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ABSTRACT. In 3 dual-task experiments, the relationship between primary-task response
(R1) and secondary-task response (R2) was varied. In general, R1-left responses were
faster when followed by the word one, and right responses were faster when followed by
the word rwo. This backward-compatibility (BWC) effect indicated (a) that activation of
R2 was not delayed until R1 selection was completed, and (b) that activation of the vocal
responses was accompanied by the automatic activation of magnitude codes, known to be
associated with spatial left-right codes (spatial-numerical association of response codes
[the SNARC effect]). These findings supported the hypotheses (a) that BWC effects per-
sist even with irrelevant R1-R2 overlap, (b) that the SNARC effect is based on associa-
tions between magnitude and spatial representations underlying response processing, and
(c) that the production and perception of magnitudes relies on common codes.
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HOMMEL (1998) OBSERVED that, if two stimulus—reaction (S-R) tasks overlap in
time, the primary task (S1-R1) is affected by compatibility between the secondary-
task response (R2) and either the primary-task stimulus (S1) or the primary-
task response (R1). That finding suggests that S2-R?2 translation occurs in parallel to
S1-RI1 translation. Obviously, the observation of backward compatibility (BWC) runs
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counter to the widespread assumption of a structural bottleneck in S-R translation
(Pashler, 1994; Welford, 1952). However, until now, BWC effects have been shown
only with compatibility between the relevant features of R2 and S1 or RI. In the pre-
sent study, we used the spatial-numerical association of response codes (SNARC
effect; Dehaene, Bossini, & Giraux, 1993) as a means to investigate the possible
limitations of automatic S—R translation under dual-task conditions. As we shall
explain, the SNARC effect provides an opportunity to test for BWC effects under con-
ditions in which irrelevant features of R2 are compatible or incompatible with R1. In
addition, the design of the present study should allow us to extend the SNARC effect
and to test whether the left—right spatial codes are used for the purpose of response
selection, as has been assumed in the literature (Bichtold, Baumiiller, & Brugger,
1998; Dehaene et al.).

Automaticity of the S—R Translation

If people perform more than one task at a time, then task performance often
decreases rather dramatically (for overviews, see Meyer & Kieras, 1997; Pashler,
1994). To account for those forms of multiple-task decrements, several kinds of mod-
els have been proposed, ranging from capacity models to contention-scheduling
models (for a comprehensive overview, see Meyer & Kieras). However, the most
widely accepted account is still the response-selection bottleneck model, which was
originally suggested by Welford (1952; see Pashler for an overview). Welford’s
model is based on the assumption that several stages in the transition from stimulus
to response can be accessed from multiple tasks in parallel, but that S-R translation,
or response selection, constitutes a structural bottleneck in allowing the selection of
only one response (i.e., the response of only one task) at a time.

As mentioned heretofore, the idea of serial, capacity-limited S—R translation
has been challenged by Hommel’s (1998) finding that primary-task performance
is affected by compatibility between R1 and R2 or between S1 and R2. For
instance, Hommel presented colored letters (H or S) to his participants. In Experi-
ment 1, the task was to respond manually with a left or right key press to the color
of the letter and to respond vocally to the identity of the letter by saying either
left or right. In contrast to what could be expected from a serial, capacity-limited
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theory of S—R translation, Hommel observed a significant performance benefit
for R2-R1 compatible trials. That is, the participants were on average 75 ms faster
pressing the right key, if the vocal response to the letter was also right, compared
with when it was left. In another experiment (Experiment 3), Hommel changed
the overlap between R2 and R1 into an overlap between R2 and S1 by having the
participant respond to the letter identity with red or green, the colors of the let-
ters. Again, he found a reliable compatibility benefit, this time defined from the
R2-S1 overlap. It is interesting to note that in the latter experiment, the stimulus
onset asynchrony (SOA) between the color and identity features was varied. The
results showed that although the effect disappeared at larger onset differences,
significant BWC effects were found at an SOA of 50 ms.

For R2 to affect R1 or S1, S2 must have been translated into R2 activation
before R1 was selected, which suggests that SI-R1 and S2-R2 translation over-
lapped in time. One can draw similar conclusions from the studies of Lien and
Proctor (2000), Logan and Delheimer (2001), Logan and Gordon (2001), and
Logan and Schulkind (2000), who all demonstrated that R1 is affected by the
compatibility between R1 and R2. Even stronger evidence for the automaticity of
S-R translation has been provided by Hommel and Eglau (2002), who found that
BWC effects are unimpaired by highly demanding memory-load conditions.

Although the results of the aforementioned studies all seem to point to the
same conclusion, the degree to and the conditions under which S—R transla-
tion is automatic are not yet clear. For instance, Logan and Schulkind (2000)
presented two digits on each trial. The task for the participants was either to
indicate the magnitude of both digits, the parity of both digits, or, in a critical
condition, the parity of one of the digits and the magnitude of the other. Logan
and Schulkind observed BWC only if R1 and R2 belonged to the same task set
(i.e., parity or magnitude) but not when task sets changed (i.e., parity and mag-
nitude), which suggested that preparing for a task enables automatic S—-R links
to transform the cognitive system into a prepared-reflex machinery (Hommel,
2000). However, researchers have established that BWC effects can also arise
from interactions between different tasks (Hommel, 1998; Hommel & Eglau,
2002), which raises the possibility that the observations of Logan and
Schulkind are bound to particularities of their design, for example, their use
of the same response categories in both tasks. More important for our purposes,
it is a common characteristic of all previous BWC studies that the critical com-
patible or incompatible feature of R2 was relevant for the task, such as the
words red or green in the tasks of Hommel and Hommel and Eglau. Therefore,
the possibility remains that BWC effects are limited to the case in which rel-
evant response features overlap. To examine that possibility, we attempted to
see whether BWC effects could be demonstrated under conditions in which
only an irrelevant feature of R2 overlapped with R1. By using the SNARC
effect to induce between-task BWC, we were able to test for BWC effects
under precisely those circumstances.
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Spatial-Numerical Association of Response Codes

Models of human number representation propose that numbers are repre-
sented on an analog magnitude scale, which is commonly conceptualized as an
oriented mental number line (Reynvoet & Brysbaert, 1999; Dehaene et al., 1993).
Evidence for that assumption is found in a phenomenon called spatial-numerical
association of response codes (SNARC), which has been observed in various
tasks, such as parity judgment tasks (Dehaene et al.), phoneme monitoring tasks
(Fias, Brysbaert, Geypens, & d’Ydewalle, 1996) and judgments of alphabetic
order (Gevers, Reynvoet, & Fias, 2003). In those experiments, the researchers
showed that participants reacted faster to the smaller elements of a given stimu-
lus set (e.g., the numbers 1-5 in the set comprising the numbers 1-10) with the
left-hand key than they did with the right-hand key, whereas the opposite was true
for the larger elements—the SNARC effect. Researchers think that the effect
originates from the left-to-right orientation of the mental number line (at least for
Western cultures), which associates small numbers with the left side and large
numbers with the right side. However, researchers have also shown that the
SNARC effect does not necessarily rely on the absolute magnitude of numbers
but rather on their relative position derived from a mental representation. For
instance, the numbers 4 and 5 facilitate right-side responses when the stimuli in
a parity task range from O to 5, but they facilitate left-side responses when the
stimulus range is from 4 to 9 (Dehaene et al., Experiment 3). Similarly, Béchtold
et al. (1998) found a reversal of the direction of the SNARC effect when partici-
pants imagined numbers on a clock rather than on a left-right oriented ruler. In
other words, the SNARC effect seems to arise because numbers are imagined on
a number line, which, by virtue of its spatial nature, activates spatial left-right
representations that are used in response processing.

That indirect activation of left and right spatial response codes directly from
magnitude activation should allow us to test for the limits of Hommel’s (1998) BWC
effect. That is, in all our experiments we had the participants perform two tempo-
rally overlapping tasks—a primary task that always had to be executed first (S1-R1)
and a secondary task that had to be executed as fast as possible after the first response
(S2-R2). It is important to note that the stimuli for the two tasks appeared in close
temporal succession, so that S2 could be translated into R2 before R1 was carried
out. R2 was compatible or incompatible with R1 in terms of SNARGC, that is, a left
or right R1 was paired with the R2 one or two, or vice versa. If the speed at which
R1 was executed depended on its compatibility with R2, then that would imply that
irrelevant spatial Task 2 response information was activared’ 0efire R was cre-
cuted. Such a finding would show that automatic translation is not restricted to task-
relevant response features but, rather, that stimuli automatically activate all features
of the associated response. With regard to SNARC, the backward-compatibility
effects on R1 would suggest that saying one or two involves access to magnitude
representations that in turn activate lateralized response codes. Such a finding would
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support the notion of ordered mental representations for magnitude and add further
support to the notion that SNARC effects arise at the level of response processing.

EXPERIMENT 1

Experiment 1 followed the general design of Hommel’s (1998) Experiment 1.
That is, the participants performed two temporally overlapping tasks in each trial: a
manual left—right response (R1) to the direction of a left- or right-pointing arrow (S1),
and the vocal response one or two (R2) to the red or blue color of a frame (S2) that
appeared briefly after the arrow (see Table 1). That design has several important fea-
tures. First, magnitude was in no sense relevant for processing stimuli, so that any
effect related to magnitude would be owing to automatic coding processes at the stage
of the response. Second, numbers were not presented as stimuli, so that stimulus-
induced magnitude coding is not likely. Third, the secondary responses (R2) referred
to the numbers 1 and 2, which, according to a response-based interpretation of
SNARC effects, are associated with left and right response codes, respectively.
Fourth, if preparing a number-related response really were to activate a spatial
response code in an automatic fashion, then the R2-R1 pairings one and left or two
and right can be expected to be more compatible than the combinations of one and
right or two and left. That allows for the following predictions: If, and only if, S2is
automatically translated into R2 and if processing numbers really activates spatial
response codes, preparing the vocal response one should backward-prime the left-
hand response (i.e., produce a faster R1 if a left-hand rather than a right-hand
response is required) and preparing the vocal response two should backward-prime
the right-hand response. In other words, R2-R1 compatibility in terms of SNARC
should produce better performance in the primary task than R2-R1 incompatibility.

Method
Participants

Twenty adults (16 women, 4 men; age range: 19-29 years) were paid to par-
ticipate for a session that lasted about 50 min. They all had normal or corrected-
to-normal vision, and they were not familiar with the purpose of the experiment.

Materials, Procedure, and Design

For Task 1, the stimuli (S1) were arrows pointing to the left or right, to which
the participants responded by pressing a response button with the left and right
index finger, respectively. From a viewing distance of about 60 c¢m, the arrows
measured about 0.3° wide and 0.4° high. For Task 2, the stimulus (S2) was a red
or blue frame (about 2.9° wide and 1.3° high, with a line thickness of 0.14°) drawn
around the location of S1. The participants responded with the word eins (one in
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TABLE 1. Overview of Stimuli and Responses Used in
Experiments 1, 2, and 3

Experiment Task Stimuli Responses

1 1 left/right left/right
2 red/blue one/two

2 1 12 single/double
2 red/blue left/right

3 1 H/S left/right
2 red/blue one/two

German) or zwei (two in German). The S-R mapping of Task 2 was counter-
balanced across participants.

The latencies and responses to Task 1 were recorded by means of a response
box connected to the parallel port of a PC. The latencies to the Task 2 response
were recorded by means of a microphone connected to the gameport. The vocal

IESPOINSEs Were [eCorded’ 0y (e CXPertneaicr (o later ofline crror azalysis. We
achieved millisecond accuracy by using the procedure described in Brysbaert,
Bovens, d’Ydewalle, and Van Calster (1989).

A trial started with the presentation of a fixation cross at the center of the
screen for 1,000 ms. After another blank interval of 250 ms, the stimulus of Task
1 was presented for 75 ms at the center of the screen. It was then replaced by the
colored rectangle, which stayed on until the secondary response was given, or
until the maximum trial duration of 3,500 ms was exceeded. The participants were
instructed to perform the manual response before the vocal response.

After we had instructed the participants, three practice blocks of 16 trials (4
replications of every combination of arrow and number in random order) were
presented. Then, 10 experimental blocks of the same size were administered.
After every block, the participant had a break and then started the next block when
he or she was ready.

Results

Premature responses (reaction time [RT] < 100 ms) and response omissions
(RT > 1,500 ms) in one or the other task and task reversals (R2 before R1) account-
ed for less than 0.01% and were excluded from the analyses. The remaining RT data
(from trials with two correct responses only) and error data from both tasks were
analyzed as a function of compatibility (one/left and two/right) or incompatibility
(one/right and two/left) between R2 and R1 (Table 2 shows the group means).

Two further analyses were run on the RTs from Task 1 (cf., Hommel, 1998).
First, the RTs were analyzed as a function of compatibility and interresponse
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TABLE 2. Mean Reaction Time (ms), Percentage of Errors, and Reaction
Time Compatibility-Effect Sizes for Primary (Task 1) and Secondary
(Task 2) Responses in Experiments 1, 2,and 3

Compatible Incompatible
Experiment RT PE RT PE ART
Task 1
1 453 .00 465 .01 12
2 402 .04 410 .04 8
3 492 .02 505 .02 13
Task 2
1 897 .00 918 .02 21
2 665 .02 696 .04 31
3 886 .02 916 .05 30

Note. RT = reaction time; PE = percentage of errors; ART = RTincompatible ~ RT compatible-

interval (IRI) quintile. That is, for each participant and compatibility condition
the RT means were calculated for the trials with the 20% shortest IRIs, for the
trials with the 20% next-shortest IRIs, and so forth. Such an analysis shows
whether the size of the compatibility effect varies with the IRI and, most impor-
tant, whether it is restricted to trials with very short IRISs. If that is so, then BWC
effects might be a side-effect of grouping responses to both tasks in a dual-task
context. Such a finding would severely limit the interpretation of BWC effects,
because researchers think that motor stages, much like perceptual stages, are not
part of the hypothesized capacity-limited translation process.

Second, RTs were analyzed as a function of compatibility and RT quintile.
That is, for each participant and compatibility condition, the RT means were cal-
culated for the 20% fastest trials, the 20% next-fastest trials, and so forth. Such
an analysis shows whether compatibility effects vary with relative response speed
in the primary task. Logically, compatibility effects can be expected to increase
with increasing manual RT, because that leaves more time for S2-R?2 translation
and resulting interactions between R1 and R2 (see Hommel, 1998). For all analy-
ses, the significance criterion was set to o, = .03.

Task 1

The RT's were faster with R2-R1 compatibility than incompatibility, F(1, 19) =
6.16, MSE = 220, whereas the error rates yielded no effect, F < 1. There was no
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indication that the BWC effect in RTs was a result of response grouping. Mean IRI
quintiles were 383, 441, 495, 568, and 919 ms with R2-R1 compatibility, and 392,
461, 514, 599, and 916 ms with incompatibility. The Quintile X Compatibility inter-
action was not significant, F(4, 76) = 1.16, MSE = 642, and there was no increase
in compatibility effect with smaller IRIs. Moreover, even the shortest IRIs were too
long to support a grouping explanation. Finally, the RT quintile analysis produced a
significant Quintiles X Compatibility interaction, F(4, 76) = 3.38, MSE = 1,307,
which indicated a stronger BWC effect as Task 1 takes more time to complete. Mean
RT quintiles were 390, 418, 450, 497, and 706 ms for compatible trials and 394, 427,
460, 519, and 762 ms for incompatible trials, which showed an increase in the BWC
effect from 4 to 56 ms.

Task 2

Compatibility between R2 and R1 produced a significant effect in RTs, F(1,
19) = 6.38, MSE = 2,452, but not in errors, F<1.

Discussion

The results of Experiment 1 are clear in showing an effect of SNARC-based
compatibility between R2 and R1 on the primary task. The presence of the effect
has several important implications. First, with regard to BWC, the fact that per-
formance in the primary task was affected by R2-R1 compatibility indicates that
S2-R?2 translation did not await selection of R1, as other researchers have
observed in previous studies. Second, with regard to SNARGC, it demonstrated that
preparing a vocal number response, such as one or two, leads to the automatic
activation of an associated spatial left or right code. That means that processing
number information automatically leads to the coding of magnitude and that mag-
nitude representations are associated with spatial codes. Third, the fact that in
Experiment 1, only responses were related to numbers and no stimuli were
shown, suggested that the spatial codes were used for response purposes, which
supported a response-based locus of SNARC effects.

It is interesting to note that in Experiment 1, BWC effects were not based on
the relationship between relevant response features (location for R1 and number for
R2) but on the congruence between the relevant R1 feature and a task-irrelevant fea-
ture that was only indirectly associated with R2. That, in turn, suggested that acti-
vating a response would lead to the activation of all those codes that are associ-
ated with it. We will come back to that issue in the General Discussion.

EXPERIMENT 2

The results of Experiment 1 provided evidence that activating a response
related to the numbers 1 or 2 leads to the activation of an associated left or right
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code, respectively, which can then prime other left and right responses. That
seems to happen automatically, which suggests that there is a strong association
between vocal number codes, magnitude codes, and spatial codes. Therefore, we
should also be able to demonstrate the opposite effect, that is, that activating a
left or right response leads to the priming of another response that is related to
the numbers 1 or 2. That is what we attempted to do in Experirhent 2, in which
R1 required pressing a single key once or twice (a number-related response) and
R2 consisted of a left—right key press (see Table 1). Obviously, if the codes of
numbers, number magnitudes, and spatial response are associated, then prepar-
ing a left-hand response should backward-prime a single key press (i.e., the one
response) and preparing a right-hand response should backward-prime a double
key press (i.e., the two response).

Method

Sixteen adults (8 women, 8 men; age range: 18-34 years), who fulfilled the
same criteria as those in Experiment 1, were paid to participate. The method was
identical to that in Experiment 1, with the following exceptions. The responses were
registered by means of a response box with small buttons on the left and right sides
operated by the left and right index fingers, and a larger central button operated by
both thumbs. R1 required pressing the central button once or twice in response to
the visually presented numbers 1 and 2. Both thumbs were used to avoid lateral-
ization, which could otherwise have interfered with the execution of R2. R2 required
pressing the left or right button in response to the color of S2, the red or blue frame.

Results

Premature responses, response omissions, and reversals accounted for less than
0.01% of the trials. We used the same method as that outlined in the Results section
of Experiment 1 to analyze the remaining data. See Table 2 for group means.

Task 1

Again, the RTs were faster with R2-R1 compatibility than incompatibility, F(1,
15) = 7.901, MSE = 63.792, and the error rates yielded no effect, F < 1. There was
no indication of a role of response grouping in the IRI analysis. That is, the interac-
tion of quintile and compatibility interaction was far from significant, F(4, 60) =
1.54, MSE = 532, and the IRIs ranged from 250 to 820 ms (250, 308, 378, 440,
and 817 ms for compatible trials; 254, 325, 408, 483, and 820 ms for incompat-
ible trials). In Experiment 2, the RT quintile did not modify the compatibility
effect, so the Quintile x Compatibility interaction was not significant, ' < 1. The
mean RTs for the compatible trials were 341, 374, 407, 448, and 654 ms, where-
as for incompatible trials they were 348, 380, 411, 456, and 666 ms. Although
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the BWC effect increased over time (from 6 to 12 ms), the increase failed to reach
significance.

Task 2

Compatibility produced a significant effect in RTs, F(1, 15) = 4.65, MSE =
1,334, and error rates, F(1, 15) = 22.34, MSE = 1.9145, which indicated faster
responses and fewer errors in the compatible condition than in the incompat-
ible condition.

Discussion

Again, the results are clear in showing BWC effects indicative of SNARC-
based interactions between R2 and R1. Obviously, preparing R2 overlapped with
preparing R1, so that a left-hand R2 could prime one responses in Task 1 (i.e.,
single key presses) and a right-hand R2 prime two responses (i.e., double key
presses). That is, the codes involved in preparing a single or double key press
must be associated with, or even include, a spatial left or right code. In Experi-
ment 1, we saw that the more time spent on Task 1, the stronger the BWC effect
became. Evidently, the longer Task 1 takes, the more time there is for Task 2 to
influence Task 1 processes. Although we found a similar trend in Experiment 2,
the interaction was far from significant. It is possible that there was a lower limit
to the BWC effect in that with the Task 2 delay (SOA), Task 1 had to take enough
time for Task 2 stimuli to be translated into its corresponding response to allow
for the BWC effects to occur. If we compare the quintile means from Experiment
1 with those from Experiment 2, then we see that the values were much lower in
Experiment 2 and that from the 3rd quintile on, the BWC effects in both experi-
ments were similar, which is exactly where the RT means are in the same range.

EXPERIMENT 3

Experiments 1 and 2 demonstrated effects of Task 2 response activation on
Task 1 performance under conditions of SNARC-based compatibility relations
between R2 and R1. In particular, we found that activating a number-related
response primed the processing of spatial information in Experiment 1, and acti-
vating a spatial response primed the processing of number-related information in
Experiment 2. However, one should note that in Experiments 1 and 2, the relation-
ship between S1 and R1 was always compatible. On the one hand, that made Task
1 relatively easy so that performing it before Task 2, as instructed, was manageable
for the participants. On the other hand, one could argue that it confounded the data
in the sense that the presence of a spatial code in S1 (arrows) may have constitut-
ed an additional R2-S1 overlap. As a result, the question remains whether the effect
on Task 1 is located on the stimulus or the response side because it has been shown
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repeatedly that actions can influence perception. For instance, Miisseler and Hom-
mel (1997) have demonstrated that preparing a left-right key press can have specif-
ic effects on the identification of response-compatible stimuli, and Hommel (1998)
found strong evidence for the priming of stimulus-related processes in Task 1 by
response-related processes in Task 2. Given the dissimilar task stimuli in Experi-
ments 1 and 2, the source of the effect on Task 1 seems undoubtedly related to Task
2 response processing (R2). However, under the above considerations, the target of
the Task 2 influence might be located at the time of stimulus or response processing
(S1 vs. R1). Therefore, although it seems clear that SNARC-based BWC effects are
produced by response-related processes for Task 2, it is equally important to see
whether they can and do affect response-related processes for Task 1.

To test for effects of pure R2-R1 interactions, we reduced the amount of spa-
tial overlap between S1 and R2 by replacing the S1 arrow stimuli from Experi-
ment 1 with the letters H and S. According to Dehaene et al. (1993, Experiment
4), letters of the alphabet do not exhibit the spatial associations that have been
found for numbers in the SNARC effect. Under that assumption, replacing the
arrows with letters would eliminate the R2-S1 overlap. However, in a recent
study, Gevers et al. (2003) found reliable SNARC effects for letters of the alpha-
bet, though the effect was reduced sharply under circumstances in which alpha-
betic order was irrelevant for the task. Because that was also the case for the pre-
sent study, we expected the SNARC-based relationship between S1 and R2 to be
considerably smaller in Experiment 3. Therefore, on the one hand, if R2 and S1
overlap was the main source of the observed BWC effect, then we expected that
effect to be strongly reduced in Experiment 3 compared with Experiment 1. On
the other hand, if comparable BWC effects occurred under those conditions, then
that could demonstrate a direct impact of R2 activation on R1 and could make a
strong case for localizing the SNARC-based BWC effect at R2-R1 overlap.

Method

Sixteen adults (8 women, 8 men; age range: 22-31 years) who fulfilled the
same criteria as those in Experiment 1 were paid to participate. The method was
the same as that in Experiment 1, except that Task 1 required a left-right key press
to the letter H or S, which appeared in the center of the screen.

Results

Premature responses, response omissions, and reversals accounted for less than
0.01% of the trials. We used the same method as that outlined in the Results section
of Experiment 1 to analyze the remaining data. See Table 2 for group means.

Task 1

The RTs were faster with R2-R1 compatibility than with incompatibility,
F(1,15)=9.31,MSE= 149, whereas the error rates yielded no effect, F < 1. There
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was again no indication of a role of response grouping in the IRI analysis (297,
336, 383, 447, and 734 ms for compatible trials; 310, 353, 401, 465, and 700 ms
for incompatible trials). However, as in Experiment 1, the compatibility effect
increased with increasing RT in Task 1, F(4, 60) = 5.54, MSE = 705. Here, the
mean quintiles were comparable with Experiment 1 and amounted to 401, 445,
493, 574, and 846 ms for compatible responses; and 402, 451, 507, 591, and 903
ms for incompatible responses.

Task 2

Compatibility yielded a significant effect in RTs, F(1, 15) = 6.08, MSE = 1,193,
and in error rates, F(1, 15) =7.35, MSE = 1.7000, which indicated faster responses
and fewer errors in the compatible condition than in the incompatible condition.

Discussion

In contrast to Experiment 1, Experiment 3 did not include direct SNARC-
based spatial compatibility between S1 and R2. Although some degree of overlap
between R2 and S1 might still have existed, the amount of overlap should have
been strongly reduced (Gevers et al., 2003). Nevertheless, the size of the BWC
effect was virtually identical: 13 ms in Experiment 3 and 12 ms in Experiment 1.
Because all other design features were exactly the same in both experiments, there
is no reason to believe that R2-S1 interactions contributed to the effect in Exper-
iments 1 and 3. In other words, the SNARC-based BWC effects in Experiments 1
and 3 are likely to have arisen exclusively from R2-R1 interactions.

GENERAL DISCUSSION

The three experiments of our study produced more or less identical results,
namely, backward priming of primary-task responses through the presumably con-
current activation of SNARC-compatible secondary-task responses. Those findings
have at least three important implications, two in regard to the main objectives of
our study and a third in regard to the cognitive representation of actions.

First, the presence of BWC effects in all three experiments provided addi-
tional evidence for Hommel’s (1998) claim of automatic, concurrent S-R transla-
tion in dual tasks. Backward priming has been demonstrated with spatial compat-
ibility between R2 and R1 (Hommel; Lien & Proctor, 2000; Logan & Delheimer,
2001; Logan & Gordon, 2001; Logan & Schulkind, 2000), color-related compat-
ibility between R2 and S1 (Hommel; Hommel & Eglau, 2002), and, in the present
study, with SNARC-type compatibility between R2 and R1. The results in the
aforementioned studies show that backward-compatibility effects under dual-task
conditions are a fairly common phenomenon, suggesting that automatic S-R trans-
lation occurs under a wide variety of circumstances. What is more, the present
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findings represent an important extension of the previous observations in show-
ing that even task-irrelevant response features can produce backward priming,
such as the spatial codes that were obviously associated with the number-related
R2 in Experiments 1 and 3. Also, from the present study, it seems that BWC
effects appear only in a limited time window. On the one hand, research results
have shown that BWC effects tend to disappear with longer SOA (Hommel),
which is why we used an intermediate SOA of only 75 ms in the present study.
On the other hand, our data seemed to suggest that some time is needed before
BWC effects can be found. Together, we think that those characteristics of the
BWC effect support the interpretation that BWC effects originate from parallel
processing of response-related information under dual-task conditions. Some
time is needed to go from Task 2 stimulus information to response information,
and the longer Task 1 takes, the more time there is for that information to influ-
ence RT1. However, at some point, Task 1 responses will be executed, so that no
additional influence from Task 2 activations is possible. Further research is need-
ed to confirm that time course for the BWC effect.

Second, our findings strongly support the hypothesis of Dehaene et al. (1993)
that magnitude information is automatically activated through number process-
ing, and that magnitude codes are associated with spatial left-right codes.
Although magnitude was of no relevance to the task, and even though only
responses and not stimuli were related to numbers in Experiments 1 and 3, the
presence of the observed BWC effects was based on the assumption that number-
related processing activated spatial information. Such a finding also means that
identical representations are used to code for magnitude on the basis of percep-
tion and action, which fits nicely with the results of Whalen, Gallistel, and Gel-
man (1999). They observed that the number of key presses for a given magnitude
was subject to distance and size effects, just as for perceiving numerical stimuli.
Also, our findings provide strong evidence for a response-based locus of SNARC
effects. In Experiments 1 and 2, the performance in Task 1 could be affected only
through SNARC-type compatibility with R2 but not S2, and in Experiment 3, only
R1 could be affected by that kind of compatibility. Moreover, the BWC effect was
the same size in Experiments 1 and 3, which indicated that SNARC-type com-
patibility between R2 and R1 was responsible. That is, SNARC effects are a result
of number-related processing and the associated coding of magnitude leading to
the activation of spatial codes that directly affect the selection of spatial respons-
es. Converging support for a response-related account of SNARC effects is pro-
vided by a study of Fischer (2003). He found that when participants made left or
right pointing responses to the parity status of a centrally presented number,
SNARC compatibility determined movement times but not reaction times. That
finding seems to suggest that the spatial codes activated in number processing are
used in motor planning or even execution (see also Fischer, Castel, Dodd, & Pratt,
2003, for further evidence). Of course, that should not be taken to exclude any
impact of the spatial codes on stimulus processing. However, whether stimulus
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processes can or cannot also be affected, it seems clear that SNARC effects are
produced mainly by interactions between automatically activated number- or
magnitude-associated spatial codes and spatially defined responses.

Finally, the observation of backward priming by task-irrelevant response fea-
tures allows for some interesting conclusions as to how actions are cognitively
represented and selected. In principle, S-R translation could be conceived of as
triggering a condition-action rule, as suggested by, among others, Allport (1980),
Anderson (1982), or Fagot and Pashler (1992). As such, registering some pre-
specified stimulus feature or its meaning would directly activate a particular
motor program and the response is carried out. However, if that were so, why
should activating the motor program for uttering one, for example, prime a left-
hand key press? Obviously, then, planning an action is comprised of more, and
certainly more cognitive work than merely triggering a motor program. As pro-
posed by Hommel’s (1996, 1997) action—concept model, actions may be repre-
sented cognitively by integrated networks of codes of the effects they produce.
Accordingly, planning the utterance one involves the activation of codes of that
action’s effect. Of course, the effect of saying one is hearing “one,” which means
that planning the utterance is mediated by selecting a verbal code that also rep-
resents the number 1. Yet, one assumes that verbal number codes automatically
activate magnitude representations as do visual numbers (Dehaene et al., 1993),
which suggests that planning to say one leads to the activation of magnitude and
spatial codes in the same way as the presentation of the digit 1 on a screen.

In summary, the processing of number-related information for judgments (as
in the studies of Dehaene et al., 1993, and Fias et al., 1996) or action planning
(as in the present study) leads to the automatic coding of magnitude, which again
primes associated spatial responses. However, more research is needed to deter-
mine where those associations come from and how they are acquired.
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