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Motor responses can be affected by visual stimuli that
have been made invisible by masking. For example,
Fehrer and Raab (1962) presented a square that was fol-
lowed by two flanking squares after varying stimulus
onset asynchronies (SOAs). When participants were to
respond as soon as a stimulus appeared, simple reaction
time (RT) was virtually independent of SOA, although
verbal reports of stimulus visibility changed with varia-
tions in SOA (see Neumann & Klotz, 1994). This disso-
ciation has been confirmed and extended by recent work
that has also employed metacontrast masking to manip-
ulate stimulus visibility. In metacontrastmasking, the vis-
ibility of a briefly flashed prime stimulus is reduced by a
subsequent spatially flanking masking stimulus (Breit-
meyer, 1984).Wolff (1989) and Neumann andKlotz found
that choice RTs to the mask are shortened or inhibited if
primes share stimulus attributeswith masks that are crit-
ical for the correct or the alternative response, respec-
tively (see Klotz & Neumann, 1999). Electrophysiologi-
cal evidence from event-related potentialsmeasured over
the motor cortex suggests that stimuli made invisible by
masking can activate specific responses at the motor cor-
tex (Dehaene et al., 1998; Eimer & Schlaghecken, 1998;
Leuthold & Kopp, 1998).
Do masked stimuli affect the motor system because of

direct visuomotor effects, as has been suggested by Neu-
mann and Klotz (1994; see Eimer & Schlaghecken,
1998; Leuthold & Kopp, 1998), or do these priming ef-
fects show that “a large amount of cerebral processing

including perception, semantic categorization and task
execution, can be performed in the absence of conscious-
ness,” as has been claimed byDehaene et al. (1998,p. 599)?
According to the first view, primingwithout awareness is
possible because the motor system can be affected by vi-
sual information, owing to a special anatomical connec-
tion, most probably the dorsal pathway, which connects
the visual cortex to the motor system (Milner & Goodale,
1995). According to this, there is a special pathway from
the visual system to the motor system, and thus, priming
without awareness might be restricted to conditions in
which primes can be mapped directly to motor responses.
Interestingly, direct mapping of primes to motor re-

sponses might have occurred in previous studies on non-
motor priming effects (e.g., Dehaene et al., 1998;Green-
wald, Draine, & Abrams, 1996), as has been suggested
by recent findings (Abrams & Greenwald, 2000;Klinger,
Burton,& Pitts, 2000;Wentura, 2000). For instance, in the
experiment of Dehaene and colleagues, participants had
to categorize four stimuli to one response and four to an-
other. After sufficient training, the participants might
have learned simple stimulus–response associations.
These associations may no longer have required seman-
tic categorizationof stimuli but may have allowed primes
to affect motor responses directly via the dorsal pathway.
Thus, the data of Dehaene and colleagues do not con-
vincingly show that perceptual and semantic processes
occur without awareness. Only the recent analyses and
experiments of Naccache and Dehaene (2001a, 2001b)
provide evidence for semantic effects of primes.
In the present study, I investigatedwhether the effects

of masked stimuli are restricted to motor effects, or
whether masked stimuli can similarly affect nonmotor
operations, such as attention and cognitive control. To
compare nonmotor priming with motor priming, the time
course of priming was examined by varying the time be-
tween prime and masking stimuli. Then, the dissociation
of priming and prime recognitionwas examined by com-
paring the time course of primingwith the time course of
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Motor responses can be affected by visual stimuli that have been made invisible by masking. Can
masked visual stimuli also affect nonmotor operations that are necessary to perform the task? Here, I
report priming effects of masked stimuli on operations that were cued by masking stimuli. Cues in-
formed participants about operations that had to be executed with a forthcoming target stimulus. In
five experiments, cues indicated (1) the required response, (2) part of the motor response, (3) the stim-
ulus modality of the target stimulus, or (4) the task to be performed on a multidimensional stimulus.
Motor and nonmotor priming effects followed comparable time courses, which differed from those of
prime recognition. Experiment 5 demonstrated nonmotor priming without prime awareness. Results
suggest that motor and nonmotor operations are similarly affectedby masked stimuli.
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prime recognition. With this paradigm, an attempt was
made to find a double dissociation, consisting of a time
course for increasing priming effects and a time course
for decreasing prime visibility. It was reasoned that if
masked stimuli affect motor and nonmotor operations in
the same way, the same double dissociation of priming
and prime recognition should be obtained in either case.
The first experiment replicated previous studies in which
participants responded to the mask with a choice re-
sponse. In the following experiments, the mask was used
as a cue that provided information obligatory for per-
forming the task. In Experiment 2, the cue provided par-
tial information about the forthcoming response, and
priming effects on partial response preparation were ex-
amined. Nonmotor priming was examined in the follow-
ing three experiments. In Experiment 3, the cue provided
information about stimulus modality. In Experiments 4
and 5, the cue told participants how they had to process
the followingmultidimensional auditory sound. The last
three experimentswere designed to excludemotor prim-
ing effects. In these experiments, the priming of nonmo-
tor operations necessary to execute a task without any
possibleeffects of primes on themotor systemwas studied.
The present study contrasted prime recognition per-

formance with motor and nonmotor priming effects by
showing double dissociation in terms of opposite time
courses. In previous studies, attempts had been made to
show priming without awareness by perfectly masking
the prime stimulus (e.g., Klotz & Neumann, 1999;
Leuthold& Kopp, 1998). These studies were in line with
traditional research on “perception without awareness”
that sought to demonstrate behavioral effects of stimuli
of which we are not aware (see Greenwald, 1992; Köh-
ler & Moscovitch, 1997). However, the reality of “un-
conscious perception” remains controversial up to the
present (e.g., Eriksen, 1960; Greenwald, 1992; Holen-
der, 1986; Merikle, 1992; Merikle & Daneman, 1998;
Reingold& Merikle, 1990). Therefore, it is important to
distinguish empirical findings from controversial issues
of interpretations. In this paper, I use the term priming to
refer to empirical effects of masked stimuli on the motor
system or on other operations, as assessed by RT and

error rate. Another empirical effect of masked stimuli is
referred to by the term prime recognition, which is mea-
sured by two-choice recognition judgments to the
masked stimuli. Prime recognition performance is one
attempt to operationalize conscious perception of the
prime. Unfortunately, it is still not clear how perfor-
mance in a prime recognition task is related to conscious
perception. Note, however, that this controversial issue
refers to any claim of priming without awareness and is
not specifically related to the comparison of motor and
nonmotor priming. Therefore, the issue of conscious
awareness can be separated from the dissociation of
priming and prime recognition performance in motor
and nonmotor priming tasks (see the General Discussion
section).

EXPERIMENT 1
Priming of Motor Responses

To study dissociations between response priming and
prime recognition, I compared the performances on two
tasks that differed only by which stimulus served as tar-
get but left stimulus conditions identical. On each trial,
a prime was presented briefly, followed after a variable
SOA by a mask at the same location. This paradigm al-
lows one to study the dissociation of priming and prime
recognition by their time courses (see Vorberg, Mattler,
Heinecke, Schmidt, & Schwarzbach, in press). The time
course of response priming was studied by using a
choice-reaction task in which subjects had to respond to
the mask. The effect of masked primes was assessed by
the effects of prime–mask congruence on RT. Prime and
mask stimuli were congruent when they had the same
outer shape and were incongruent otherwise (see Fig-
ure 1). Priming was assessed by comparing the RT ad-
vantage on congruent trials, with those on incongruent
trials. The time course of primingwas determined by the
extent of priming at different SOAs. The time course of
prime recognition was studied in a two-choice prime
recognition task in which subjects were asked to respond
to the prime. The time course of prime recognition was
determined by measuring prime recognition at different

Figure 1. Stimuli used for metacontrast masking in Experiments 1–4. On half the
trials, primes were congruent to masks. Note that one prime–mask pair was presented
in each trial.
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SOAs. Prime and masking stimuli were constructed to
obtain Type B metacontrast masking functions (Breit-
meyer, 1984), partly consisting of decreasing prime
recognitionperformance with increasing SOA. It was ex-
pected that priming and prime recognition would follow
different time courses, constituting a double dissociation
of priming and prime recognition.

Method
Participants. Six students from the University of Braunschweig

(5 women, 1 man), from 20 to 28 years of age (M 5 23.0 years),
participated in the experiment. All reported that they were right-
handed, and all had normal or corrected-to-normal vision. Each
participant took part in three 1-h sessions, receiving course credit
for participation.

Stimuli. Stimuli similar to those introduced by Neumann and
Klotz (1994) were used. Square and diamond shaped stimuli served
as prime and mask stimuli (see Figure 1). They were presented
black on white on a computer monitor, at a refresh rate of 60 Hz.
The stimuli were positioned at the fixation cross in the center of the

monitor. Squares and diamonds consisted of the same number of
pixels. Prime squares and diamonds subtended visual angles of
about 1.0º and 1.5º in height and width. The height and width of the
outer contour of the masks subtended about 1.6º and 2.2º of visual
angle for square and diamond-shaped masks, respectively. The
primes were 1 pixel smaller than the inner outline of the masks.
Prime duration was 34 msec; mask duration was 51 msec. Prime–
mask SOA varied randomly from trial to trial, in steps of 17 msec,
from 34 to 119 msec. The primes were congruent with the masks in
half of the trials, with congruency varying randomly between trials.
Visual and auditory stimuli were presented 102 msec after mask
offset for 102 msec; these were irrelevant for the task in Experi-
ment 1 but were relevant in Experiment 3 (see below). Thus, these
stimuli served as distractors in Experiment 1 (see Figure 2). An au-
ditory stimulus of 1000 Hz and 100-msec duration served as error
feedback.

Tasks. (1) In the choice RT task, the participants responded to
diamond-shaped (square) mask stimuli by pressing the left (right)
ALT key on the keyboard with the left (right) index finger. (2) In the
last session, the participants were informed about the presence of
primes and were to respond to the shape of the primes without pres-

Fixation

700 msec

Prime

34 msec

SOA

34 –119 msec

Target /Cue

51 msec

Fixation

102 msec

Distractor/ Target

102 msec

time

Figure 2. Schematic diagram of stimulus events in Experiments 1–4. In the
choice reaction time (RT) task, the participantsused the mask as a target in Ex-
periment 1, but as a cue in Experiments 2–4. The stimulus presented after the
mask was irrelevant in Experiment 1 but was used as the target in later exper-
iments. Priming effects were assessed by the effects of prime–mask congruency
on RT. In the prime recognition task, the participants reported the prime. Time
courses of priming and prime recognition were assessed by varying stimulus
onset asynchrony (SOA) between prime and mask randomly from trial to trial.
Note that the bars in the last frame were either green or red. Experiment 3 used
the color bars and tones as targets in the choice RT task. Experiment 4 used no
color bars at all but presented sounds via headphones as targets in the choice
RT task.
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sure with respect to speed: They responded to a diamond-shaped
(square) prime stimulus with a left- (right-) hand response. 1

Procedure. The participants were tested individually in single
sessions on separate days. (1) In the choice RT task, the participants
were instructed to focus on the fixation stimulus and to respond to
the stimulus in the center of the screen as quickly as possible, with-
out making errors. The stimulus sequence is given in Figure 2. Tri-
als started with the fixation cross, followed after 700 msec by the
prime positioned at f ixation and the mask at the same position. Re-
sponses were given by pressing the appropriate response button
with the left or the right index finger. The computer monitored for
responses made within 2,150 msec after mask onset. In case of a
wrong response, auditory feedback was given after this period, fol-
lowed by a rest of 2 sec. The warning signal for the next trial ap-
peared after a random interval with a mean 1,500 msec. (2) At the
beginning of the session with the direct prime recognition task, the
prime and the mask stimuli were shown to the participants in slow
motion. They were instructed to take all the time needed in order to
identify the primes as accurately as possible. The computer moni-
tored for responses made within 6 sec after mask onset. In either
task, auditory feedback was provided on error trials. Summary
feedback (mean RT and percentage correct) was given at the end of
each session.

Design . Perceptual and behavioral effects of the prime stimuli
were assessed by the two tasks. The choice RT task, which em-
ployed the mask as the target for a speeded choice response, was
used to measure the effect of primes on RT to the mask by compar-
ing mean RTs of congruent and incongruent trials. The two-choice
prime recognition task, which employed the prime as the target, was
used to measure how well the participants could recognize the
primes. A practice session was followed by another session with the
choice RT task and by the final session with the prime recognition
task, each task consisting of 48 replications of each of the 12 con-
ditions resulting from the combination of SOA (six levels) and con-
gruency (two levels). All combinations were presented in random
order. Dependent variables were RT and error rates for the choice
RT task and proportion correct for the prime recognition task.

Statistical analysis. The first blocks per session were considered
warm-up and were excluded from data analysis. Choice RTs were
summarized by trimmed means, determined for correct trials per par-
ticipant and condition, excluding posterror trials. RTs and error rates
for the choice RT task were analyzed with a two-way repeated mea-
sures analysis of variance (ANOVA). Prime recognition performance
was analyzed with an ANOVA with a factor of SOA on the arc-sine
transformed mean proportion correct, determined separately for each
participant and mask and then averaged for each SOA condition. For
the sake of readability, the results of the statistical analysis of pro-
portion correct are presented, although analysis with signal detection
methods (Macmillan & Creelman, 1991) gave essentially the same
results. Table 1 presents summary results for d9 and beta from a sig-
nal detection analysis. All reported p values are based on Geisser–
Greenhouse corrected degrees of freedom, whereas, for the sake of
readability, the stated degrees of freedom are uncorrected. Statistical
analysis remained identical across experiments.

Results
Errors. Errors occurred on 3.7% of the trials. Mean

error rates increased with increases in SOA (1.7%, 0.7%,
1.7%, 4.2%, 5.4%, and 8.2% for each SOA, respec-
tively). This was confirmed by an ANOVA on arc-sine
transformed choice error rates that showed a significant
effect of SOA [F(5,25) 5 6.93, MSe 5 0.029, p , .05].
Mean error rates are given in Table 2.

RT. Primes affected RT significantly, as is shown by
the significant effect of congruency, with 420 and
484 msec for congruent and incongruent trials, respec-

tively [F(1,5) 5 17.7,MSe 5 4,080, p , .01]. The con-
gruency effect was modulated by SOA, as is shown in
Figure 3A: Mean RT for congruent trials decreased with
increases in SOA, whereas RT for incongruent trials in-
creased. To increase power, this effect of SOA was tested
by comparing mean RT on the first three levels of SOA
with mean RT on the last three levels of SOA for con-
gruent and incongruent trials [F(1,5)5 115,MSe 5 25,
p, .001, and F(1,5)5 7.7,MSe5 375, p, .05, respec-
tively]. The interaction of SOA and congruency was sig-
nificant [F(5,25)5 29.4,MSe 5 150, p , .01]. To eval-
uate how SOA modulated the effect of congruency,
priming functionswere defined as the difference in RTs
between incongruent and congruent trials. The priming
function in Figure 3B shows that the priming effect in-
creased almost linearly with SOA. Note that the slope of
the priming function approaches one, which means that
increasing SOA by 10 msec resulted in an increase of the
priming effect of 10 msec.

Prime recognition. Overall, prime recognition re-
sponses were correct in 65.5% of the trials. Proportion
correct, given in Figure 3C as a function of SOA, shows
that prime recognition depended on SOA [F(5,25)5 5.9,
MSe5 0.045, p , .05]. Note that the participants recog-
nized primes better at short SOAs than at longer SOAs.
This time course of prime recognition corresponds to
Type B masking functions (Breitmeyer, 1984).

Discussion
Experiment 1 provides strong evidence for response

priming and demonstrates a double dissociationbetween
priming and prime recognition (compare Figures 3B and
3C): RTs to the mask showed priming effects that in-
creased with increases in SOA, whereas prime recognition
decreased with increases in SOA. In other words, prim-
ing effects increased with increases in SOA, although the

Table 1
Results of Signal Detection Analysis

SOA (msec)

Measure 34 51 68 85 102 119

Experiment 1
d9 1.92 1.58 0.62 0.42 0.75 0.91
beta 2.38 2.75 1.53 1.36 2.12 1.75

Experiment 2
d9 0.85 0.55 0.77 0.93 0.97 1.13
beta 1.15 0.95 0.93 1.32 0.97 0.92

Experiment 3
d9 0.76 1.34 0.89 1.00 1.05 1.24
beta 1.22 2.23 1.03 1.61 1.89 1.52

Experiment 4
d9 2.81 1.29 0.61 0.60 0.66 1.00
beta 3.25 1.39 1.19 1.28 1.22 1.24

Note—Prime recognition performance was analyzed by signal detec-
tion methods. Performance indices were first estimated separately for
each participant and masking stimulus (squares and diamonds). Then,
means were determined for each SOA by averaging across participants
and masking stimuli.
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visibility of the primes decreased. Because priming ef-
fects dependon the congruencybetween prime andmask,
they reflect stimulus-specific influences. This view was
supportedby an analysisof the errors in the choiceRT task
(Table 2). On congruent trials, the error rate was below
3% at any SOA. On incongruent trials, however, error rate
increased with increases in SOA to above 14%. Such an
error pattern rules out interpretations in terms of fast-
guessing triggered by the mere detection of the prime
(Yellott, 1971). The error pattern conflicts also with the
hypothesis that primes facilitate or inhibit only the pro-
cessing of the mask (Bachmann, 1984;Neumann&Klotz,
1994). Further evidence against the latter hypothesis
comes from the finding that priming effects increasedwith
increases in SOA, whereas prime recognition decreased
with increases in SOA, which renders it unlikely that the
priming effect is mediated by perceptual effects of the
prime. To sum up, priming effects cannot simply be a func-
tion of prime recognition but result from processes that
are separate from those that determine performance in the
prime recognition task.
The data of Experiment 1 are consistent with the view

that primes are processed along a visuomotorpathway, ir-
respective of perceptual awareness. Neumann (1990,
p. 212) introduced direct parameter specification as the
notion that input information specifies action parameters
without giving rise to a corresponding conscious mental
representationof the input information.According to this,
direct parameter specification is possible if all parameters
of the to-be-executedaction have been specifiedwhen the
stimulus appears, except for those few that can be speci-
fied by the stimulus itself (Neumann &Klotz, 1994). This
interpretation is supported by recent neurophysiological
evidence for prime-related activation of the motor cortex
(Dehaene et al., 1998; Leuthold& Kopp, 1998).
The dissociation of response priming and prime

recognition by their time courses replicates findings of
Vorberg et al. (in press), who employed arrow-shaped

stimuli as primes and masks. These authors showed, in
one of their experiments, that priming can increase with
increases in SOA in the face of perfect masking. This
finding suggests that mechanisms leading to response
priming can operate without conscious awareness of the
effective stimuli and are distinct from those that under-
lie subjective experience in prime recognition. Further
evidence for this view was provided by a second experi-
ment of Vorberg et al., which used the double-dissociation
paradigm showing identical priming functions in exper-
imental conditions in which prime recognition functions
either increased or decreased. The authors proposed an
accumulator model that provides a quantitative account
for these response priming effects on RT and error rate
(see Vorberg et al., in press).

Table 2
Error Rates (in Percentages)

Prime–Mask SOA (msec)

Congruency 34 51 68 85 102 119

Experiment 1
Congruent 2.4 0.4 0.7 1.1 1.1 1.8
Incongruent 1.1 1.1 2.8 7.3 9.7 14.6

Experiment 2
Congruent 3.7 3.6 4.7 3.5 3.0 2.6
Incongruent 2.6 2.6 3.1 3.8 6.4 12.7

Experiment 3
Congruent 2.3 2.6 2.2 4.4 2.9 2.2
Incongruent 2.4 1.9 3.4 5.1 4.8 6.6

Experiment 4
Congruent 4.2 5.4 5.2 5.2 4.7 4.2
Incongruent 6.1 4.7 4.4 4.7 4.7 3.7

Note—SOA 5 stimulus onset asynchrony between prime and mask
onset. See the text for descriptions of the tasks used in the experiments.

Figure 3. Motor priming and prime recognition as a function
of stimulus onset asynchrony (SOA) in Experiment 1. (A) Effects
of congruent and incongruent primes on mean choice reaction
time (RT). (B) Priming function calculated as the difference be-
tween RT on incongruent and congruent trials. (C) Time course
of prime recognition: probability of correct prime recognition.
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To sum up, the findings of Experiment 1 replicated
those of previous research and documented that motor re-
sponses can be activated by masked visual stimuli irre-
spective of how well the effective stimuli can be reported
when target stimuli are associated directly to a motor re-
sponse. Note that the mask served in Experiment 1 as a
target stimulus to which the participants responded di-
rectly. In Experiment 2, the mask served as a cue provid-
ing information that was obligatory for performing the
task. Do priming effects also occur when the mask does
not specify an overt response directly but provides only
partial information of the response to be given? Experi-
ment 2 was designed to study priming when the mask
serves as a cue that indicates the responding hand with-
out specifying the particular overt response. Following
the logic of Experiment 1, perceptual and behavioral ef-
fects of the prime were assessed by separate tasks. The
prime recognition task was used for testing how well the
participants could perceive the prime stimulus. An anal-
ogous choice RT task was used to determine whether
primes can affect partial precuing of motor actions. It was
expected that the perceptual and behavioral effects of
primes would be dissociated by opposite time courses.

EXPERIMENT 2
Priming of Motor Precuing

Experiment 2 was designed to determine whether
priming effects can be obtainedwhen the mask is not the
imperative response signal that fully specifies the re-
sponse but, rather, a precue indicating part of the motor
response. It is well known that choice RT is reduced
when advance information about the response is pro-
vided before the imperative response signal (Requin,
Brener, & Ring, 1991). For example, Miller (1982) had
participants respond to the size and the name of letters
with a choice response. In one condition, the letter name
specified the response hand (left or right), and the letter
size indicated the response finger (middle or index fin-
ger). In another condition, letter size specified the hand,
and letter name indicated the response finger. Precuing
effects were found when the easily discriminable letter
name specified the hand (Miller, 1982). It was reasoned
that these effects resulted because the information in the
precue could be used to specify the parameters of a
motor program in advance of the imperative response
signal (Rosenbaum, 1980). Advance parameter specifi-
cation can speed up RT because parameter specification
is time consuming (Keele, 1981). Experiment 2 investi-
gated whether even masked primes can lead to hand pre-
cuing effects.
It is important to note that response priming effects such

as those in Experiment 1 had to be distinguished from the
priming effects of precuing paradigms used in this and the
following experiments. To this end, that the participants
should simply combine the precue with the target stimulus

and respond to the resulting complex stimulus event had to
be avoided. Otherwise, the priming effects in cuing para-
digms might result simply from a complex stimulus–
responsemapping in which the participantsassociated cer-
tain combinations of cues and target stimuli to specific
motor responses. Therefore, the participants were in-
structed in all the precuing experiments to process the cue
prior to the target stimulus. In addition, they were asked,
after each choiceRT session, how they had processed cues.

Method
Participants . Six new students from the University of Braun-

schweig (4 women, 2 men), from 23 to 40 years of age (M 5
27.3 years), participated in the experiment. Five reported that they
were right-handed. Each participant took part in four 1-h sessions,
receiving course credit for participation.

Stimuli. Prime and mask stimuli were identical to those in Ex-
periment 1 (see Figure 1). Two identical color bars (green or red)
were presented as targets 102 msec after the mask for 102 msec at
about 1.8º of visual angle above and below fixation. Color bars
were about 2.1º and 0.3º in width and height, respectively.

Tasks. (1) The participants had to respond to red bars with their
middle fingers and to green bars with their index fingers. A shape
cue informed them which hand to use: A square indicated a right-
hand response, and a diamond indicated a left-hand response. (2) In
addition, they did the prime recognition task as in Experiment 1.

Procedure and Design . Experiment 2 differed from Experi-
ment 1 in that the mask served as a precue that specified the re-
sponse hand, whereas the response finger was specif ied by the
color of the target bars. In contrast to Experiment 1, the shape of the
mask did not fully specify the response but did specify the correct
response hand (see Figure 2). A practice session was followed by
two sessions with the choice RT task, together making up 96 repli-
cations for each of the 12 experimental conditions resulting from
the combination of six levels of SOA and two levels of prime–mask
congruency, and by a final session with the prime recognition task,
consisting of 48 replications of each condition. The participants
were instructed to process the cue prior to the target stimulus.

Results
After each choice RT session, the participants were

given questions concerning their behavior during the
session. All the participants reported having used cues
to prepare the indicated response hand. The participants
were asked to rate “How well could you prepare the in-
dicated hand prior to the target stimulus?” on a 5-point
scale ranging from very badly to very well. In 11 out of
the total of 12 choice RT sessions, the participants could
prepare the handwell or very well prior to the target stim-
ulus. These subjective reports suggest that the partici-
pants processed the cue prior to the target, instead of
using a complex stimulus–response mapping strategy.

Errors. Errors occurred on 4.4% of the trials. Mean
error rates increased with increases in SOA by 3.1%,
3.1%, 3.9%, 3.6%, 4.7%, and 7.6% for each SOA, re-
spectively [F(5,25)5 3.27,MSe 5 0.014, p , .05]. The
effect of congruency on error rates was modulated by
SOA: On congruent trials, error rate was below 5% at
any SOA. On incongruent trials, however, error rate in-
creased with increases in SOA to above 12% (see Table 2
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for means). This was confirmed by the significant inter-
action of SOA and congruency [F(5,25)5 8.86,MSe 5
0.014, p , .01].

RT. Primes influencedmotor precuing effects, as was
shown by the effect of congruency, with means of 578
and 625 msec for congruent and incongruent trials, re-
spectively [F(1,5)5 28.5,MSe5 1,391, p, .01]. Mean
RTs in Figure 4A show that priming depended on SOA:
RT for congruent trials decreased with increases in SOA,
whereas RT for incongruent trials increased [F(1,5) 5
15.8,MSe5 81, p , .05, and F(1,5)5 17.5,MSe5 752,
p , .01, respectively]. The interaction of SOA and con-
gruency was significant [F(5,25) 5 21.8, MSe 5 371,

p , .001]. Figure 4B gives the priming function show-
ing that priming began at the 68-msec SOA and reached
a magnitude comparable to that in Experiment 1 with
long SOAs.

Prime recognition. Overall, prime recognition re-
sponses were correct in 63.9% of the trials. Proportion
correct for each SOA is given in Figure 4C. Prime recog-
nitiondid not show significant effects of SOA, [F(5,25)5
1.1, p5 .36], which was most likely due to large individ-
ual differences in the time course of masking. Another
way of checking whether the priming effect depends on
how well participants recognize the prime consists in
contrasting these participantswith the best overall perfor-
mance (70.8%) and with the worst (57.0%). Figure 5A
gives the time course of prime recognition for the three
best and the three worst prime recognizers, showing that
prime recognition performance increased with increases
in SOA for the participants with good performance but
decreased for poor prime recognizers. Nevertheless, the
priming functions of the two groups given in Figure 5B
show almost identical time courses. Thus, across partic-
ipants, the time course of priming did not depend on
prime recognition.

Discussion
Experiment 2 showed priming in a precuing paradigm

and demonstrated the dissociation between priming and
prime recognition. RTs showed priming effects that in-
creased with SOA, whereas prime recognition perfor-
mance was not significantly affected by SOA. An analy-
sis of individual subjects’ data showed that the priming
function was almost the same irrespective of how well
the participants recognized the primes. This pattern of
results echoes Experiment 1, in which priming did not
depend on prime recognition.
Did these priming effects result from priming in a

complex stimulus–response assignment?For instance, the
participants could have mapped the complex stimulus
combination square-plus-green-bars to a right-hand re-
sponse with the index finger and the complex stimulus
diamond-plus-green-bars to a left-hand response with the
index finger. To avoid any strategy like this, the partici-
pants were systematicallymotivated to process the visual
cue prior to the following target stimulus in this and all
followingexperiments.Post hoc reports in interviews after
choice RT sessions revealed that the participants had fol-
lowed instructions and had effectively used a sequential
strategy in which the cuewas processed prior to the target.
Therefore, it can be concluded that the present priming
effects did not result from complex stimulus–response
assignments.
Although prime and mask stimuli were physically

identical in the first four experiments of this study, the
time course of prime recognition was very different for
some participants. However, interindividual differences
are not unusual in psychophysical research (see Breit-
meyer, 1984; Jensen, 1996). Although the reason for in-
terindividual differences in the present experiment is not

Figure 4. Priming of precued responses and prime recognition
as a function of stimulus onset asynchrony (SOA) in Experi-
ment 2. (A) Effects of congruent and incongruent primes on
mean choice reaction time (RT). (B) Priming function calculated
as the difference between RTs on incongruent and congruent tri-
als. (C) Time course of prime recognition: probability of correct
prime recognition.
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entirely clear, at least two possibilities come to mind. On
the one hand, metacontrast masking might have been
based on low-level visual mechanisms (Breitmeyer,
1984). Thus, interindividual differences could have been
due to physiological differences between participants’
visual systems. On the other hand, Ramachandran and
Cobb (1995) have demonstrated attentionalmodulations
of metacontrast masking. These attentional effects sug-
gest that different time courses in prime recognition
could also arise from different strategies in the discrim-
ination task. For the present study, however, it is most
important that almost identical time courses of priming
effects were found despite large individualdifferences in
the time course of prime recognition performance, be-
cause this dissociation suggests that priming effects and
prime recognition arise from different processes.
Priming of motor precuing goes beyond previous find-

ings of direct response priming, which have been ex-
plained by postulating a visuomotor route leading to the
activation of motor responses (e.g., Leuthold & Kopp,
1998; Neumann & Klotz, 1994; Vorberg et al., in press).
According to Rosenbaum (1980), partial advance infor-
mation conveyedby a precue is used to specify action pa-
rameters before the imperative response signal provides
the parameters that fully specify the motor program.

Priming of precuing indicates that the prime can also be
used for specifying action parameters. Because priming
of precuing follows a different time course than does
prime recognition, this finding is consistentwith the view
that certain visuomotor processes operate independently
of how well participants can consciously perceive the ef-
fective stimulus (Leuthold & Kopp, 1998; Neumann &
Klotz, 1994; Vorberg et al., in press). However, the find-
ings from Experiment 2 are at odds with the hypothesis
that direct parameter specification requires that “all pa-
rameters of the to-be-executed action have already been
specified . . . except for those that are specified by the
stimulus itself ” (Neumann & Klotz, 1994, p. 144). In-
stead, the results indicate that some visuomotorprocesses
can operate independently from conscious perceptual
recognition even when the action is only partially speci-
fied and important parameters have to be provided by the
forthcoming imperative response signal.
Direct priming of motor responses (Experiment 1), as

well as priming of motor precuing (Experiment 2) dis-
sociated from prime recognition, fits with Milner and
Goodale’s (1995) notion of a dorsal pathway that trans-
mits visual information to the motor system. Similar to
the electrophysiological evidence showingmotor activa-
tion in direct motor priming (Dehaene et al., 1998; Eimer
& Schlaghecken, 1998; Leuthold & Kopp, 1998), elec-
trophysiological evidence from precuing studies indi-
cates that advance informationabout the respondinghand
can lead to activation of the motor cortex (e.g., Leuthold,
Sommer, & Ulrich, 1996). Therefore, it is tempting to as-
sume that mechanisms leading to priming of motor precu-
ing might be located in the same structures as those lead-
ing to direct response priming. However, the question
arises, can other mental operations also be influenced by
external stimuli, without conscious perception? The fol-
lowing experiments were designed to study whether
masked primes can also affect nonmotor operations, such
as attention and cognitive control operations.

EXPERIMENT 3
Priming of Attention

Experiment 2 demonstrated priming effects in a pre-
cuing paradigm in which the precue conveyed advance
information about the likely response. In Experiment 3,
the precue provided information about the likely stimu-
lus. Precuing of stimulus information is a common tech-
nique for directing a participant’s attention to events of
interest in the environment (see, e.g., Pashler, 1998).
Many everyday situations require that attention be coor-
dinated across sensory modalities. An attempt has been
made in several studies in which the precuing technique
was used to provide empirical support for the claim that
participants can attend to a sensory modality (for a criti-
cal review, see Spence & Driver, 1997). In their recent
study, Spence and Driver confirmed previous reports that
RT is longer in trials with targets presented in an unex-
pectedmodality than in trials with targets presented in the

Figure 5. Priming and prime recognition as a function of stim-
ulus onset asynchrony (SOA) in Experiment 2, separated for par-
ticipants with good and poor prime recognition. (A) Time course
of prime recognition: probability of correct prime recognition.
(B) Priming functions calculated as the difference between reac-
tion times (RTs) on incongruent and congruent trials for good
and poor prime recognizers.



PRIMING OF MENTAL OPERATIONS 175

expected stimulus modality. This indicates that people
can indeed selectively attend to the auditory or the visual
modality. Can stimuli outside awareness also direct at-
tention to the auditory or the visual modality? To answer
this question, in Experiment 3, precuingwas employed to
direct attention to the auditory or the visual modality.

Method
Participants . Six new students from the University of Braun-

schweig (3 women, 3 men), from 20 to 27 years of age (M 5
22.8 years), participated in the experiment. Five reported that they
were right-handed, and all had normal or corrected-to-normal vi-
sion. Each participant took part in five 1-h sessions, receiving
course credit for participation.

Tasks. (1) The participants responded to the high (low) pitch
tone and to the red (green) color bars by pressing the left (right)
ALT key on the keyboard with the left (right) index finger. To know
which stimulus modality to attend to, they had to use a shape cue:
Diamond-shaped mask stimuli indicated that the participant should
respond to the tone; squares indicated that the participant should
respond to the color. (2) In addition, the participants did the prime
recognition task, as in Experiment 1.

Stimuli and Procedure. The prime and mask stimuli were iden-
tical to those in Experiment 1 (see Figure 1). On half of the trials, a
visual target was presented after the mask: Two identical color bars
(green or red) were shown above and below fixation. On the other
half of the trials, the target was a high or a low pitch tone (1500 vs.
300 Hz), which was presented by a loudspeaker located 12º of vi-
sual angle below the fixation point. To motivate the participants to
use the cue, the stimulus display was equivocal in two thirds of the
trials in which one of the visual stimuli was accompanied by one of
the auditory stimuli. In half of these trials, visual and auditory stim-
uli were associated to the same response, and they were associated
to alternative responses in the other half. Thus, in at least one third
of trials with incompatible stimuli, the participants had to use the
cue to know what to do. Note that in Experiment 1, the same color
bars and tones had been presented as irrelevant distractors. The pro-
cedure was identical to that of Experiment 2, except that the par-
ticipants were instructed to use cues to shift their attention to the in-
dicated stimulus modality. The sequence of stimulus events is given
in Figure 2.

Design. In this experiment, the mask served as a precue that in-
dicated which stimulus modality to attend to. In contrast to Exper-
iment 2, the cue did not allow preparation of any motor part of the
action, but the participants could shift attention to the indicated
stimulus modality. The experiment followed the same logic as that
in the previous experiments, with SOA and congruency as inde-
pendent variables. The independent variable of distractor presence
varied: Two thirds of the trials were with and one third of the trials
were without a distractor in the irrelevant modality.

Results
After the choice RT sessions, all the participants re-

ported having used cues to concentrate on the indicated
stimulus modality or to ignore the alternative stimulus
modality. None of them had used cues to prepare stimulus–
response mappings. In 14 out of 18 sessions, the partic-
ipants reported that they could prepare well or very well
for the indicated stimulus modality prior to the target
stimulus. These subjective reports suggest that the par-
ticipants processed the cue prior to the target by shifting
their attention to the indicated stimulus modality.

Errors. Errors occurred on 3.4% of the trials. Dis-
tractor presence had a significant effect: The error rate

was increased (3.9%) in trials with a distractor, as com-
pared with trials without [2.3%; F(1,5) 5 27.3, MSe 5
0.02, p, .01]. Although the interactionof SOA and con-
gruency failed to reach significance ( p5 .11), the error
data in Table 2 suggest that incongruentprimes produced
more errors when the SOA was long. To increase the
power of the analysis, error rates were averaged for the
first and the last three levels of SOA. The a posteriori
analysis of congruency and SOA (short vs. long) re-
vealed a significant interaction [F(1,5)5 13.4, p, .05].

RT. The effect of primes on attention to the relevant
stimulus modality was reflected in the effect of congru-
ency, with means of 467 and 489 msec for congruent and
incongruent trials, respectively [F(1,5) 5 25.9, MSe 5

Figure 6. Priming of attention and prime recognition perfor-
mance as a function of stimulus onset asynchrony (SOA) in Ex-
periment 3. (A) Effects of congruent and incongruent primes on
mean choice reaction time (RT). (B) Priming function calculated
as the difference between RT on incongruent and congruent tri-
als. (C) Time course of prime recognition performance: proba-
bility of correct prime recognition.
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697, p , .01]. This priming effect depended on SOA, as
is shown in Figure 6A. On congruent trials, mean RT de-
creased with increases in SOA, but it increased with in-
creases in SOA on incongruent primes [F(1,5) 5 22,
MSe 5 21, p , .01, and F(1,5) 5 11.2, MSe 5 67, p ,
.05, respectively]. Again, the priming function given in
Figure 6B shows an almost linearly increasing effect of
attentional priming, but the slope was below one. Prim-
ing of attention depended neither on the presence of a
distractor nor on target stimulus modality. These con-
clusions were backed up by a statistical analysis: The
interaction of SOA and congruency was significant
[F(5,25) 5 22.1, MSe 5 80, p , .001]. Although the
presence of a distractor prolongedmean RT from 459 to
497 msec [F(1,5)5 10.7,MSe5 4,890, p, .05], neither
the effect of congruency [F(1,5)5 2.9, p 5 .15] nor the
SOA 3 congruency interactionwas significantly modu-
lated by distractor presence [F(5,25)5 0.9, p 5 .46]. In
other words, the priming effect increased with increases
in SOA in trials with and without distractors.2

Prime recognition. Overall, prime recognition re-
sponses were correct in 66.2% of the trials. Proportion
correct for each SOA is given in Figure 6C. The effect of
SOA was not significant, because of individual variabil-
ity in prime recognition performance [F(5,25) 5 0.6,
p 5 .57]. Figure 7A gives the time course of prime
recognition performance for the three best (76.5%) and
the three worst (55.9%) recognizers, showing that prime
recognition increased with increases in SOA in those
participants with good overall performance but de-
creased in the worst recognizers. Figure 7B depicts the
priming functions of the two groups, which were almost
identical. Priming effects were larger in the participants
with poor prime recognition. With SOA 5 85 and
102msec, prime recognitionwas actually at chance levels,
with 50.5% and 51.5% correct [ts(2) 5 0.1 and 0.6, p .
.60] in the group with poor prime recognition. Nonethe-
less, the priming effect approached 36 and 43 msec, re-
spectively, in these conditions (Figure 7B). At the same
levels of SOA, prime recognition was well above chance
levels in the group with good prime recognition, with
79.4% and 80.2% correct, but their priming effects mea-
sured 21 and 26 msec, respectively. Thus, across partic-
ipants, the priming effect was not positively correlated
with prime recognition performance.

Discussion
Experiment 3 showed that attention could also be

primed and that priming was dissociated from prime
recognitionperformance. RTs to the relevant target stim-
uli showed substantial priming effects on attention,
which increased with increases in SOA. This priming ef-
fect on RT was confirmed by the error data, which in-
creased with increases in SOA on incongruent trials.
Note that the presence of distractor stimuli in the irrele-
vant modality affected neither the priming effect nor its
time course. An analysis of individual participants
showed that the time course of priming was almost the

same in the best and the worst prime recognizers, al-
though prime recognition performance increased with
increasing SOA in the former group (Type A masking
functions; Breitmeyer, 1984) but decreased in the latter
(Type B masking functions). This dissociation across
participants indicates that priming effects on attention
arise from mechanisms that are distinct from those of
prime recognition. This pattern of results replicates
those of Experiment 1 and Experiment 2, in which prim-
ing of motor responses and priming of precuing were
dissociated from prime recognition. Furthermore, at
SOAs of 85 and 102 msec, priming effects were larger in
the group of participants that could not discriminate
primes above chance levels than in the group of partici-
pants that discriminated primes well above chance lev-
els. If we assume that chance performance in prime
recognition indicates absence of awareness, this finding
is evidence for priming without awareness, for two rea-
sons. First, substantial priming effects occurred when the
participants were not aware of the primes. Second, prim-
ing effects were about the same regardless of whether the
participants were aware of the primes or not.
In line with Experiment 2, the present experiment

underscores that priming effects can occur in precuingpar-

Figure 7. Priming and prime recognition performance as a
function of stimulus onset asynchrony (SOA) in Experiment 3,
separated for participants with good and poor prime recognition
performance. (A) Prime recognition performance: probabilityof
correct prime recognition. (B) Priming functions calculated as
the difference between reaction times (RTs) on incongruent and
congruent trials for good and poor prime recognizers.
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adigms.However, in contrast to Experiment 2, the precue
in Experiment 3 did not convey direct information about
the overt motor response. Therefore, priming of attention
cannot be accounted for by processing along a visuomo-
tor pathway leading immediately to action, as has been
proposed to explain response priming effects. (Leuthold
& Kopp, 1998; Neumann & Klotz, 1994; Vorberg et al.,
in press). Instead, these results suggest that information
conveyed by primes can be analyzed independently of
prime recognitionand can be used by the system to guide
attention to different stimulus modalities. This finding
clearly goes beyond previous findingsof motor effects of
masked stimuli and indicates that, in a given task context,
visual processing can extract enough information from
masked stimuli to progress with mental operations on the
basis of this stimulus information, without producing
conscious representations of the effective stimulus.
Apparently, priming of motor responses and priming

of attention is (1) dissociated from prime recognition
performance and (2) increases with increases in SOA.
These similarities between attentional and motor prim-
ing suggest that both priming effects arise from the same
mechanism. However, motor priming increased with in-
creases in SOA with a slope approaching one, whereas
attentional priming increased with a substantially
smaller slope (cf. Figures 3, and 4 with Figure 6). On the
one hand, this difference suggests two different mecha-
nisms in motor priming and attentional priming. Alter-
natively, and more parsimoniously, in attentional prim-
ing, the priming effect could increase with increases in
SOA more slowly because primes affect perceptual rep-
resentations with a lower rate, as compared with the ef-
fect of primes on motor representations (see the General
Discussion section).

EXPERIMENT 4
Priming of Cognitive Control Operations

Experiment 4 tested the extent of nonmotor priming
effects. Instead of attention’s being primed, Experiment 4
studiedwhether other cognitive control operations could
also be influenced by masked primes. Research on cog-
nitive control assumes that we can adopt a particular
configuration of our cognitive system to perform a given
task, such as making coffee or comprehending a spoken
sentence (Allport, Styles, & Hsieh, 1994; Rogers&Mon-
sell, 1995). According to this, we can prepare to perform
a task, which involves linking and configuring process-
ing modules that are responsible for different aspects of
the task, such as stimulus processing, response selection,
or response execution (e.g., Monsell, 1996). This ability
to reconfigure our cognitive system allows us to respond
in different ways to one particular stimulus on the basis
of our intentions. It is assumed that cognitive configura-
tions for well-learned tasks are represented in memory
by abstract task-sets. To perform a task, the appropriate
task-set has to be selected, activated, and maintained by
some endogenous control system. In Experiment 4, an
attempt was made to study whether stimuli that remain

unaware can affect cognitive control operations involved
in task-set selection and activation.The experiment used
precues that specified the task to be performed on mul-
tidimensional auditory stimuli. In contrast to Experi-
ment 3, the stimulus modality remained constant in Ex-
periment 4, and the participants responded to identical
stimuli according to different stimulus–response map-
pings in different trials. Therefore, instead of specifying
any response parameter or the stimulusmodality, the pre-
cue in Experiment 4 specified the cognitive operation
necessary for performing the task.
Note that this distinction between Experiment 3 and

Experiment 4 follows the traditional view, because each
of them is typical for research on attention and cognitive
control, respectively.However, experiments can be com-
pared alternatively. According to one view, both experi-
ments are simply variants of one or the other issue. Both
experiments could be considered variants of selective at-
tention studies: In Experiment 3, selection of stimulus
modalitywas examined,whereas in Experiment 4, selec-
tion of a stimulus feature within the auditory modality
was studied. Thus, in both experiments, priming effects
on selective attentionwere examined.Alternatively, both
experiments could be considered to be studies of cognitive
control operations: Experiment 3 involved two different
task-sets—namely, one stimulus–response mapping for
visual stimuli and another for auditory stimuli—whereas
Experiment 4 involved one task-set for pitch discrimina-
tion and another for timbre. According to this view, in
both experiments, primes and cues affected cognitive
control operations related to the selection of task-sets.
These different views regarding the relation between
these experiments are possible because of the difficulty
of defining with precision what constitutes a “task”
(Rogers & Monsell, 1995). Although this issue is not en-
tirely settled, I prefer the distinction typically found in
the literature. According to this traditional distinction, in
Experiment 3 and Experiment 4, different issues were
studied, because cuing of stimulus modality is used in
studies of attention(e.g., Spence&Driver, 1997),whereas
cuing of the task to be performed with a multidimen-
sional stimulus is used in studies of cognitive control op-
erations (Allport et al., 1994; Rogers & Monsell, 1995).

Method
Participants . Six new students from the University of Braun-

schweig (4 women, 2 men), from 20 to 34 years of age (M 5
24 years), participated in the experiment. All reported that they
were right-handed and had normal or corrected-to-normal vision.
Each participant took part in four 1-h sessions, receiving course
credit for participation.

Stimuli. Prime and mask stimuli were identical to those in all the
other experiments (see Figure 1). After the mask, aMIDI sound was
presented over headphones. The sound was either that of a piano or
that of a marimba with high or low pitch, which differed by seven
tones. No visual stimulus accompanied the presentation of the
sounds. Except for the target stimulus, the sequence of stimuli and
the procedure were identical to those in Experiment 2 (see Fig-
ure 2).

Tasks. (1) The participants indicated either the pitch (low vs.
high), or the timbre (piano vs. marimba) of the sound by pressing
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the left or the right ALT key on the keyboard with their left or right
index fingers. The task in effect was indicated by the shape cue:
Diamond-shaped mask stimuli indicated the pitch task; squares in-
dicated the timbre task. (2) In addition, they did the prime recogni-
tion task as in Experiment 1.

Design and Procedure. Experiment 4 differed from previous
experiments only because the mask served as a precue that indi-
cated the task to be performed on the multidimensional stimulus
and the cue could not be used for preparation of stimulus modality
or any motor preparation.

Results
In interviews after the choice RT sessions, the partic-

ipants reported having used cues to concentrate on the
indicated stimulus aspect. All of them processed the cues
prior to the target. They reported that, in 7 out of 12 ses-
sions, they could prepare well for the indicated stimulus
aspect prior to the target stimulus.

Errors. Errors occurred on 4.8% of the trials. Error
rates were not significantly affected by any experimen-
tal variable (see Table 2 for means).

RT. The priming effect on cognitive control opera-
tions was reflected in the effect of congruency, with
means of 608 and 635 msec for congruent and incon-
gruent trials, respectively [F(1,5) 5 36.8, MSe 5 363,
p , .01]. This priming effect was modulated by SOA as
is shown in Figure 8A. On congruent trials, mean RT de-
creased with SOA, whereas RT increased with SOA on
incongruent trials [F(1,5) 5 5.5, MSe 5 189, p 5 .07,
and F(1,5)5 7.1,MSe5 752, p, .05, respectively].The
interaction of SOA and congruency was significant
[F(5,25)5 4.2,MSe5 426, p, .05]. The priming func-
tion in Figure 8B shows that priming of cognitive control
operations increased almost linearly with SOA.

Prime recognition. Overall, prime recognition re-
sponses were correct in 68.4% of the trials. Figure 8C
shows how prime recognition performance was modu-
lated by SOA: The participants recognized primes better
at short SOAs than at longer SOAs. The effect of SOA on
arc-sine transformed proportion correct reached signifi-
cance [F(5,25)5 13.5, p , .01]. Comparing this mask-
ing function in Figure 8C with the priming function in
Figure 8B shows a double dissociation of priming and
prime recognition performance:Whereas the priming ef-
fect increased with increases in SOA, prime recognition
performance decreased across the same levels of SOA.

Discussion
Experiment 4 demonstrated priming of cognitive con-

trol operations and showed a double dissociation be-
tween priming and masking: RTs reflected priming ef-
fects that increase with increases in SOA, whereas prime
recognition performance changed nonmonotonically.
This pattern of results is in line with the previous exper-
iments in this study showing that priming dissociated
from prime recognition. In line with Experiment 2 and
Experiment 3, the present results adds further evidence
for priming effects in precuing paradigms.
In contrast to previous experiments, in Experiment 4,

the precue provided advance information that was re-

quired for selection of task-sets. Note that the partici-
pants in Experiment 4 were in a varied mapping condi-
tion because they could not respond solely to the sound
but had to use the cue signaling which task to perform
(Shiffrin & Schneider, 1977). Given that varied mapping
does not become automatic with practice (Rogers &
Monsell, 1995), performance in this task always required
deliberate cognitive control. According to this concep-
tual framework, the present priming effects indicate that
primes affected cognitive control operations. Extending
previous findings, priming of cognitive control indicates
that visual processing can produce an output that can af-
fect cognitive control operations, even though visual
processing does not generate mental representations of

Figure 8. Priming of cognitive control operations and prime
recognition performance as a function of stimulus onset asyn-
chrony (SOA) in Experiment 4. (A) Effects of congruent and in-
congruent primes on mean choice reaction time (RT). (B) Prim-
ing function calculated as the difference between RTs on
incongruent and congruent trials. (C) Time course of prime recog-
nition performance: probability of correct prime recognition.
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the external stimulus that are sufficient for errorless per-
ceptual reports.

EXPERIMENT 5
Nonmotor Priming With Total Masking

The previous experiments employed a double-
dissociation paradigm to show that priming effects are
based on processes other then those responsible for con-
scious perception of primes. Therefore, prime and mask
stimuli were constructed to the end that prime recogni-
tion performance decreased with increases in SOA, cor-
responding to Type B metacontrast masking functions
(Breitmeyer, 1984). However, stimulus conditions that
yield Type B metacontrast masking functions rarely lead
to total masking at any level of SOA (see Francis, 1997).
Therefore, evidence for nonmotor primingwithout aware-
ness was found only in few a participants in Experiment 3.
Nonetheless, on the basis of the results of the double-
dissociation paradigm, one could predict that priming
effects would occur also when masking is total (d9 5 0).
Therefore, stimulus conditions in Experiment 5 were de-
signed to yield total masking of prime stimuli.
Experiment 5 replicatedExperiment 4, because precues

specified the task to be performed on multidimensional
auditory stimuli. In addition,Experiment 5 extendedEx-
periment 4, because the position of the diamond-shaped
stimulus (left vs. right) served as a precue for the cogni-
tive task (pitch vs. timbre). Congruency of stimulus po-
sition has been shown in previous studies (e.g., Klotz &
Neumann, 1999; Neumann & Klotz, 1994) to produce
motor priming effects similar to those produced by the
congruencyof shape (e.g., Vorberg et al., in press). There-
fore, Experiment 5 provides a further comparison of
motor and nonmotor priming. If nonmotor priming re-
sembles motor priming, stimulus position congruency

should produce nonmotor priming effects comparable to
those in Experiment 4 with shape congruency.
From a critical point of view, the priming effects of the

previous experiments could have resulted if the partici-
pants had consciously perceived primes on a few trials.
These few trials could have caused the priming effect,
whereas priming might have been absent on other trials
in which the primes were not perceived consciously. To
control whether nonmotor priming effects result from
only a few peculiar trials, Experiment 5 was designed to
allow for an analysis of the RT distribution. To this end,
Experiment 5 did not use the double-dissociation para-
digm, but SOA was fixed at a constant level, and the
number of congruent and incongruent trials was in-
creased.
The design of Experiment 4 had been based on the

assumption that cognitive control is affected whenever
different responses have to be given to the same multidi-
mensional stimuli, because these varied mapping condi-
tions require continuing cognitive control (e.g., Allport
et al., 1994; Rogers & Monsell, 1995; Shiffrin & Schnei-
der, 1977). Therefore, the instructions in Experiment 4
did not further emphasize task-set selection but simply
asked the participants to attend to that aspect of the stim-
uli indicated by the cue. In contrast, in Experiment 5, an
attempt was made to further emphasize task-set selec-
tion, instead of simply manipulating attention. There-
fore, the participants were systematically instructed to
use cues to select the indicated task prior to the target.

Method
Participants. Eleven new students from the University of Braun-

schweig (10 women, 1 man), from 19 to 37 years of age (M 5
23.3 years), participated in the experiment. Ten of them reported that
they were right-handed, and all had normal or corrected-to-normal
vision. Each participant took part in three 1-h sessions, receiving
course credit for participation.

Figure 9. Stimuli used for metacontrast masking in Experiment 5. On half the trials,
primes were congruent to masks. Note that one prime–mask pair was presented in each trial.
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Stimuli. The stimuli differed from those in the previous experi-
ments in the following respect (see Figure 9). On each trial, one
diamond-shaped cue appeared together with three squares, which
served as distractors. Prime and mask displays consisted of the di-
amonds and squares that were used in the other experiments of this
study as primes and masks, respectively. The diamond appeared to-
gether with one square about 3º above or below fixation. Two
squares served as a distractor pair presented on the side of fixation
opposite to the diamond–square pair. In half of the trials, the diamond–
square pair was a left diamond and a right square; in the other half, the
arrangement was reversed. The outer distance between masking stim-
uli extended about 4.3º. The prime (duration, 17 msec) was followed
by the mask (duration, 102 msec), with a constant SOA of 102 msec.
On congruent trials, the diamond in the prime display was placed at
the same position as the diamond in the mask display. On incongru-
ent trials, the diamond in the prime display was placed at the same po-
sition as the square in the diamond –square pair of the mask display.
Diamonds in prime and mask displays were both either above or below

fixation on a given trial. Primes were congruent in half of the trials,
with congruency varying randomly between trials. One of the MIDI
sounds used in Experiment 4 was presented over headphones 17 msec
after mask offset. The sequence of events is given in Figure 10.

Tasks. (1) In the choice RT task, the participants indicated either
the pitch (low vs. high) or the timbre (piano vs. marimba) of the
sound by pressing the left or the right ALT key on the keyboard with
their left or right index fingers. The task in effect was indicated by
the position of the diamond: Diamond-shaped mask stimuli on the
left side indicated the pitch task; diamonds on the right side indi-
cated the timbre task (see Figure 9). (2) In the last session, the par-
ticipants were informed about the presence of primes and were to
respond to the position of prime diamonds, without pressure with
respect to speed: They responded to a diamond on the left (right)
with a left- (right-) hand response.

Procedure. (1) In the choice RT task, the participants were in-
structed to proceed sequentially by first attending to the position of
the diamond, to determine and prepare for the task in effect, and
then responding to the auditory stimulus. The computer monitored
for a response within 2,120 msec after mask onset. In case of a
wrong response, the word FEHLER (English error) was presented for
1 sec, followed by a rest of 2 sec. The next trial began after a ran-
dom interval with a mean of 1,500 msec. At the end of the choice
RT session, the participants were systematically asked several ques-
tions concerning the visual stimulus displays.
(2) At the beginning of the session with the direct prime recog-

nition task, the participants were shown all possible prime displays
without mask displays and then, in slow motion, prime displays to-
gether with mask displays, with a decreasing prime–mask SOA.
The participants put on headphones but were instructed to ignore
the sounds. They were instructed to identify the position of the di-
amond in the prime display as accurately as possible with deliber-
ate time and to choose their response on the basis of what they saw
or to follow their intuition. Experimental trials were identical to
those of the choice RT session, except that the computer monitored
for a response within 3 sec after mask offset. In case of a wrong re-
sponse, visual error feedback was given as in the choice RT task. At
the end of the session, the participants were asked whether they had
any post hoc impression that they might have perceived some of the
primes.

Design. A practice session was followed by the experimental ses-
sion with the choice RT task and by the final session with the prime
recognition task. Each of every possible combination of stimulus
conditions was presented with equal frequency, varying randomly
between trials. In both sessions, a practice block was followed by
five blocks of 64 trials each. Thus, in each task, the data of 160
replications of each of the two levels of congruency (congruent vs.
incongruent) were collected. The priming effect was analyzed by
comparing reaction times on congruent and incongruent trials in
the choice RT session. Prime recognition performance was ana-
lyzed by averaging d9 determined separately for mask displays with
diamonds on the left and for those with diamonds on the right.

Results
In interviews after the choice RT session, the partici-

pants all reported that they could prepare well ormoder-
ately for the required task prior to the target stimulus.
Thus, these subjective reports suggest that the partici-
pants followed instructions and effectively used a se-
quential strategy in which the cue was used for task se-
lection prior to target processing.

Behavioral effects of primes. Overall, errors on con-
gruent (5.5%) and incongruent (5.6%) trials did not dif-
fer significantly [F(1,10) , 1]. The priming effect on
cognitive control operations was reflected in the effect

Figure 10. Schematic diagram of stimulus events in Experi-
ment 5. Soundspresented via headphones served as targets in the
choice reaction time (RT) task in which the participants used the
position of the diamond in the mask display as a cue to prepare
for the task in effect (pitch vs. timbre). Priming effects were as-
sessed by the effects of prime–mask congruency on RT. In the
prime recognition task, the participants reported the position of
the prime (left vs. right).
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of congruency,with means of 848 and 892 msec for con-
gruent and incongruent trials, respectively [F(1,10) 5
18.5,MSe 5 586, p , .01].
To see whether the priming effect results only from a

few trials, the distribution of RTs was analyzed. Fig-
ure 11 shows cumulative distribution functions of RT for
correct trials with congruent and incongruent primes.
The vertical axis indicates the proportion of RTs less
than or equal to the values on the horizontal axis. Each
function was obtained by Vincentizing, which involves
averaging the RTs associated with each probability from
individual participants (Thomas & Ross, 1980). Fig-
ure 11 shows that the entire distribution of RTs was
shifted leftward on congruent trials, as compared with
incongruent trials. Thus, the priming effect was quite ro-
bust across the entire distribution of RTs.

Perceptual effects of primes. Subjective measures
revealed that the primes were largely invisible. Table 3

shows priming effects together with subjective and ob-
jective measures of prime visibility for individual par-
ticipants. After the choice RT session, none of the par-
ticipants spontaneously reported having perceived the
masked primes. When asked (in German), “Did you no-
tice the stimuli presented prior to the cue displays?” only
1 participant gave a positive answer. She reported that
the diamond appeared first at a different position on
some trials. When asked, “Did you notice any flicker?”
5 of the remaining participants responded positive,
whereas 5 did not even see any flicker during the choice
RT session. After the prime recognition session, the par-
ticipants were asked, “In how many of the trials did you
see the diamond in the prime display in this session?”
Responses varied between 0% and 50% (see Table 3).
Objectivemeasures of prime recognition revealed cor-

rect responses in 54.6% of the trials and a value of d9 of
0.28, which was only marginally different from zero
[t(10) 5 1.9, p 5 .09]. Priming effects did not correlate
with d9 (r 5 .07, p 5 1) with reports of primes noticed
in the choice RT session (r 5 2.02, p 5 1), or with the
participants’ estimates of having seen primes in the
prime recognition session (r5 .04, p5 1). Furthermore,
the correlation between d9 and the participants’ reports
of having noticed primes in the choice RT session did not
reach significance (r 5 .56, p 5 .76). Neither did the
correlation of d9 with participants’ post hoc estimates of
having seen primes in the prime recognition session
reach significance (r 5 .27, p 5 1).

Analysis of a subset of the participants. Individual
prime recognition performance in 7 participants was at
chance levels (below 53% correct responses, d9 below
0.19). The mean d9 value of this subgroup was zero
[t(6) 5 0.0]. Nonetheless, these participants were sig-
nificantly affected by primes, as is indicated by the sig-
nificant priming effect of 49 msec [t(6)5 3.0, p5 .02].
Thus, this subset of participants provides clear evidence
for priming without awareness in terms of d95 0.

Figure 11.Vincentized cumulative distribution functions of re-
action times on congruent and incongruent trials in Experi-
ment 5.

Table 3
Behavioral and Perceptual Effects of Primes in Experiment 5

Priming Effect
(Incongruent2 Congruent) Prime Recognition

P RT (msec) PE (%) Prior Noticed d9 Post Hoc Seen (%)

11 22 21.3 nothing 2.36 30
2 8 3.7 flicker 2.09 0
4 26 21.3 flicker 2.05 20
6 49 22.5 nothing .06 30
5 112 0.0 flicker .09 10
7 74 0.0 flicker .17 30
9 82 0.6 nothing .18 –
3 45 20.6 nothing .31 0
10 26 3.7 nothing .44 25
1 33 21.3 flicker .93 2
8 43 0.6 diamond 1.35 50

Note—Participants’ ( P) data ordered according to values of d9. Prior Noticed lists re-
ports of what the participants noticed during the choice reaction time (RT) session
prior to information about the presence of primes. Post Hoc Seen lists retrospective es-
timates of percentages of trials in which the participants saw any hint of primes. These
estimates were given at the end of the prime recognition session.
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Discussion
Experiment 5 replicated priming of cognitive control

operations in a paradigm with prime and mask stimuli
different from those in Experiment 4 and added further
evidence for priming effects in precuing paradigms. In
contrast to the other experiments in this study, priming
effects of nonmotor operations were found as a function
of congruency between the position of prime and mask
stimuli. This resembles previous findings of motor prim-
ing from experiments in which comparable stimuli were
used (e.g., Klotz & Neumann, 1999; Neumann & Klotz,
1994). Thus, Experiment 5 provides additional evidence
for the view that priming of nonmotor operations is gov-
erned by mechanisms similar to those that govern prim-
ing of motor responses, because both can be obtained
with similar stimulus conditions—shapes, as well as the
position of shapes.
Experiment 5 was designed to yield total masking.

However, 4 participants showed above-chance prime
recognition performance.3 Nonetheless, and in line with
the other experiments in this study, priming effects were
not correlated with measures of prime recognition. Fur-
thermore, substantial priming effects of 49 msec were
found in a subset of 7 participants with zero prime sen-
sitivity. Thus, the results of Experiment 5 confirm the
conclusions of the previous experiments in this study,
which showed that nonmotor priming is dissociated from
prime recognition.

GENERAL DISCUSSION

The present experiments demonstrated that the effects
of masked stimuli are not restricted to motor effects but
extend to other mental operations necessary for per-
forming a given task. In the following, I will comment on
the priming of mental operations, the issue of priming
without awareness, the presumed locus of primingmech-
anisms, and the limits of priming.

Priming of Mental Operations
Empirical evidence for comparable motor and non-

motor priming by masked stimuli comes from four
sources. (1) Congruent and incongruent primes affected
RT in every experiment in this study. (2) Similar motor
and nonmotor priming effects were found across different
stimulus conditions. (3) The effect of the SOA between
prime and mask was the same in motor and nonmotor
priming, since priming effects increased monotonically
with SOA in every instance. (4) Motor, as well as non-
motor, priming did not correlate with prime recognition
performance. This was shown within participants by the
double dissociation consisting of opposite time courses
of priming and prime recognition performance and by
the finding of substantial priming effects in conditions
with zero prime sensitivity. In addition,nonmotorpriming
effects did not correlate with prime recognition across
participants. Together, these parallel f indings support
the hypothesis of this study that priming of motor oper-

ations and priming of nonmotor operations are governed
by comparable mechanisms.
However, two differences between motor and nonmo-

tor priming have to be considered before a final conclu-
sion can be drawn. (1) Priming effects are larger in motor
than in nonmotor priming. This is evident in the RT data,
as well as in the error data. In order to understand this dif-
ference, I ran Monte Carlo simulations on a mathemati-
cal model that had been proposed to explainmotor prim-
ing effects (Vorberg et al., in press). On the basis of the
assumption that priming effects result from generalmech-
anisms of masked stimuli on mental representations, it
was found that the size of priming effects can differ in
motor and nonmotor priming if the impact of primes on
motor representationsis stronger than their impact on non-
motor representations. (2) Priming effects on error rates
differ betweenmotor and nonmotor priming. Priming ef-
fects on error rates were found in motor priming but were
absent or reduced in nonmotor priming, although they
reached significance in attentional priming. This differ-
ence between motor and nonmotor priming is less sur-
prising if one assumes thatmotor priming results from ef-
fects on processing stages that are close to the final motor
output, as is indicated by neurophysiological findings of
priming effects on the motor cortex (e.g., Dehaene et al.,
1998; Leuthold & Kopp, 1998). In contrast, nonmotor
priming effectsmight result from effects on processes that
are followed by further processing stages that prevent the
system from producing overt response errors after in-
congruent primes. Therefore, incongruent primes cause
overt response errors more frequently in motor priming
than in nonmotor priming.Taken together, the differences
betweenmotor and nonmotor priming are consistentwith
the view that priming effects result from the same mech-
anism that operates at different levels of processing in
motor priming, as compared with nonmotor priming. For
more on this view, see below.
Do the priming effects found with the precuing para-

digm result from a strategy of complex stimulus–response
assignments? Or do primes in the different experiments
affect different mental operations? To prevent the partici-
pants from applying strategies such as complex stimulus–
response mappingsor simply processing the cue after tar-
get presentation, they were instructed in every experiment
to process the cue prior to the target. Interviews after
every choice RT session revealed that all the participants
processed the cue prior to the target stimulus. Further-
more, several participants consistently reported that the
experimental task became very hard, and RTs rose con-
siderably, when they tried to process both stimuli to-
gether. Therefore, there is no evidence for the view that
priming effects found in the precuing paradigms resulted
from any strategy-like complex stimulus–response as-
signments. Instead, priming effects resulted because the
participants used cues to prepare for processing of the
following target stimulus.
What mental operations are affected by primes? Did

primes affect the same or different mental operations in
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Experiment 3, as compared with the last two experi-
ments? As was mentioned above, the distinctionbetween
priming of attention and priming of cognitivecontrol will
remain cloudy until what constitutes a task is clearly de-
fined (Rogers&Monsell, 1995).Although this conceptual
problem becomes particularly obvious in studies like the
present one,which contrasts both fields of research, it has
to be mentioned that it concerns any study on attention or
cognitive control (see Rogers&Monsell, 1995;Spence&
Driver, 1997). However, in the present study, the experi-
mental procedures used in Experiment 3 are typicallyused
in studies on attention.Furthermore, the participantswere
instructed to use cues in Experiment 3 to shift their atten-
tion to the indicated stimulusmodality, instead of prepar-
ing certain stimulus–response mappings. Systematic
evaluation of the participants reports in Experiment 3
showed consistently that they used cues to shift attention
to the indicated stimulusmodality. In contrast, the exper-
imental procedures used in Experiment 4 and those used
in Experiment 5 are typically used in studies on cognitive
control. In addition, the participants in Experiment 5 were
motivated to use cues to prepare tasks, instead of attend-
ing to specific auditory stimulus features. The reports of
the participants in Experiment 5 showed that they, in-
deed, had used cues to prepare the indicated task. For the
present, it does not hinder progress if effects in the dif-
ferent experiments are distinguished in a way that corre-
sponds to the distinction in the literature on attention and
cognitivecontrol until future research provides themeans
for clear definitions. Taken together, the results show
comparable priming effects when cues are used to prepare
mental operations related to response activation, selec-
tive attention, or cognitive tasks.

The Controversy Regarding Priming Without
Awareness
What kind of processing is reflected in the effect of

primes on mental operations? Does the time course of
priming reflect the time course of processes that operate
independently of prime awareness? Is the time course of
the generationof consciousawareness reflected in the time
course of two-choice prime recognition performance?
There is an old debate about the dissociation between
conscious and unconscious processing, which followed
claims that there were effects of stimuli not consciously
perceived by participants. Reports often failed to con-
vince skeptics that participantswere truly unaware of the
effective stimuli (Eriksen, 1960; Holender, 1986).
Whether or not masked stimuli had an effect seemed to
depend on how strictly experimenters measured partici-
pants’ awareness of the effective stimuli (Greenwald,
1992;Merikle, 1992). Stimulus effects without stimulus
awareness have been reported when subjective aware-
ness was assessed by asking participants whether they
had perceived the stimulus. Although such subjective re-
ports of awareness captures the phenomenological dis-
tinction between conscious and unconscious perceptual
experience (Cheesman&Merikle, 1986), they have been

criticized because these measures might be contaminated
by such factors as response bias, criterion settings, or
withholding responses (e.g., Cheesman&Merikle, 1986;
Eriksen, 1960; Holender, 1986). Therefore, some critics
have demanded that only objectivemeasures of awareness,
such as forced-choice discrimination, should be used to
show convincingly that participants were unaware of the
effective stimulus (e.g., Holender, 1986).
In this line of research, a number of recent studies

have reported response priming effects despite chance
performance in two-choice prime recognition perfor-
mance (e.g., Klotz& Neumann, 1999;Neumann&Klotz,
1994;Vorberg et al., in press). Similarly, Experiment 5 of
the present study demonstrated nonmotor priming de-
spite zero sensitivity for the effective stimulus. However,
Reingold and Merikle (1988, 1990) have convincingly
argued that zero sensitivity in objectivemeasures are ev-
idence for absence of awareness only when the objective
measure exhaustively captures all conscious perceptual
information. Otherwise, it is always possible to argue
that some part of consciously available information was
effective that was not reflected by the index of aware-
ness. Consequently,Merikle and colleagues (e.g., Chees-
man & Merikle, 1986; Merikle & Joordens, 1997a,
1997b) have posited that the distinction between con-
scious and unconscious processes is of questionable
value if these processes do not lead to qualitatively dif-
ferent consequences and, indeed, have demonstrated
qualitatively different effects of consciously perceived
stimuli, on the one hand, and stimuli of which partici-
pants were unaware, as assessed by subjective measures
of awareness, on the other hand. However, in addition to
qualitatively different effects of conscious and uncon-
scious processes, it is an interesting questionwhether any
processes are the same with and without awareness.
The latter question was the focus of the present study,

which attempted to provide empirical evidence for dis-
sociations of priming and prime recognition owing to
different time courses. The rationale of the approachwas
the following: If one could show that SOA affects prime
recognitionperformance and priming effects in opposite
ways, this would suggest that priming and prime recog-
nition performance result from different processes. To
associate these different processes to consciousness, we
can follow the reasoning of Reingold andMerikle (1988,
1990), which was based on a single, reasonable assump-
tion. Applied to the present study, this assumption is that
the sensitivity of prime recognition to conscious infor-
mation of the prime is greater than or equal to the sensi-
tivity of the priming index. In other words, conscious in-
formation regarding primes, if it exists, should be used
equally or more efficiently in the prime recognition task
than in the choice RT task. Reingold and Merikle (1988)
reasoned from this assumption that unconscious pro-
cessing is implicated whenever priming shows greater
sensitivity than prime recognition performance, given
that prime recognition and priming are measured in sit-
uations that differ only in the instructions.
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The present experiments satisfied these requirements
by a number of procedures. In the sessions in which the
participants worked on the priming task, they were nei-
ther informed about the existence of the prime stimulus
nor instructed to attend to it, but they were told to attend
to the mask, and there was no obvious cost or benefit that
might have motivated the participants to give informa-
tion of primes any weight. In contrast, at the beginning
of the final session, in which participants worked on the
prime recognition task, the primes were shown to them
in slow motion, they were told that primes occurred in
every trial, they were instructed to attend to the primes,
and they got error feedback during the experiment on
every trial in which they made a recognition error, in
order to motivate them to try to use any available infor-
mation of the primes. Furthermore, with the exception
of instruction and error feedback, every other detail of
the experimentwas identical in priming sessions and the
prime identification session in which prime recognition
was measured in a two-choice task with a suff icient
number of replications. Note that regarding response
metrics, priming and prime recognitionperformance dif-
fered in the present study. However, the double dissoci-
ation of priming and prime recognition performance in
terms of opposite time courses cannot be due to differ-
ences in response metrics if both priming and prime
recognition performance change significantly with SOA
in opposite directions. To sum up, it is reasonable to as-
sume that the participants were indeed more sensitive to
conscious information about primes in the recognition
task, as compared with the priming task.
Results showed that priming of motor and nonmotor

operations increases with increases in SOA, despite the
fact that performance in prime recognitiondecreased for
at least some of the participants. Can different time
courses of priming and prime recognition performance
be generated from the same underlying processes? Sup-
pose that priming effects are simply a function of the
processes that also generate conscious awareness of
primes and, hence, modulate prime recognition. Then,
priming effects and prime recognition performance
should follow similar time courses: Both should increase
or decreasewith increases in SOA, or one measure should
at least remain unchanged, if it is insensitive to SOA.
Opposite time courses, however, cannot be explained by
a singlemechanism. Instead, the dissociation of increas-
ing priming effects in the face of decreasing prime recog-
nition shows that priming effects increase owing to pro-
cesses that do not depend on prime awareness.

Priming Without Awareness?
This controversy shows that understanding the empiri-

cal dissociation of the present findings regarding priming
without awareness requires that we make certain assump-
tions. Nonetheless, several features of the present data in-
dicate that priming ofmotor and nonmotoroperationsdoes
not dependon consciousprime recognition.This is demon-
strated by three examples, each of which requires a differ-

ent assumption. (1) We might assume that performance at
chance level indexes absence of all conscious information.
This assumption was made in a number of studies (e.g.,
Dehaene et al., 1998; Klotz & Neumann, 1999; Neumann
& Klotz, 1994; Vorberg et al., in press). In the present
study, evidence for primingwithout awareness comes from
Experiment 3 and Experiment 5, in which participants
showed substantial nonmotor priming effects although
they could not discriminate primes better than chance.
(2) To infer priming without awareness, we might al-

ternatively assume that the probability of correct prime
recognitionover a series of 96 trials correlates positively
with the degree of all consciously available information
regarding the primes. When discrimination decreases
from 88% to 60% correct, as in Experiment 4, we thus
infer that the available conscious information decreased
too. We therefore conclude that the increase in priming
effects in these conditions indicate priming independent
from conscious information. The same conclusion fol-
lows from the finding that time course and magnitude of
priming effects were virtually identical in participants
who could discriminate primes well and those who could
not, as in Experiments 2 and 3.
(3) Following Reingold and Merikle (1988, 1990), we

might assume that prime recognition performance is
more sensitive to consciously available information than
is priming. On the basis of this assumption, the double
dissociation of priming and prime recognition perfor-
mance by opposite time courses results because prime
recognition mainly reflects conscious information,
whereas priming effects increase owing to processes that
do not depend on the consciousness of the effective stim-
ulus. Taken together, these three examples show that if
one is willing to accept only one of these assumptions
regarding the relation between prime recognition perfor-
mance and conscious awareness of primes, it has to be
concluded that priming of mental operations does not de-
pend on awareness of the effective stimuli.

Location of Priming of Mental Operations
The main point of the present work consists in show-

ing that motor priming and nonmotor priming are com-
parable in several respects. Therefore, priming might be
based on similar processes in every instance.An obvious
communality across experiments consisted in the in-
struction given to the participants to use the cue for a
mental operation. This appears to be important, because
instructions might lead the system to adopt a specific set
that is adjusted to respond to critical stimulus informa-
tion without conscious perception of the effective stim-
ulus (Neumann, 1984). In addition, the magnitude of the
priming effect varied with experiments, which indicates
that priming effects result from different sources in each
case. At least three locations are conceivable at which
prime–mask congruence could affect performance, re-
sulting in the observed priming effects: (1) at perceptual
levels, (2) at central levels of executive control, or (3) at
other locations that depend on what the cue is used for.
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Note that priming might result from the effect of prime–
mask congruency at each one of these levels alone or
from some combination of effects at different levels. In
what follows, I will consider each of these possibilities
in turn.
(1) In each of the first four experiments in the present

study, the same prime and mask stimuli followed each
other with identical SOAs. Therefore, it seems plausible
that comparable effects of prime–mask congruency
might result from early perceptual interaction of prime
and masking stimuli. The effects of early interaction of
prime and mask stimuli as a function of SOA have been
studied extensively by research on metacontrastmasking
(Breitmeyer, 1984; Francis, 1997). According to recent
theory and data on metacontrast masking, visual stimuli
cannot be processed further in the perceptual system
when they are overwritten by newly arriving visual input
before boundary contours have been computed and filled
in (Francis, 1997). Therefore, the interaction of prime
and mask at perceptual levels of processing is reflected in
the time course of prime recognition performance. How-
ever, prime recognition performance and priming fol-
lowed different time courses in the present experiments,
indicating that the priming effect is not located at per-
ceptual levels of processing. Furthermore, error rates, as
well as electrophysiological evidence from studies of
motor priming, indicate that primes can activate their as-
sociated responses. Taken together, it is unlikely that
priming effects can be reduced entirely to prime–mask
interaction at early levels of the visual system.
(2) At some point in the system, primes and masking

stimuli might arrive at a level at which stimulus pro-
cessing is determined by the instructions followed by the
participant. Similar priming functions dissociated from
prime recognition performance might have arisen in
every experiment in the present study because priming
results from a mechanism at a central level that is in-
volved in every experimental task. The model put for-
ward by Norman and Shallice (1986) might describe the
central mechanism that accounts for the observed prim-
ing effects. These authors assume that actions are con-
trolled by schemata, collections of actions that are run
off automatically, given the appropriate triggering. To
apply Norman and Shallice’s model to the present find-
ings, suppose that representations of schemata can be ac-
tivated by visual stimulus information. When the system
is prepared for specific visual information that is rele-
vant for the present task, one could assume that these
schema representations can be activated by information
conveyed by both the prime and the mask. If representa-
tions of schemata accumulate stimulus information
without distinguishing prime and masking stimuli, prim-
ing effects could result that increase with SOA.
However, research on motor priming has provided be-

havioral (Vorberg et al., in press), as well as electrophysi-
ological, (Dehaene et al., 1998; Eimer & Schlaghecken,
1998; Leuthold & Kopp, 1998) data that suggest that
primes can activate responses at cortical levels of the

motor system. To account for priming effects at levels
beyond the central level, at least two alternatives are con-
ceivable. On the one hand, the central system might
transmit signals to other processing systems, perceptual
or motor. Alternatively, there might be direct links from
visual processing to these other processing systems that
circumvent the central level. According to the first view,
triggered by primes, the central system causes the acti-
vation of mental operations. In this way, prime stimuli
could indirectly cause the activation of motor responses,
as measured by electrophysiological studies of motor
priming. To account for priming of attention, we would
have to assume that primes trigger shifting of attention to
specific stimulusmodalities.Activation in the visual and
the auditory systems has been found in brain-imaging
studies on attention (e.g., Corbetta, Miezin, Dobmeyer,
Shulman,& Petersen, 1990;Grady et al., 1997;Woodruff
et al., 1996). Therefore, priming of attention can be as-
sumed to lead also to activation of perceptual systems.
To explain priming of cognitive control along these lines,
we could assume that prime stimuli trigger the activation
of task-set representations. Taken together, priming
might be located in structures representing central levels
of processing that transfer the effect of primes to differ-
ent mental operations located in the motor cortex, in
some experiments, and in the visual or auditory cortex,
in others.
(3) Alternatively, it has been suggested, on the basis of

response priming data, that primes affect levels of motor
processing on a direct visuomotor pathway to the motor
system (Leuthold & Kopp, 1998; Neumann & Klotz,
1994). Priming of attention and priming of cognitive
control might similarly be located at levels beyond cen-
tral processing mechanisms. According to this view,
priming results from different processes that are specific
for each experimental task but, nonetheless, process in-
formation according to general principles that generate
similar priming effects (see Phillips, 1997). In particular,
response priming effects provide evidence in favor of
Neumann’s (1990) assumption that sensory information
affects response parameters directly, without mediation
by processes if the system is set, to the extent that further
processing requires only information that is also pro-
vided by the prime. Although priming of precued actions
(Experiment 2) is more indirect, as compared with re-
sponse priming, it might still be explained by direct ef-
fects of primes on the motor system. However, to explain
priming of attention and priming of cognitive control op-
erations along this line, it has to be assumed that non-
motor processes can be affected directly by primes too.
In particular, given that the system is properly set (Neu-
mann, 1984), primes might activate representations in
the motor system in the same way as in perceptual sys-
tems or at levels of task-set representations. Suppose that
primes and masking stimuli activate representations in
the same way and that alternative representations com-
pete for behavioral control. Then, priming effects in-
crease with increases in SOA, because activation of rep-
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resentations accumulates over time, as our accumulator
model suggests (Vorberg et al., in press).
The view that primes affect different representations

located at different sites in motor, as compared with non-
motor, tasks is consistentwith recent accounts of implicit
perceptual and motor memory (e.g., Jacoby, Lindsay, &
Toth, 1992;Tulving& Schacter, 1990;Ungerleider,1995).
According to these accounts, representations in the sen-
sory and motor cortex are continually changed by cur-
rent events and are also engaged during retrieval. These
effects remain unconscious until additional structures
come into play that are involved in the generation of con-
scious awareness. This view is backed by neuroimaging
studies of implicit retrieval showing reduced activation
in response to primed stimuli in visual processing areas,
as well as in higher order brain regions in the left pre-
frontal cortex (for a review, see Buckner & Koutstaal,
1998). To sum up, it seems most reasonable that priming
effects result, at least in part, from their effects on
(1) perceptual representations in priming of attention,
(2) task-set representations in priming of cognitive con-
trol, and (3) motor representation in priming of motor
precuing and in direct response priming tasks.

Limits of Priming of Mental Operations
What are the limits of priming of mental operations?

According to the present view, participants first set men-
tal operations consciously by implementing the in-
structed experimental task at the beginning of a session.
Priming of mental operations can be found when the per-
ceptual system produces an output that can be used for
further processing by these properly set mental opera-
tions. For the visual system, the present findings, as well
as previous research, have demonstrated that it can ex-
tract suff icient information for these effects from
masked stimuli that remain outside of awareness. Simi-
lar findings are expected for other perceptual systems.
Thus, after having set the system consciously, mental op-
erations do not require continuing conscious control but
can process information independently from awareness
of the effective stimuli. Because operations in the per-
ceptual system, as well as in the motor system, were af-
fected by primes in the present study, it is expected that
a wide range of mental operations should be sensitive to
priming as well. Note that this view resembles an ex-
tended and liberalized version of the direct parameter
specification hypothesis (see Neumann, 1984). Priming
is limited, however, by temporal constraints, because
preliminary research showed that priming effects decline
rapidly within a few hundred milliseconds. Conscious
operations might be important to maintain these short-
lived effects of primes.

Conclusion
The present research demonstrates that priming of

nonmotor operations is comparable to motor priming in
its time course and its dissociation from prime recogni-
tion. Several features of the findings support the view that
priming ofmental operationsdoes not dependon conscious

awareness of the effective stimuli. Findings suggest that
similar processes are involved in priming of motor and
nonmotoroperations.Priming ofmental operations results
either from a general principle that is effective in different
systems or from the operation of a single central mecha-
nism that is involved in every experimental task, generat-
ing priming effects of masked stimuli. Functional brain-
imaging studies could help to clear up this open issue.
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NOTES

1. Prime discrimination was measured in the first four experiments
with a rating procedure. Using the computer keyboard turned around
180º, the participants pressed one of the three keys on the right (F1, F2,
or F3) to indicate that the prime was a square (certain, very likely, prob-
ably) and one of the three left-most keys to indicate that the prime was
diamond shaped. Owing to the small number of trials per condition, the
analysis of the discrimination data for left- and right-hand responses
was based on the data collapsed over the three keys.
2. Note that target modality (visual or auditory) did not interact with

congruency [F(1,5) 5 3.0, p 5 .14] or with the SOA 3 congruency
interaction [F(5,25)5 1.0, p 5 .41].
3. In contrast to other experiments in the literature, prime recognition

performance in Experiment 5 was above chance in 4 participants, al-
thoughstimulus conditionswere similar. Several procedural differences
from previous experiments might be responsible for this difference. On
the one hand, the present experiment attempted to optimize conditions
for learning how to use any feature of the prime–mask sequence for cor-
rect responses in the prime recognition session. This included clear task
instructions, slow motion demonstrations of the interaction of prime
and mask stimuli with successively decreasing SOA, feedback on every
trial, a trainingblock, and a large number of trials allowing the participants
to develop strategies of how to use small perceptual differences to find
the correct response (see Klotz & Neumann, 1999). On the other hand,
prime recognition performance was measured with the same discrimina-
tion task as that in theRT session. This discrimination task leads to higher
sensitivity measures, as compared with yes–no prime detection tasks
(Macmillan & Creelman, 1991). Each of these factors potentially en-
larged sensitivity in the present experiment, as compared with some pre-
vious experiments, and strengthens the findingof d95 0 in 7 participants.
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