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Temporal Stimulus-Response Compatibility

Marc Grosjean and J. Toby Mordkoff
The Pennsylvania State University

The study of element-level stimulus-response compatibility (SRC) has predominantly focused on spatial
and symbolic relationships and has involved measures of response time and (dichotomous) error rate.
This article explores a new form of SRC that is observed when duration is the relevant feature of both
the stimulus and the response, using a more extensive analysis of performance accuracy and variability.
The results indicate that element-level SRC generalizes to situations involving time as the relevant
dimension of stimuli and responses. Evidence of this was found in all of the extracted measures of
performance; however, temporal SRC was shown to have independent effects on when and how
accurately a response was made. Implications for SRC research are discussed.

It has long been recognized that people find it easier to respond
to a stimulus when the required response is in some way compat-
ible or congruent with the presented stimulus (see, e.g., Proctor &
Reeve, 1990, for an introduction and review). For example, people
are faster and more accurate in pressing a button on the left (as
opposed to on the right) when a stimulus is presented on the
left than when it is presented on the right. This pattern of results,
which demonstrates element-level stimulus-response compatibil-
ity (SRC), was first presented by Fitts and Deininger (1954). Since
then, SRC effects have been shown to be pervasive in both
laboratory settings and everyday life and have proven to be among
the most robust findings in the study of human perception and
performance (for another recent review, see Hommel & Prinz,
1997). As such, they have provided a useful basis for the investi-
gation of perceptual-motor behavior from information-processing
(e.g., Kornblum, Stevens, Whipple, & Requin, 1999), ecological
(e.g., Michaels & Stins, 1997), and dynamic-systems (e.g., Chua &
Weeks, 1997) perspectives.

Previous SRC Research

Traditionally, SRC research has focused on spatial and symbolic
relationships between stimuli and responses (see Alluisi & Warm,
1990). However, there have also been efforts to generalize the
concept of SRC to other types of relationships. As a recent exam-
ple, Romaiguere, Hasbroucq, Possamai, and Seal (1993) have
established a compatibility between stimulus intensity and re-
sponse force (with more intense stimuli being more congruent with
higher response force). However, to our knowledge, a relationship
that has yet to be investigated is one that relies solely on time.
Dynamic displays have been used before (e.g., Michaels, 1988;
Proctor, Van Zandt, Lu, & Weeks, 1993), but always with the
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purpose of providing spatial information that emerges over time
(e.g., through the direction of stimulus motion). In light of the
general importance of timing as a topic of study in human behavior
(see, e.g., Rosenbaum & Collyer, 1998), the aim of the present
experiments was to establish a new form of SRC based on the
duration of stimuli and responses.

Measures of Performance

As is the case for many of the effects that have been examined
in the human perception and performance literature, SRC effects
have usually been analyzed in terms of response speed and re-
sponse accuracy. This has generally involved measures of move-
ment initiation time (i.e., response time [RT]) and a binary cate-
gorization of each response as being either correct or incorrect
(i.e., dichotomous error rate [ER]). Despite the evident success of
these measures, there have also been attempts to broaden the array
of behavioral indices to afford some insight into how a response is
executed as opposed to simply when it is executed. This issue has
always been at the core of motor-control research (see, e.g.,
Schmidt & Lee, 1999) and has recently gained some attention
within the rest of cognitive psychology. For example, in the
context of lexical decision and memory scanning, Abrams and
Balota (1991) suggested that the force with which a response is
made might provide a measure of the amount of information or
evidence that is available in support of that response. As another
example, Giray and Ulrich (1993) suggested that the locus of
coactivation in redundant-target tasks resides in the motor system
because redundant-target responses are sometimes more forceful
than single-target responses (see also Mordkoff, Miller, & Roch,
1996).

A similar step has recently been taken in the SRC literature. In
their studies of perception-action coupling, Chua and Weeks
(1997) have shown that people are more stable in regard to
synchronizing their movements with a stimulus that is moving in
the same direction as their movement (in phase) than with a
stimulus that is moving in the opposite direction (anti phase).
Along similar lines, Ehrenstein, Cavonius, and Lewke (1996, as
cited in Ehrenstein, 1997) have observed that, in visuomotor
tracking tasks, people spend more time on target and show fewer
spatial deviations when the target and the required movement
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trajectories are in phase and parallel with each other than when
they are not.

By demonstrating that the compatibility between stimuli and
responses can have effects on how responses are generated, these
examples have the potential to provide further insight into the
processes that underlie SRC effects. These examples also have the
appeal of involving more dynamic tasks than those that are often
used in the laboratory. We sought to further these efforts by
examining a variety of dependent measures, but we still used a task
that would allow us to simultaneously extract the more traditional
behavioral indices. This was achieved by asking people to perform
a choice-RT task, making button presses of varying durations in
response to stimuli of varying durations.

The Present Study

For the purpose of generality, two experiments were conducted.
The first involved auditory stimuli, and the second involved visual
stimuli. Both experiments required manual responses of various
durations, always made with the dominant index finger. Because
the two experiments were very similar, they were analyzed to-
gether and are here presented as one. Unless specified otherwise,
the methods for the two experiments were identical.

The specific task used was a hybrid between go/no-go and
two-alternative forced choice. On each trial, one of three stimuli
was presented: short duration, long duration, or very long duration.
The correct response to a short- or a long-duration stimulus was
either a short- or a long-duration response depending on the
assigned mapping (described subsequently). The very-long-
duration stimuli always signaled a no-go trial. The reason for
including the latter type of stimuli was to force participants to
perceive the entire duration of the stimulus before initiating a
response. Had these stimuli not been included, participants would
have been able to respond to the long-duration stimulus as soon as
it had been presented for a longer period of time than the short-
duration stimulus. Because of this, RT was measured from stim-
ulus offset.

As suggested earlier, each experiment included two main con-
ditions defined by the mapping between stimulus duration and
response duration. Under congruent mappings, the correct re-
sponse duration (on go trials) was the same as the stimulus dura-
tion. Under incongruent mappings, the mapping was reversed,
such that a short-duration stimulus called for a long-duration
response, and a long-duration stimulus called for a short-duration
response (for the motivation behind the use of the terms congruent
and incongruent instead of compatible and incompatible, see
Kornblum & Lee, 1995). Our central question was whether
stimulus-response (S-R) mapping in this temporal task would have
the same effect found in a variety of spatial and symbolic tasks
(e.g., Fitts & Deininger, 1954; Kornblum & Lee, 1995; Wang &
Proctor, 1996).

In addition to obtaining RT and dichotomous ER, we performed
a more extensive analysis of performance accuracy and variability.
For accuracy, we examined the magnitude and the direction of the
difference between the required and the observed response dura-
tions. This involved computing the absolute and constant errors,
respectively. For variability, we looked at the relative spread of the
RTs and the observed response durations by calculating coeffi-
cients of variation.

Method

Participants. The participants were Pennsylvania State University un-
dergraduates (Age: M = 19.59 years, range = 18-27 years) who volun-
teered in exchange for partial course credit. Different groups of 16 partic-
ipants completed each experiment. All participants reported normal or
corrected-to-normal vision and normal hearing, and all were naive as to the
purpose of the study.

Apparatus, stimuli, and responses. Participants were seated in a dimly
illuminated and sound-attenuated booth. The presentation of stimuli and
the recording of responses were controlled by an IBM-compatible micro-
computer that allowed for millisecond timing resolution. For the auditory
experiment, the stimuli consisted of 440-Hz tones, of about 60 dB(A)
measured at the participant's ear, presented binaurally through two loud-
speakers placed on a table in front of the participant. The short and long
(auditory) stimulus durations were 150 ms and 300 ms, respectively; the
no-go duration was 1,200 ms. For the visual experiment, the stimuli
consisted of filled white squares presented on a black background at the
center of a super video graphics array monitor. At a viewing distance of 50
cm, the stimuli subtended a visual angle of about 0.29° x 0.29°. The short
and long (visual) stimulus durations were 150 ms and 450 ms, and the
no-go duration was 1,400 ms. The use of larger spacing between stimulus
durations in the visual experiment was determined by an unreported study
that revealed that many people had difficulty discriminating between visual
stimulus durations of 150 and 300 ms. This is consistent with the well-
known finding that the visual system has a poorer temporal resolution than
the auditory system (e.g., Murch, 1973).

Responses were recorded with a custom-made button box; participants
made buttonpresses with the index finger of their dominant hand. In each
experiment, there were two different values for the correct response dura-
tion, matching the two different go-trial stimulus durations. Given that
Weber's law characterizes the perception and production of time intervals
within the range of durations used here (i.e., the standard deviations of
interval perception and production are both proportional to the size of the
interval; see, e.g., Getty, 1975; Ivry & Hazeltine, 1995), we equated task
difficulty for the two different response durations by classifying all re-
sponses within an interval that spanned the response duration plus or minus
a proportional tolerance duration as being correct. The tolerance duration
was set to one third of the response duration. For example, with a targeted
response duration of 150 ms, a response would be coded as correct if its
duration were anywhere within the interval between 100 ms and 200 ms.

Design. The critical trials of each block consisted of 12 short, 12 long,
and 6 very long (no-go) trials. Therefore, 12 short-duration and 12 long-
duration responses were required per block. Half of the participants started
with the congruent S-R mapping (i.e., short and long stimulus durations
paired with short and long response durations, respectively) and then
switched halfway through the experiment to the incongruent mapping. For
the other half of the participants, the opposite order of mappings was used.
(When included as a between-subjects factor in the data analysis, mapping
order never had a main effect, nor did it interact with modality [i.e.,
experiment], stimulus duration, or response duration. Therefore, all re-
ported analyses collapsed across mapping order.)

Procedure. Participants were tested in a single, 45-min session. The
session started with written instructions in which the participants were
asked to observe the full duration of the stimulus and then (if the stimulus
was not very long) respond as quickly and as accurately as possible by
pressing the button for the proper duration. They were told that the short
and long response durations were the same as the short and long stimulus
durations but were not informed about the specific tolerance intervals used
to categorize responses as correct or incorrect. The importance of avoiding
false-alarm errors on no-go trials was also stressed.

The participants then performed 14 blocks of trials, the first 7 with one
of the S-R mappings (congruent or incongruent) and the last 7 with the
opposite mapping. The first 3 blocks of each set of 7 were considered
practice and excluded from analysis. Each block started with 5 warm-up
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trials that were randomly selected from the three stimulus durations; these
trials were also excluded from the analysis. The 30 critical trials were
presented in a pseudorandom order. Error trials were followed by a
randomly selected and unanalyzed recovery trial that was added to the
block (for rationale, see Rabbitt, 1966).

The events of a trial were as follows (see Figure 1). Each trial started
with the presentation of a stimulus that stayed on for a certain duration. The
offset of the stimulus started a timer that was used to measure RT and RD.
(For clarity, we use the acronym RD for the duration of the response made
by the participant; we use response duration (spelled out) to describe the
response that should have been made.) RT corresponded to the delay
between stimulus offset and the moment at which the button was first
pressed. The clock was started at stimulus offset because this was when the
participant was provided with the information required to perform the task.
RD corresponded to the duration of the button press.

If an error was made (i.e., the RD was not contained within the response
duration plus-minus tolerance duration interval or the button was pressed
on a no-go trial), the participant received written feedback on the computer
monitor for 2 s that read "too short" for undershoots, "too long" for
overshoots, or "do not respond to very long stimuli!" for false alarms. After
an intertrial interval between response offset (for correct trials) or feedback
offset (for incorrect trials) and stimulus onset, the stimulus of the next trial
appeared. To reduce stimulus anticipation, the intertrial interval was the
sum of a constant minimum of 1,500 ms and a randomly chosen time
between 0 ms and 1,000 ms. At the end of each block, an interblock
interval of 20 s was imposed during which the participant was shown his
or her mean RT and accuracy (percentage) for the just-completed block.

Data analysis. Practice blocks, warm-up trials, no-go trials, anticipa-
tions, and recovery trials were excluded from the analysis. With the
remaining data, three sets of dependent variables were obtained for each
participant and condition. Traditional measures of performance included
mean correct RTs and dichotomous ERs. ERs were dichotomous in the
sense that no distinction between overshoots and undershoots was made
(i.e., an RD was either inside or outside of the interval spanned by the
response duration ± the tolerance duration).

In what we have labeled performance accuracy, two variables were
extracted to further assess performance: mean absolute standardized error
of RD and mean constant standardized error of RD. Mean absolute stan-
dardized error was computed by taking the mean across trials of the
following ratio: |RD - response duration|/tolerance duration. This can be
considered a continuous version of dichotomous ER in that it provides
information about the magnitude of the deviation between RD and the
response duration.

Mean constant standardized error was obtained in a similar way, but with
a slightly different ratio: (RD - response duration)/tolerance duration. In
addition to providing information about the magnitude of the errors, this

'onset ^offset Romset ^offset

Stimulus
duration

RT

-f-*- Time

Response duration ±
Tolerance duration

Figure 1. Schematic of the events occurring during a trial (see text for
details). S = stimulus; R = response; RT = response time; RD = observed
response duration; response duration (spelled out) = required response
duration.

measure also provides information about their direction. That is, negative
values correspond to undershoots, whereas positive values correspond to
overshoots. In light of the fact that Weber's law holds for the perception
and production of time intervals within the range of the durations used here
(see, e.g., Getty, 1975; Ivry & Hazeltine, 1995), both types of errors were
standardized through dividing by tolerance duration. In this way, the values
were expected to be of comparable magnitudes across the different re-
sponse durations.

In what we have termed performance variability, two variables were
obtained to characterize performance: coefficient of variation (CoV) of
correct RT and CoV of RD. The reason for using CoVs instead of standard
deviations was that the latter is known to increase with both mean RT and
mean RD. The use of a relative measure of variability adjusts for this
potential confound.

Each of the extracted dependent variables was initially analyzed in a
three-way mixed-factor analysis of variance (ANOVA), with stimulus
modality (i.e., experiment; auditory vs. visual) as the between-subjects
factor, and stimulus duration (short vs. long) and response duration (short
vs. long) as the within-subjects factors. In the event that modality inter-
acted with either stimulus duration or response duration, separate two-way
within-subjects ANOVAs were performed for each modality. For all of
these analyses, the alpha level was set at .05. Because no within-subjects
factor included more than two levels, no corrections for violations of
sphericity were required.

Finally, as a means of better satisfying the assumption of normality,
some of the dependent variables were transformed for each participant and
condition before being submitted to analyses. In particular, arcsine-
transformed dichotomous ERs and natural logarithms of CoVs were used.

Results

No-go trials produced mean false-alarm rates of 0.13% and
0.78% for the auditory and visual modalities, respectively, and
participants responded before stimulus offset on only 0.03% of the
trials for both modalities. Because of their low frequency, these
errors are not addressed further.

Traditional measures of performance. Figure 2 presents mean
correct RTs and mean dichotomous ERs. As is the case for all of
the figures, the data are depicted as a function of stimulus duration,
response duration, and modality, and conditions with an additional
circle correspond to congruent S-R mappings. As can be seen, the
pattern of results was very similar for the two modalities. Partic-
ipants were slower (by a mean of about 350 ms) and less accurate
(by a mean of about 4%) under incongruent than under congruent
mappings. Responses to visual stimuli were, on average, slower
than responses to auditory stimuli. These observations were con-
firmed by the ANOVAs. For RTs, there was a significant main
effect of modality, F(l, 30) = 4.25, MSE = 78,728.51, and a
significant Stimulus Duration X Response Duration interaction,
F(l, 30) = 96.43, MSE = 28,441.50. None of the other effects
reached significance, all Fs < 1.65. For dichotomous ERs, there
was a significant Stimulus Duration X Response Duration inter-
action, F(l, 30) = 14.40, MSE = 0.01; none of the other effects
were significant (all Fs < 1.15).

Performance accuracy. Mean absolute standardized errors of
RD and constant standardized errors of RD are presented in Figure
3. (For reference, raw mean RDs are presented in Table 1.) For the
auditory modality, absolute errors were always larger under incon-
gruent than under congruent mappings. The same pattern held for
the visual modality, but only within a given response duration;
short response durations led to larger errors overall than long
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Figure 2. Mean correct response time (RT) and mean dichotomous error rate (ER) as a function of stimulus
duration (short or long) and required response duration (short or long) for the two modalities (auditory and
visual). Data points with an outer circle correspond to congruent stimulus-response mappings.

response durations. Short-duration responses also produced larger
errors in the visual than in the auditory modality. Consistent with
these patterns, the ANOVA yielded significant main effects of
modality, F(l, 30) = 4.34, MSE = 0.05, and response duration,
F(l, 30) = 14.29, MSE = 0.03, and a significant Stimulus Dura-
tion X Response Duration interaction, F(l, 30) = 30.78, MSE =
0.02. The Response Duration X Modality interaction approached
significance, F(l, 30) = 4.11, MSE = 0.03, p = .052, but none of
the other effects did (all Fs < 2.40).

The pattern of mean constant standardized errors was essentially
identical for the two modalities. On average, short-duration re-
sponses were overshot, and long-duration responses were under-
shot. In addition, the higher accuracy previously observed under
congruent mappings was accompanied by mean RDs that were
closer to the targeted response durations, whereas they were biased
toward the stimulus durations under incongruent mappings. The
ANOVA resulted in main effects of stimulus duration, F(l, 30) =
11.07, MSE = 0.07, and response duration, F(l, 30) = 40.69,
MSE = 0.17. None of the other effects were significant (all Fs <
2.50).

Performance variability. Table 2 presents mean CoVs of cor-
rect RTs and mean CoVs of RD. Except for the long-duration
stimulus in the visual modality, RTs were always more variable
under the incongruent than under the congruent mappings. The

ANOVA revealed significant main effects of stimulus duration,
F(l, 30) = 9.17, MSE = 0.07, and response duration, F(l, 30) =
4.73, MSE = 0.08, and a significant Stimulus Duration X Re-
sponse Duration interaction, F(l, 30) = 14.27, MSE - 0.12. None
of the other effects reached significance (all Fs < 1.00).

The CoVs of RD showed a similar pattern to those for RT,
except that there were no outliers to the pattern (i.e., RDs were
always less variable for the congruent than for the incongruent
mappings). The initial ANOVA produced significant Response
Duration X Modality, F(l, 30) = 14.37, MSE = 0.05, and Stim-
ulus Duration X Response Duration X Modality, F(l, 30) = 4.66,
MSE = 0.12, interactions. Thus, separate ANOVAs were per-
formed for each modality. For the auditory modality, there was no
main effect of stimulus duration, F(l, 15) = 3.34, MSE = 0.07, or
response duration, F(l, 15) = 0.00, MSE = 0.03, and the Stimulus
Duration X Response Duration interaction did not reach signifi-
cance, F(l, 15) = 2.61, MSE = 0.12, p = .13. For the visual
modality, there were main effects of stimulus duration, F(l, 15) =
5.54, MSE = 0.08, and response duration, F(l, 15) = 22.22,
MSE = 0.06, and a significant Stimulus Duration X Response
Duration interaction, F(l, 15) = 20.99, MSE = 0.12.

The effects of the congruency manipulation on performance
accuracy and variability can also be illustrated by inspecting the
distributions of responses. Figure 4 presents mean vincentized



874 GROSJEAN AND MORDKOFF

0.8
Auditory

c

ns
ta

3
"5
(A

Q

s
l_

2
UJ

*t
C
(0
V

Q

2.
i_

E
rr

o

a *
c

I
N

ar
d

an
d

N

rd
i

(0
•0c
U)

A

tO
O

ll

t
9

<-
 t

oo
 s

^

0.7

0.6

0.5

0.4

0.6

0.4

0.2

0.0

-0.2

-0.4

-0.6

Short response duration
Long response duration Visual

Short Long Short

Stimulus Duration

Long

Figure 3. Mean absolute standardized error of RD and mean constant standardized error of RD as a function
of stimulus duration (short or long) and response duration (short or long) for the two modalities (auditory and
visual). Data points with an outer circle correspond to congruent stimulus-response mappings. RD = observed
response duration; response duration (spelled out) — required response duration.

probability density functions of RD (for details concerning the
vincentizing procedure, see Ratcliff, 1979). As can be seen, all
distributions were skewed toward the opposite response duration.
However, consistent with the accuracy data, incongruent distribu-
tions showed more skew and were generally shifted in the direc-

Table 1
Mean RD (in Milliseconds) as a Function of Stimulus Duration,
Response Duration, and Modality

Stimulus duration

Modality and response duration Short Long

Auditory
Short
Long

Visual
Short
Long

162
280

167
431

167
299

178
442

Note. For the auditory modality, the short and long stimulus and response
durations were 150 ms and 300 ms, respectively; for the visual modality,
they were 150 ms and 450 ms, respectively. RD = observed response
duration; response duration (spelled out) = required response duration.

tion of the stimulus duration. Consistent with the variability data,
incongruent distributions showed more spread than congruent
distributions.

Discussion

The present results provide support for a new form of element-
level SRC that is based on the duration of stimuli and responses.
In terms of RT and dichotomous ER, participants were faster (by
a mean of about 350 ms) and more accurate (by a mean of about
4%) in initiating a response of similar than of different duration to
the stimulus. This pattern held for both the auditory and visual
modalities, which points to the generality of the effect. It is worth
noting, however, that although mapping effects of greater or sim-
ilar magnitude have been reported for spatial and symbolic dimen-
sions with four-, six-, and eight-alternative forced-choice tasks
(e.g., Fitts & Deininger, 1954; Kornblum & Lee, 1995), such
effects are rarely (if ever) this large for two-alternative forced-
choice tasks. There are at least two possible reasons why we
obtained the effect sizes that we did. First, it could be that the way
in which humans represent time is different from the way in which
they represent other dimensions, such as location or orientation (cf.
Ivry, 1996). Thus, the temporal dimension could be in some way
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Table 2
Mean Coefficient of Variation (CoV) of Correct Response Time
(RT) and Mean CoV of RD as a Function of Stimulus Duration,
Response Duration, and Modality

Stimulus duration

Modality and response duration

CoV of RT
Auditory

Short
Long

Visual
Short
Long

CoV of RD
Auditory

Short
Long

Visual
Short
Long

Short

0.297
0.330

0.251
0.281

0.159
0.181

0.218
0.230

Long

0.401
0.276

0.392
0.304

0.207
0.176

0.361
0.178

Note. RD = observed response duration; response duration (spelled
out) = required response duration.

"special," such that mapping effects are stronger for temporal than
for spatial or symbolic SRC tasks. Second, the degree of dimen-
sional overlap (i.e., similarity; see Kornblum & Lee, 1995) be-
tween our stimulus and response sets may have been higher than
what has usually been achieved with other dimensions. Consistent
with previous findings (e.g., Fitts & Deininger, 1954) and the
assumptions of current models of SRC (e.g., Kornblum et al.,
1999), this would lead to the large mapping effects that we
observed.

Turning now to the nontraditional variables, further analyses of
performance revealed that the compatibility manipulation also had
an effect on the magnitude and direction of the differences be-
tween the required and the observed response durations. In partic-
ular, the higher accuracy observed under the congruent mappings
was shown to be associated with smaller (relative) errors and mean
RDs that were very close to the targeted response durations.
Incongruent mappings produced larger (relative) errors and mean
RDs that were biased toward the stimulus durations. Although
these results are consistent with the idea that responses are pro-
duced in quantitatively different fashions under congruent and
incongruent mappings, we cannot rule out the possibility that
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Figure 4. Mean vincentized probability density functions of RD for 0.1 quantiles. A and B: Short response
duration; C and D: Long response duration. The data are presented as a function of stimulus duration (short or
long) and response duration (short or long) for the two modalities (auditory and visual). The vertical dotted lines
indicate the response durations, and the functions with circles correspond to congruent stimulus-response
mappings. RD = observed response duration; response duration (spelled out) = required response duration.
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performance under incongruent mappings resulted from a change
in the proportion (i.e., a mixture) of short and long RDs.

The analysis of performance accuracy also yielded two effects
that were independent of the S-R mapping. First, short-duration
responses led to larger errors for the visual than the auditory
modality. Presumably, this was due to the poorer temporal reso-
lution of the visual system (e.g., Murch, 1973). Second, short-
duration responses were on average overshot, whereas long ones
were undershot. One explanation of this result is that, given the
placement of the tolerance intervals, it may have been advanta-
geous for the participants to produce responses of intermediate
duration between those required by the short and long response
durations. This seems to be supported by the direction of skew of
the RD distributions. Another explanation relies on the observation
that, within the continuation tapping literature, it has been consis-
tently shown that with durations similar to ours, short durations
tend to be overestimated, whereas long durations tend to be un-
derestimated (e.g., Collyer & Church, 1998). Although our task
required the production of intervals in a very different way from
that used in continuation tapping, some common processes may be
at work.

A final set of analyses concerned response variability. With only
one exception, RTs were more variable under incongruent than
under congruent S-R mappings. We are unaware of other pub-
lished results (involving CoVs) that have shown such an effect for
element-level SRC, and we return to this issue in more detail in the
next section. Without any exceptions, the same pattern of results
was obtained for RD. However, responses were less variable
overall, and the mapping effect was not statistically reliable for the
auditory modality. Arguably, the reason why the results for RD
differed for the two modalities could be related to the fact that the
difference between the short and long durations was set to be
larger for the visual than for the auditory stimuli.

In summary, these findings indicate that element-level SRC
generalizes to situations involving time as the relevant dimension
of stimuli and responses. They also demonstrate that, in addition to
affecting when a response is initiated, SRC can influence how a
response is executed. This is in agreement with other recent
findings (e.g., Chua & Weeks, 1997; Ehrenstein et al., 1996, as
cited in Ehrenstein, 1997), with the added advantage of having
been illustrated within a single task.

Implications for Research on SRC

The recent studies of element-level SRC that have shifted the
focus to detailed measures of response execution have had one
potential drawback: They have not considered within the same task
how the new measures relate to the more established ones, such as
RT and dichotomous ER. Admittedly, this would have been dif-
ficult within the context of the tasks that were used. Nonetheless,
this is an important step to take if one is to fully assess the benefits
of going beyond the traditional behavioral indices. This is partic-
ularly relevant in light of recent suggestions put forward by
Michaels and Stins (1997). In discussing the similarity between the
patterns of RTs and stability measures (i.e., standard deviations of
relative phase) in spatial SRC tasks, they proposed that "this
parallel [can be interpreted] as circumstantial evidence that 1)
coordination in the two situations shares a common basis and that
2) RT may be a possible alternative metric of stability of the

dynamics underlying perception-action coupling" (Michaels &
Stins, 1997, p. 353). This statement is potentially very important;
however, it cannot be evaluated on the basis of a correspondence
between patterns of grand-average means. Rather, it is necessary to
demonstrate that these measures correlate on a trial-by-trial basis if
they are to be seen as interchangeable. Although difficult to do
with a variable such as relative phase, the data that we obtained
readily lend themselves to such an analysis.

Recall that mean RTs and mean absolute standardized errors of
RD showed roughly the same pattern of results (see Figures 2 and
3). From this, one might be tempted to conclude that when a
response is initiated is a good predictor of how accurately it will be
executed. To determine whether this is indeed the case, we com-
puted correlations between RT and absolute standardized error of
RD at several different scales of analysis. In every case, linear
correlation coefficients were used, because visual inspection of the
data did not reveal any noticeable nonlinearities. Table 3 presents
the results of this analysis, and it can be seen that the outcome was
essentially the same for the two modalities.

First, when the data were analyzed across conditions using the
grand means (i.e., collapsed across trials within a condition and
also across participants; see top row of Table 3), the two correla-
tions were relatively high. This verifies what can be seen by
comparing the upper panels of Figures 2 and 3. Second, when the
data were analyzed across conditions separately for each partici-
pant (i.e., collapsed across trials within a condition, with separate
correlations being calculated for each participant; see middle row
of Table 3), the mean correlations across participants remained
relatively high. For this analysis, the mean correlation (across
participants) was calculated by converting each participant's cor-
relation coefficient to a Fisher z' score, finding the mean across z'
scores, and then converting this value back to a correlation coef-
ficient. However, third, when the data were analyzed on a trial-
by-trial basis (i.e., across trials, with separate correlations being
calculated for each condition and each participant; see bottom row
of Table 3), the mean correlations dropped to near zero. For this
analysis, the mean correlation (across participants and conditions)

Table 3
Correlation Coefficients and Mean Correlation Coefficients
Between Response Time and Absolute Standardized Error
of RD as a Function of Modality

Modality

Analysis Collapsed Auditory Visual

Across conditions

Across conditions,
separately by
participant

Across trials,
separately by
condition and
participant

Across trials in
condition and across
participants

Across trials in
condition

.86

.45a

.05"

.61

.56"

.12b

Note. RD = observed response duration.
° Mean correlation across the 16 participants in the experiment. b Mean
correlation across the four conditions and 16 participants in the experiment.
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was calculated by converting each participant's four different
correlation coefficients (one for each condition) to a z' score,
finding the mean across all z' scores, and then converting this
value back to a correlation coefficient.

In summary, whereas the overall pattern of results was very
similar for RT and absolute standardized error of RD, these two
variables were unrelated on a trial-by-trial basis. Although some-
what surprising, this pattern is reminiscent of what has been found
in several recent analyses of RT and response force (e.g., Giray &
Ulrich, 1993; Mordkoff et al., 1996; Ulrich, Rinkenhauer, &
Miller, 1998). In particular, these studies have shown that RT and
peak force are uncorrelated on a trial-by-trial basis, even though
higher levels of mean peak force are often found in conditions with
shorter mean RTs. All of this provides additional support for the
suggestion that measures concerned with when and how a response
is executed provide independent pieces of information. Therefore,
our present results do justice to the recent efforts that have been
made to move beyond traditional measures of performance (e.g.,
Abrams & Balota, 1991).

One way in which such an effort may prove useful is in pro-
viding further insight into the processes underlying compatibility
phenomena. For example, dual-route models of SRC (e.g., De
Jong, Liang, & Lauber, 1994; Kornblum & Lee, 1995) posit that
mapping effects arise because of the existence of two distinct types
of processing pathways that link stimulus- and response-related
representations. The first type of link, sometimes labeled con-
trolled, is task dependent and refers to the instructions (i.e., the
mapping) given to the participants. The second type of link,
generally labeled automatic, is task independent and refers to
existing connections between stimulus- and response-related rep-
resentations that have dimensional overlap. According to these
models, the reason why congruent mappings lead to high perfor-
mance is that evidence in favor of the appropriate response is
coming from both types of links. In contrast, the reason why
incongruent mappings lead to low performance is that only the
controlled link is providing evidence in favor of the appropriate
response, whereas the automatic link is providing evidence in
favor of an inappropriate response. This is thought to cause (on
average) a delay in the initiation of the appropriate response and a
higher chance of choosing an inappropriate response under incon-
gruent mappings.

Such accounts do a good job of predicting performance in terms
of RT and dichotomous ER (see, e.g., Kornblum et al., 1999) and
could possibly account for our results as well. However, we also
found that mapping had an effect on how responses were executed.
Insofar as this finding reflects a quantitative change in how re-
sponses were being made (see earlier discussion of this issue),
these models will need to incorporate a way of altering the repre-
sentations underlying the production of a response or the signal
that is being sent to the motor system when participants are
presented with stimuli that are different from the responses they
are required to make (see also Ulrich et al., 1998).

Another way in which going beyond traditional behavioral
indices of performance may prove useful is in identifying the locus
of various compatibility phenomena. This idea is not new. On the
basis of event-related brain potentials and electromyographic data,
Coles, Gratton, Bashore, Eriksen, and Donchin (1985; see also
Gratton, Coles, Sirevaag, Eriksen, & Donchin, 1988) have sug-
gested that stimulus-stimulus consistency effects (viz., flanker

effects) may have their locus at the level of response production
(consistency refers to the overlap that can exist between an irrel-
evant [to be ignored] dimension of a stimulus and either the
relevant [to be attended] dimension of the stimulus or the response;
Kornblum & Lee, 1995). This is in opposition to the view that
these effects originate at the level of stimulus processing (e.g.,
Kornblum & Lee, 1995; Kornblum et al., 1999). There has been
some controversy, however, as to whether such psychophysiolog-
ical measures can provide unequivocal evidence in favor of either
view (Kornblum et al., 1999; Mordkoff, 1995). One way to further
this debate would be to use a task similar to the one used here, in
which emphasis is placed on both when a response is initiated and
how it is made. In this way, a detailed analysis of response
execution could provide insight into whether these manipulations
have their effects at or before response production.

Finally, the present results concerning response variability also
place some constraints on models of SRC. Recall that, with only
one exception, RTs were found to be more variable under incon-
gruent than under congruent mappings. Although we are unaware
of similar reports for other element-level SRC manipulations,
response variability has been addressed in the context of consis-
tency manipulations. For example, in the context of S-R consis-
tency effects (viz., Simon effects), Zhang and Kornblum (1997)
have noted that inconsistent conditions can lead to both more and
less variable RTs than consistent conditions. As argued by Korn-
blum et al. (1999), this is in direct contradiction to any model (e.g.,
Zorzi & Ulmita, 1995) that predicts a proportional increase in the
standard deviation of RT with mean RT (for a model that can deal
with this constraint, see Kornblum et al., 1999). Our results dem-
onstrate that the same constraint holds for mapping effects.
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