of sessions varied for each subject, since individuals 
reached criterion after different numbers of sessions. There was a 
total of seven periods for each mapping.

Phase 2: Long block switching. During this and all subsequent 
phases, subjects performed both mappings during each session. The 
mapping that was performed first was alternated over daily sessions, 
and the tasks were switched after blocks of 40 trials. There were 10 
Phase 2 sessions.

Phase 3: Short block switching. During this training phase, S–R 
mappings alternated after blocks of 10 trials. As in Phase 2, the map-
ping performed first alternated over daily sessions. There were six 
Phase 3 sessions.

Phase 4: Alternating trials. S–R mappings were switched after 
each trial. There were six Phase 4 sessions.

Phase 5: Random switching. S–R mappings switched randomly and 
with equal likelihood from trial to trial. Thus, the numbers of trials 
per mapping were equal. There were between two and nine sessions. 
This number varied because subjects performed this phase until they 
participated in a neuroimaging session (data not included).

Phase 6: Transfer. Subjects performed one block of 100 trials per 
S–R mapping using the untrained hand. Two types of intermanual 
transfer were tested: external, in which the correct response key was 
preserved, whereas the effector changed, and internal, in which the 
correct effector was preserved but the key pressed changed. Transfer 
was tested in a between-subjects manner, such that each subject only 
conducted one transfer task. This avoided concerns of interference 
between transfer tasks that might have resulted if the same subject 
had performed both types of transfer. Transfer assignment is shown 
in the lower panel of Figure 1.

Phase 7: Long-term retention. Following a period of at least 
10 months with no practice, 12 subjects returned for a retention test. 
Subjects performed a block of 50 trials per mapping and then 100 
trials under random switching conditions. Subjects were not told at 
the end of training that there would be a retention test in the future.

RESULTS

Phase 1: Single Mappings
Rate of unimanual or intermanual mapping ac-

quisition. Phase 1 revealed the time course of S–R map 
learning. In the Phase 1 sessions, we measured the rate of 
achieving criterion performance for each S–R mapping—

Table 1 
Training Summary, Indicating the Number of Sessions  

and the Switch Rule for Each Training Phase

Number of
Training Phase  Sessions  Switch Rule

1. Full sessions 32–37 4 Switches: 3 days within 40 msec (RT) and 5% (accuracy)
9 Switches: Daily 

2. Long blocks 10 40 trials
3. Short blocks 6 10 trials
4. Alternating 6 1 trial
5. Random 2–9 Random
6. Transfer 1 50 trials
7. Retention 1 1st 100 trials: 1 block Map 1, 1 block Map 2

2nd 100 trials: Random

Note—RT, response time
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Phases 2 and 3: Long and Short  
Block Performance

The results from the long and short block sessions 
show asymptotic performance for both mappings and both 
groups. There was no statistical difference between the 
unimanual and intermanual groups for any of the long or 
short block time points for measures of RT or accuracy (all 
ps  .19). The final training phases show no statistically 
significant differences in performance between groups 
when compared using two-tailed independent t tests (all 
ps  .1). These data indicate that both mappings and both 
groups achieved the same level of proficiency during the 
extended training period.

Patterns of errors. To further compare interference ef-
fects between the two mappings, we examined the patterns 
of errors in the unimanual and intermanual groups. The 
errors of primary interest were those that corresponded to 
the correct answer for the mapping that was not activated, 
termed the correct other mapping errors. The proportion 
of each error type is shown in Figure 3. The second type 
of error corresponded to pressing one of the other two 
fingers that did not correspond to the correct answer for 
the incorrect mapping; these are termed neighbor errors. 
Errors early in training were characterized as neighbor er-

fect of criterion point reached significance [F(3,27)  5.2, 
p  .01], but no pairwise contrasts reached significance.

In a second analysis, performance levels from the final 
2 days of Phase 1 were compared, and no significant dif-
ferences were found in RT or accuracy for either the uni-
manual or intermanual groups (all ps  .1). These results 
suggest that, after the initial criterion points for each map-
ping, there was no difference in performance between the 
two mappings for either group.

Learning curves: Maps 1 and 2. The most dramatic 
improvements in performance reflect the learning during 
Phase 1. In order to compare the rates of learning between 
the two mappings, we compared the best-fitting functions 
for the RT and accuracy data. Power law functions that best 
fit the first series of sessions for the unimanual [Map 1, 
y  .72x .27, F(1,94)  77.52, p  .0001, adjusted r2  
.45; Map 2, y  .60x .18, F(1,62)  22.76, p  .0001, 
adjusted r2  .26] and intermanual [Map 1, y  .62x .18, 
F(1,82)  72.29, p  .0001, adjusted r2  .26; Map 2, 
y  .60x .14, F(1,74)  16.81, p  .0001, adjusted r2  
.17] groups were not different. There were no significant 
differences between groups (all ps  .09). These findings 
indicate that both groups learned each mapping following 
a similar learning curve. See Figure 2.
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of .5 [t(19)  4.61, p  .0002], indicating that more er-
rors occurred during switch trials than during nonswitch 
trials. These data demonstrate a second between-groups 
dissociation. The unimanual group committed a dispropor-
tionate number of switch errors (mean switch errors  .72) 
when compared with the intermanual group (mean switch 
errors  .57). After removing two outliers, which were far-
ther than two standard deviations from the mean, the differ-
ence between the unimanual and intermanual proportions 
of switch errors reached statistical significance [t(18)  

2.75, p  .013], such that the proportion of switch errors 
was significantly higher in the unimanual group.

Phase 5: Costs of Random Switching
Switch costs were examined to assess whether they 

could be eliminated or reduced by extensive training or 
by intermanual training. Switch costs were investigated 
using the data from the random switching phase (Phase 5) 
because these sessions occurred after extensive training 
and included switch and nonswitch trials. Switch costs 
were calculated by subtracting the mean nonswitch RT 
from the mean switch RT.

Switch costs were first assessed as a function of the 
border-cue duration. This cue signaled which mapping 
would be in effect when the target appeared. For all cor-
rect trials, cue duration was binned in 100-msec segments 
from 900 to 2,400 msec. Switch costs were determined for 

rors, and, over the course of training, the errors patterned 
such that people were more likely to press the correct re-
sponse for the incorrect mapping. There was a small pro-
portion of a third error type—a response by the fourth 
finger. There were few of these responses, and they are not 
of theoretical interest and are not included in the analyses. 
In order to assess whether there was a differential shift in 
error types between the two groups over time, these data 
were compared in an ANOVA with the within-subjects 
factors of phase (1–5) and error type (neighbor, correct 
other mapping) and between-subjects factor of group 
(unimanual, intermanual). There was a significant two-
way interaction between phase and error type [F(4,72)  
38.3, p  .001], indicating that both groups demonstrated 
a significant shift in error types across training phases. 
However, the three-way interaction between group, phase, 
and error type [F(4,72)  10.8, p  .001] confirmed that 
the unimanual group committed more correct other map-
ping errors later in training. This finding indicates that 
there was stronger interference between the two mappings 
in the unimanual group.

In a second analysis, we compared errors occurring dur-
ing the map switch and nonswitch trials during the ran-
dom switching phase (Phase 5). The majority of the errors 
during this phase (647/996  .65) were performed during 
the unpredictable switch trials. This proportion of switch 
errors was significantly different from the expected value 
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racy, unimanual  9.52%, intermanual  9.30%) and 
RT (mean cost in RT, unimanual  144 msec, inter-
manual  178 msec). These measures were subjected to 
a MANOVA comparing transfer (external, internal) with 
group (unimanual, intermanual). There was a significant 
main effect of transfer type [F(2,15)  13.78, p  .001] 
but no main effect of group [F(2,15)  0.06, p  .95] or 
interaction [F(2,15)  0.14, p  .87]. The significant ef-
fect of transfer type was dominated by the significantly 
lower accuracy in the internal transfer group. The results 
from the transfer task indicate that external coordinate 
transfer was performed with greater facility than was in-
ternal coordinate transfer.

Phase 7: Long-Term Retention
Subjects performed 56–68 training sessions over ap-

proximately 5 months. The opportunity remained to eval-
uate the long-term retention of the two mappings after at 
least 10 months without practice. The RT and accuracy 
data from the block session were compared with perfor-
mance during the short block training (Phase 3), because 
the short block phase reflected similar testing conditions 
(see Table 2).

There was one outlier from the unimanual group who 
showed a 219-msec slowing for the first mapping and a 
42-msec improvement for the second mapping. This in-
dividual was the subject with the slowest RTs throughout 
training. Excluding this subject’s data revealed a negli-
gible RT difference of 1.7 msec. Analysis by MANOVA 
comparing experimental period (training, retention) with 
measure (Phase 3: RT, accuracy) revealed no significant 
main effects or interactions (all ps  .40).

In a second analysis, we compared performance from 
the immediately preceding training phase—the random 
switching phase (Phase 5). Again, the previously men-
tioned outlier subject showed a large (242-msec) slow-

each subject for each bin and were subjected to repeated 
measures ANOVAs with group as a between-subjects fac-
tor. Neither the main effect of delay or group nor the inter-
action of group and delay achieved statistical significance 
(all Fs  1, all ps  .3). These data suggest that small 
switch costs were not eliminated with longer border-cue 
durations.

Since there was no significant difference in switch costs 
as a function of cue duration, data were collapsed across 
cue durations in subsequent analyses. One outlying data 
point was removed from each group because each was 
farther than two standard deviations from the mean. The 
unimanual outlier demonstrated extremely high switch 
costs (154 msec), whereas the intermanual outlier showed 
great facilitation for switch trials (95 msec). The remain-
ing data revealed comparable switch costs for each group 
(unimanual mean  18.10 msec, intermanual mean  
12.11 msec), which did not demonstrate a significant 
difference between groups [t(16)  0.58, p  .57]. This 
analysis suggests that the time to switch S–R representa-
tions does not differ when mappings are performed by a 
single hand or by two hands.

Phase 6: Task Transfer
In order to evaluate the dominant coordinate system 

of task transfer, we evaluated performance on internal 
and external transfer tasks. Difference scores between 
performance using the standard mapping (Phase 3 short 
block performance, for similarity to transfer design) and 
transfer performance were calculated (see Figure 4). Ex-
ternal coordinate transfer modestly affected accuracy 
(mean change in accuracy, unimanual  0.02%, in-
termanual  0.57%) and RT (mean change in RT, uni-
manual  83.0 msec, intermanual  61.0 msec). In 
contrast, the internal coordinate transfer produced greater 
impairment in terms of accuracy (mean change in accu-
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respect to testing transfer, performance was best pre-
served by implementing an external coordinate system. 
This suggests that task representation corresponded to 
the end goal rather than to a specific motor pattern. How-
ever, transfer implementing an internal coordinate sys-
tem also demonstrated a high degree of accuracy. Finally, 
proficiency for both mappings was retained equally well 
by unimanual and intermanual groups even after a 10-
month period without performing the task (Phase 7). In 
the following paragraphs, the implications of these find-
ings are addressed.

The Finite-State Machine and Switching Costs
Prior to this study, there was little empirical evidence 

that task-switching performance could ever approximate 
the performance of a finite-state machine. Rather, most 
studies emphasized multiple sources of interference, in-
cluding the time taken by executive control processes to 
reconfigure the system and to enable the new task (Ar-
rington & Logan, 2004; Kimberg, Aguirre, & D’Esposito, 
2000; Logan & Bundesen, 2003, 2004; Schneider & 
Logan, 2005), interference from previous S–R mappings 
(Allport et al., 1994; Allport & Wylie, 2000), and endog-
enous and exogenous shifting of S–R mapping (Rogers 
& Monsell, 1995). Even a finite-state system would need 
time to reconfigure the task, so some switch costs would 
likely remain under the conditions in which task switches 
occur unpredictably—and with little warning. However, 
even with advanced reconfiguration time, switch costs 
remain (Arrington et al., 2007; Mayr & Kliegl, 2003; 
 Meiran, 1996). Impaired performance has been demon-
strated when there is a pause in the task that is not ac-
companied by a task switch, suggesting a resurrection 
of interference from the competing task (Schneider & 
Logan, 2007). These findings confirm that assuming a 
finite-state machine does not provide sufficient explana-
tory power.

A second possible source of switch costs was mixing 
costs—the general performance deficit sometimes ob-
served when multiple tasks are performed (Los, 1996). In 
the present data, these costs were undetected. On the two 
tasks, subjects achieved equal asymptotic facilities in the 
unimanual and intermanual conditions when performed 
in isolation and when both tasks were performed during a 
single session. This result suggests that mixing costs can 
be eliminated or rendered invisible.

We also saw little evidence of task-set inertia or of 
spontaneous intrusions of the alternate S–R mapping. Al-
though switch costs remain, it is important to emphasize 
that, if given about 1 sec to reconfigure their task settings, 
the present subjects had residual switch costs of less than 
20 msec! This suggests that, in the limit, task-switch costs 
can approximate the predictions of a finite-state machine 
hypothesis. This remarkable degree of task-switching fa-
cility is the primary result of this investigation, and it illus-
trates how close the asymptotic efficiency of well-learned 
task switching can approximate a memoryless finite-state 
system. The results confirm and extend those of earlier 
work demonstrating that task-switch efficiency can be 

ing of RTs for the first mapping. Excluding this outlier 
revealed a slowing of 15.3 msec. A MANOVA compar-
ing retention period (training, retention) with measure 
(Phase 5: RT, accuracy) including these data replicated 
the above findings, and no significant main effects or in-
teractions were found (all ps  .09).

These data indicate that retention for the two groups 
was equivalent and that performance after retention was 
equal to performance during training. This suggests that 
both mappings were successfully consolidated and that 
these representations were rendered immutable, at least 
over a 10-month period without practice.

DISCUSSION

In the present study, a novel long-term training para-
digm was used to minimize sources of task-switch costs 
in order to assess the asymptotic flexibility of switch-
ing between two sets of S–R connections, the coordinate 
structure of the connections formed, the degree to which 
performance on each task interferes with the other’s pro-
ficiency, and the endurance of task consolidation. Five 
months of training produced over 280,000 trials in a sim-
ple visuomotor task using bivalent stimuli to establish 
two equally difficult S–R mappings. Two training groups 
were compared: the unimanual group, who learned both 
S–R mappings with the right hand, and the intermanual 
group, who learned each mapping on a different hand. A 
series of training phases imposed steadily increasing de-
mands on response flexibility by accelerating the rate of 
map switching from one mapping per session (Phase 1) 
to sessions of randomized map switching (Phase 5). Fol-
lowing this extensive training, remarkably modest switch 
costs of less than 20 msec remained. The comparison 
of the unimanual and intermanual groups revealed that 
subjects were able to acquire and maintain equivalent 
proficiency with both mappings. Between-groups com-
parisons demonstrated that the intermanual group was 
more resistant to interference between mappings than 
was the unimanual group and was therefore superior. In 
order to assess the preferred coordinate system of the 
stored task, we compared task transfer (Phase 6) to the 
untrained hand when we applied internal coordinates 
with that when we applied external coordinates. With 

Table 2 
Retention Test Performance 

Difference Score

Block Random

Subject  Measure  M  SEM  M  SEM

Unimanual RT 14.13 14.21 32.73 18.64
Accuracy 0.29  1.75 3.08  2.16

Intermanual RT 3.61 12.61 0.73 15.92
Accuracy 0.88  1.07 3.11  1.98

Note—Difference Score, changes in response time (RT, in milliseconds) 
and accuracy (%) between the block and random retention tasks (trained 
score  retention score). Positive numbers indicate faster or more accu-
rate performance on the retention task; negative numbers indicate slower 
or less accurate performance.
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jects in the unimanual group were more likely to make 
errors that corresponded to the correct answer in the other 
mapping. This is consistent with some previous findings 
reporting reduced switch costs when S–R mappings are 
lateralized across hands (Bradshaw, Nicholls, & Rogers, 
1998; but see Charron, Collin, & Braun, 1996, and Nefs, 
Kappers, & Koenderink, 2005). The finding that inter-
ference is not completely eliminated under conditions of 
intermanual task switching (e.g., Braun, Hess, Burkhardt, 
Wühle, & Preissl, 2005; Thut et al., 1996) may be due 
to interhemispheric connections (Diedrichsen, Hazeltine, 
Nurss, & Ivry, 2003), such as the callosal links between 
the hand representations in the two hemispheres (Wahl 
et al., 2007).

Greater interference and variability in the unimanual 
condition suggest that independent motor control guided 
performance for each hand. In contrast, neuroimaging 
findings suggest a dominant left supplementary motor 
area that controls right as well as left motor responses in 
sequence-learning tasks (e.g., Grafton, Hazeltine, & Ivry, 
1998, 2002). The results of these studies suggest the pres-
ence of a single dominant controller located in the left 
hemisphere. One difference that may explain these dif-
ferent findings is the nature of the tasks. The dominant 
hemisphere motor controller may be necessary to coordi-
nate bimanual motor sequences, and independent control-
lers may suffice for simple S–R motor responses, such as 
those used here.

Coordinate System and  
Direction of Task Transfer

In order to investigate the manner of task representation, 
task transfer was tested under two coordinate systems: 
internal (egocentric) and external (allocentric). Transfer 
based on internal coordinates maintains the homological 
pattern of muscle movement, such that the finger pressing 
the key remains the same. This corresponds to a concrete, 
low-level representation in which the responses are reas-
signed to the corresponding fingers of each hand. Precise 
interhemispheric connections between homological repre-
sentations could be the mechanism of transfer based on in-
ternal coordinates, and evidence in support of this type of 
transfer comes from distorted field paradigms (Krakauer, 
Pine, Ghilardi, & Ghez, 2000; Malfait, Shiller, & Ostry, 
2002; Shadmehr & Moussavi, 2000; Shadmehr & Mussa-
Ivaldi, 1994).

In contrast, transfer based on external coordinates pre-
serves the goal state, such that the physical key pressed re-
mains the same. Evidence supporting external coordinate 
transfer comes from complex motor paradigms (Imamizu 
& Shimojo, 1995; Willingham, Wells, Farrell, & Stem-
wedel, 2000). Conciliation between these contrasting views 
comes from dual-layer models of task representation, which 
propose that each coordinate system corresponds to a dif-
ferent task representation. The external coordinate frame 
corresponds to the consolidated goal representation found 
in well-learned tasks. A second, more concrete representa-
tion determines the effector-specific motor response corre-
sponding to the internal coordinate frame (Cohen, Pascual-

maximized through extensive training (Stoet & Snyder, 
2003, 2007), task familiarity (Rubinstein et al., 2001), 
high S–R compatibility (e.g., Dassonville, Lewis, Foster, 
& Ashe, 1999; Fitts & Deininger, 1954; Fitts & Seeger, 
1953; Fitts & Simon, 1952; Kornblum & Lee, 1995; Proc-
tor, Wang, & Vu, 2002; Simon & Rudell, 1967; Simon & 
Small, 1969; reviewed in Lien & Proctor, 2002), and S–R 
mapping cue (Diedrichsen, Hazeltine, Kennerley, & Ivry, 
2001; Hazeltine, Bunge, Scanlon, & Gabrieli, 2003; Lien 
& Proctor, 2002).

For a host of practical reasons, few studies endeavor 
to test subjects over the extended time periods used in 
the present study. However, these results demonstrate 
that many frequently observed sources of between-task 
interference can be eliminated if people are given suf-
ficient practice. In the present study, we successfully 
reduced switch costs to less than 20 msec, even though 
the task switching occurred at random intervals. This is 
consistent with a recent report in which Stoet and Snyder 
(2007) collected at least 23,800 trials from each of 4 sub-
jects in a two-response task-switching paradigm. Modest 
switch costs remained and no significant improvement 
was observed during the second half of the trials. It is 
clear that switching costs are not easy to eliminate, but 
even the present results involved only 5 months of train-
ing. Perhaps years of practice can eliminate these costs 
entirely.

One explanation for the durability of switch costs is that 
they are due to an indelible degree of top-down interfer-
ence. It has been shown that well-trained primates exhibit 
negligible switch costs, whereas humans performing the 
same task demonstrate greater switch costs (Stoet & Sny-
der, 2003). In recent studies, Dreisbach and colleagues 
(Dreisbach, Goschke, & Haider, 2007; Dreisbach & 
Haider, 2008) investigated whether the underlying cause 
of this dissociation between species was due to differences 
in the cognitive representations of the two task sets. To test 
this hypothesis, Dreisbach et al. taught human subjects 
eight S–R pairings that could also be conceptualized as 
two tasks with four possible responses each. Surprisingly, 
no switch costs were observed until the unnoticed task-
set structure was revealed (Dreisbach et al., 2007). In a 
subsequent study, Dreisbach and Haider suggested that 
this interference may reflect a beneficial process in which 
external S–R pairings are suppressed in order to optimize 
performance on the current task. Their data indicate that 
representing the S–R mappings as distinct sets is suffi-
cient to introduce switch costs. This cognitive limitation 
may be rendered beneficial by confining responses to rel-
evant options when performing a task. Such a telescop-
ing process might serve to limit errors and to promote the 
creation of context dependence—hallmarks of executive 
function (Miyake et al., 2000).

Intermanual and Unimanual  
Differences and Motor Control

In the present study, the comparison between uniman-
ual and intermanual performance provides limited support 
for the superiority of between-hand performance. Sub-
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a lesser degree of training may result in unidirectional 
transfer. Alternatively, the direction of transfer may be 
task dependent, and the bivalent stimuli used here may 
have been too simple or overlearned to reveal asymme-
tries in transfer performance.
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