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Semantic priming in number naming

Bert Reynvoet, Marc Brysbaert, and Wim Fias
Ghent University, Ghent, Belgium

Theissue of semantic and non-semantic conversion routes for numerals is still debated in numeri-
cal cognition. We report two number-naming experiments in which the target numerals were pre-
ceded by another numeral (prime). The primes and targets could be presented either in arabic
(digit) notation or in verbal (alphabetical) notation. The results reveal a semantically related dis-
tance effect: Latencies are fastest when the prime has the same value as the target and increase
when the distance between prime and target increases. We argue that the present results are con-
gruent with the idea that the numerals make access to an ordered semantic number line common
to all notations, as the results are the same for within-notation priming (arabic—arabic or verbal—
verbal) and between-notations priming (arabic—verbal or verbal—arabic). The present results also
point to a rapid involvement of semantics in the naming of numerals, also when the numerals are
words. Assuch, they are in line with recent claims of rapid semantic mediation in word naming.

Arabicdigits (1,2, 3, .. .) and verbal word numerals (one, two, three, . . .) are the two main for-
mats in which numbers can be represented. Both have been the subject of a substantial body of
research in the last decade (see Butterworth, 1991; Dehaene, 1997, for reviews). However, so
far only a few studies have looked directly at the interactions between the two formats (Fias,
Reynvoet, & Brysbaert, 2001; Koechlin, Naccache, Block, & Dehaene, 1999). Links between
the verbal and the arabic notation have remained largely at a theoretical level, although con-
fronting digits and words may be a fruitful approach to get further insights into the dynamics
of number processing.

Possible benefits of contrasting word numerals and arabic digits may be illustrated by look-
ing at the differences between word and picture processing. One of the main differences
between these two types of stimulus is that words can be named without semantic mediation,
whereas pictures cannot. Virtually all models of word naming consist of at least one non-
semantic conversion between orthographic input and phonological output. In some models,
this conversion depends on direct grapheme—phoneme translations (Coltheart, Curtis,
Atkins, & Haller, 1993; Coltheart, Rastle, Parry, Langdon, & Ziegler, 2001); in other models,
it consists of a connectionist type of conversion between letters and sounds (Plaut,
McClelland, Seidenberg, & Patterson, 1996), and in other models still, it additionally consists
of a direct link between an orthographic input lexicon and the speech output system (e.g.,
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Besner, 1999). In contrast, nearly all models of picture naming (e.g., Glaser, 1992;
Humphreys, Price, & Riddoch, 1999; Sitton, Mozer, & Farah, 2000; Theios & Amrhein, 1989)
assume that pictures cannot be named if their meaning is not understood. Neuropsychological
evidence for this position was reported by Hodges and Greene (1998). Only a few researchers
(e.g., Brennen, 1999) defend the idea that there is a direct, non-semantic route from pictorial
input to speech output.

Part of the evidence for the difference between pictures and words comes from the picture—
word interference task, a variant of the original Stroop task (Stroop, 1935; for reviews, see
Glaser, 1992; Macl.eod, 1991). In this task, a word and a picture are presented together and
participants are asked either to read the word or to name the picture. The general finding is
that words interfere with picture naming, but that word naming is hardly affected by the pres-
ence of an incongruent picture. Further evidence comes from the priming paradigm. In this
paradigm, two stimuli are presented after one another, and the processing of the second stimu-
lus (target) is analysed as a function of the first stimulus (prime). In the word-processing liter-
ature, it is well documented that the processing of a target word like nurse is faster when it
follows the semantically related prime doctor than when it follows an unrelated word like ba//
(Meyer & Schvaneveldt, 1971; see Neely, 1991, for a review). The priming is observed with
primes presented for a few tens of milliseconds (Marcel, 1983). So, a semantic relationship
between the prime and the target can very rapidly improve the processing of the target,
although there is a continuing debate over to what extent this semantic relationship is based on
shared semantic features or on the fact that both words often co-occur in the language (i.e.,
associative priming rather than pure semantic priming; see Balota, 1994; Lucas, 2000, for
reviews).

The priming paradigm has not been limited to word—word conditions, but has also
included pictorial stimulus materials. This leads to three extra conditions: one within-
notation condition (picture—picture) and two between-notations conditions (word—picture
and picture—word). When a target picture has to be named, a semantically related prime pic-
ture presented a few tens of milliseconds before the target reduces the naming latency (Carr,
McCauley, Sperber, & Parmelee, 1982; Dell’Acqua & Grainger, 1999; Glaser & Diingelhoff,
1984). When, on the other hand, a word prime is presented shortly before the picture, picture
naming is not affected or even hindered by a related word (Alario, Segui, & Ferrand, 2000;
Glaser & Diingelhoff, 1984; L.aHey, Dirckx, & Kramer, 1990; Starreveld & La Hey, 1996). In
particular, word primes that belong to the same semantic category seem to result in prolonged
picture—naming times (Alario etal., 2000). With picture—word pairs, there does not seem to be
a priming effect from the picture on the word—naming latencies (Dell’Acqua & Grainger,
1999; Glaser & Diingelhoff, 1984; but see Peterson & Savoy, 199§ in a slightly different
paradigm).

The issue of semantic versus nonsemantic naming of words/pictures can easily be
extended to the number domain. There are no a priori reasons to believe that verbal numerals
would be named differently from other words. So, on the basis of the current models of word
naming, we can safely assume that there are two routes for naming verbal numerals: a semantic
and a non-semantic one. The big issue that still remains concerns the relative speed of these
two pathways, with some models assuming a rather slow semantic pathway (Coltheart et al.,
1993) and others assuming very rapid semantic influences (Plaut et al., 1996). On the other
hand, the issue of semantic versus nonsemantic naming is much more debated with respect to
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the naming of arabic numerals. Some authors strongly defend the idea that digits, just like
pictures, require semantic mediation to be named (Brysbaert, 1995; McCloskey, 1992),
whereas others argue for the existence of a non-semantic digit—sound conversion system in
addition to a semantically mediated pathway (Cipolotti & Butterworth, 1995; Dehaene,1992).

Evidence for obligatory semantic mediation in arabic numeral naming has been found both
in research with brain-damaged persons and in research with healthy participants.
McCloskey, Sokol, and Goodman (1986), for instance, showed that the lexical substitution
errors made by a brain-damaged patient in the naming of arabic numerals fell into three sep-
arate, semantically meaningful clusters—units, teens, and tens—indicating that some kind of
lexico-semantic representation had been activated in the naming of the numerals. Working
with healthy university undergraduates, Brysbaert (1995) showed that number-naming times
were faster when arabic target numerals were preceded by arabic primes with a close magni-
tude than when they were preceded by primes with a more distant value. Reynvoet and
Brysbaert (1999) replicated the finding with tachistoscopically presented primes. They
reported that participants named targets like 4 faster when 115 ms previously the primes 3 or 5
had been presented than when the primes 2 or 6 had been presented. This finding can be
explained by assuming that numbers are semantically represented on an ordered continuum
and that the activation spreads along the continuum.

Evidence in favour of a non-semantic route for the naming of arabic numerals mainly
comes from research with patients and from brain-imaging studies. Dehaene and Cohen
(1997), for instance, described a patient (MAR) who could name digits perfectly but made
20% errors when asked to indicate which of the two digits was the larger. In a functional Mag-
netic Resonance Imaging (fMRI) study with normal participants, Chochon, Cohen, van de
Moortele, and Dehaene (1999) reported very little activation in the parietal cortex during digit
naming, even though this part of the cortex is heavily involved in semantic numerical tasks.

On the basis of this evidence, a viable working hypothesis seems to be that both verbal and
arabic numerals can be named with and without semantic mediation, but that the non-
semantic route is usually faster for the naming of verbal numerals, whereas the reverse is true
for the naming of arabic numerals. A first test of this hypothesis was reported by Fias et al.
(2001). They used a digit/word variant of the picture/word interference paradigm (see ear-
lier) and showed that the naming of a verbal numeral in this Stroop-like task was not hindered
by the presence of an incongruent arabic distractor, whereas the naming of an arabic digit was
hindered by the presence of an incongruent verbal distractor. This is in line with the idea that
for verbal numerals the non-semantic letter—sound conversion pathway dominates the seman-
tically mediated route, but that for arabic numerals the non-semantic route is a rather slow
conversion pathway.

In the remainder of this article we look for further interactions between arabic and verbal
input by turning to the priming technique. By having arabic and verbal targets preceded by
either arabic or verbal primes, we can get further insights into the relative speed of the
different pathways for both types of input.

EXPERIMENT 1

In Experiment 1, we investigated the effects of arabic and verbal primes on the naming of
arabic digits. A similar comparison of within- and across-notation priming has previously
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been reported by Koechlin et al. (1999) and Naccache and Dehaene (2001), who used a magni-
tude judgement task (i.e., is the target larger or smaller than 5/five?). In the first experiment by
Koechlin et al., primes were clearly visible (participants also had to respond to them); in the
second experiment, the primes were presented tachistoscopically and were masked (prime
duration = 66 ms; stimulus-onset asynchrony, SOA, between prime and target = 133 ms). In
Experiment 1, Koechlin et al. obtained a distance-related priming effect (i.e., responses were
faster when the prime and target had a close value than when they had a more distant value)
both when prime and target had the same notation and when they had a different notation.
However, in Experiment 2, only within-notation priming was observed, leading the authors to
conclude that under speeded response conditions the masked priming occurred in a notation-
specific subsystem.

However, Naccache and Dehaene (2001) failed to replicate the latter finding of Koechlin et
al. and reported a cross-notation priming effect of the same magnitude as that of the within-
notation priming effect even though the primes were presented tachistoscopically and
masked. Naccache and Dehaene gave some reasons why the findings of Koechlin et al. may
have been misinterpreted, and they concluded that the distance priming effect was indeed due
to interactions within an amodal, notation-independent, semantic number system.

The experiments of Koechlin et al. (1999) and Naccache and Dehaene (2001) show how
within- and across-notation priming conditions can be used to get some insight into the issue
of semantic mediation in the naming of arabic numerals. If the naming is semantically medi-
ated, one would expect the same effect from verbal numeral primes (across notation) as from
arabic numeral primes (within notation). In addition, the distance-related priming effect
should be symmetrical, as the spreading of activation happens simultaneously downward and
upward (see also Reynvoet & Brysbaert, 1999). On the other hand, if the priming effect is due
to notation-specific associative priming within an arabic form recognizing system, then no
across-notation priming should be observed, and the priming effect should be larger in the for-
ward direction (e.g., 3—target 4) than in the backward direction (e.g., 5—4). The latter predic-
tion follows from the observation that the number 4 is much more likely to be reported in a
word associative generation task after the prompt 3 than after the prompt 5.

Method
Participants

A total of 20 native Dutch-speaking first-year psychology students participated in the experiment (18
females, 2 males).

Apparatus

Stimuli were presented ona 17" colour screen connected to a computer running under the MS-DOS
operating system (Pentium 133). Reaction times (RT's) were measured with a microphone connected to
the game port. After each response, the experimenter typed the participant’s answer on the computer
keyboard and noted if the time registration had been successful.
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Stimuli and procedure

Targets were arabic digits between 4 and 9, and primes were arabic or verbal numerals ranging from
the target minus three to the target plus three. In total, there were 42 combinations of primes and targets.
All participants saw four blocks of 126 trials. In each block, the prime—target combinations were shown
three times in a random order, making a total of 12 observations per prime—target combination. Before
the first block, 20 practice trials were given. In these trials, the target ranged from 18 to 22, and the prime
was always 20. Primes and targets in the practice block were in the same modality as those in the test
blocks.

Each trial consisted of the following sequence of events. First, a forward mask was shown for 57 ms
(synchronized with the refresh cycle of the screen). This mask consisted of six hash signs (#) of the same
size and font as the arabic targets. Then the prime was presented for 57 ms, followed by a backward mask
for another 57 ms. The backward mask was the same as the forward mask. Finally, the target was pre-
sented and remained on the screen until the participant named it. In order to reduce the physical overlap
between prime and target, the font of the primes (6 mm wide X 8§ mm high for arabic primes and 13 to 26
mm wide X 8§ mm high for verbal numerals) was smaller than that of the targets (§ mm wide X 10 mm
high). All stimuli were presented in yellow on a black background and were centred on the screen.
Characters were presented in triplex font. Participants were asked to name the arabic digits between
4and 9 and they were told that a trial would start with six hash signs displayed on the screen.'

Half of the participants saw trials in which the prime was a verbal numeral and the target an arabic
numeral; the other half saw trials in which both prime and target were arabic numerals.

Results

No naming errors were made. Mean percentage of unreliable responses due to coughs or noise
was 1.5%. A 2 (notation of the prime) X 6 (target) X 7 (distance between prime and target)
analysis of variance (ANOVA) was run with median RT's as dependent variables. Target and
distance between prime and target were within-subject variables; notation of the prime was a
between-subjects variable.

The ANOVA revealed a significant main effect of target, F(5, 90) = 9.13; MSE =
2280.42; p <.001. The mean RT's for the targets 4 to 9 were, respectively, 506, 496, 508, 516,
490, and 483 ms. There was also a main effect of distance between prime and target, (6, 108)
=46.08; MSE=396.17;p <.001. RT's were fastest when prime and target had the same value,
and they increased when the distance between prime and target increased. A planned compar-
ison showed that there was a significant increase in RT, when the absolute distance between
prime and target increased from one to two, F(1, 18)= 228.97; MSE = 290.54; p < .001. This
increase was only marginally significant when the distance increased from two to three, (1,

"To find out how visible the primes were under these presentation conditions, we conducted a control experi-
ment. The procedure was the same as that in the experiment, and 10 new participants were asked to judge whether the
masked prime was a digit or a letter. The digit or letter was presented for 14, 29, 43 or 57 ms. The target was replaced
by a filled circle. In total, there were 768 trials (192 per presentation duration), half with a letter and half with a digit.
Participants had to indicate the nature of the prime. Discrimination performance scopes, measured by &', were, re-
spectively, —.03,0.03,0.48, and 0.94 for the 14-, 29—, 43, and 57-ms presentation conditions; ¢’ began to deviate from
chance for a prime duration of 43 ms, #(9) = 3.76;p < .01, and 57 ms, #(9) = 3.98; p < .01, condition. This indicates that
the primes were not completely invisible in the present studies and, hence, that we are notaddressing the issue of non-
conscious priming. However, this does not mean that the priming effects were not automatic, as Neely (1991) showed
that strategic expectancy effects require SOAs of more than 250 ms to influence the results.
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18) =4.07; MSE =241.24; p < .06. Post hoc comparisons showed that the priming effects were
highly symmetric, as the differences between T — 1 (target minusone) and T +1, T —2and T
+2,and T -3 and T + 3 were all far from significant (p > .93). There was also an interaction
between target magnitude and distance, F(30, 540) = 3.06; MSE = 286.41; p < .001.

There was an interaction between notation of the prime and target magnitude, F(5, 90) =
24.22; MSE = 2280.42; p < .01, because all targets, except the target 9, were named slightly
faster after a verbal prime. There was also an interaction between notation of the prime and
distance between prime and target, (6, 108) = 2.43; MSE =396.17;p < .05. As can be seen in
Figure 1, this interaction only slightly modulated the distance priming effect.

Asthe priming seemed to consist of a distance-related priming effect and a repetition prim-
ing effect (i.e., when prime and target referred to the same magnitude), we ran a multiple
regression analysis for repeated measures (Lorch & Myers, 1990, Method 3) involving these
two variables. The analysis was restricted to the distances 0, 1, and 2, because of the small dif-
ference in RT at the distance 3 and for reasons of comparability with the next experiment.
Both repetition priming and distance priming had a significant effect on the RT's. The regres-
sion weight for distance was 8.37 ms, #(19) = 5.41; p < .001, indicating that the RT's increased
by 8.37 ms when the absolute distance between prime and target increased by one unit. The
regression weight of the repetition effect was 15.10 ms, #(19) = 4.19; p <.001, indicating that
RTs were an extra 15 ms faster when prime and target referred to the same value. There were
no differences between the regression weights for the two prime notations (/" < 1).
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Figure 1. RTs of the arabic-number-naming priming task with arabic and verbal primes (Experiment 1).

*The significant interaction between target and prime recurs in all our experiments. (Also in an earlier paper,
Reynvoet & Brysbaert, 1999, we obtained a significant interaction effect.) When we looked closer into the data, it
turned out that the interaction is largely due to the relatively small targets being accompanied by small primes that
only co-occur with that particular target (e.g., prime “1” only co-occurs with target “4”). This induces a distance
priming effect that is to some extent smaller than the average priming effect. The same holds for relatively large tar-
gets (e.g., 12 only co-occurs with 9).
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Discussion

We found that naming times of arabic numerals were fastest when the prime had the same
value as the target and then slowly increased when the distance between prime and target
increased. Thisis consistent with previous priming experiments (Brysbaert, 1995; Den Heyer
& Briand, 1986; Reynvoet & Brysbaert, 1999), and can be interpreted as evidence for the fact
that the prime is represented on an ordered number line and that activation spreads along the
continuum. In line with Naccache and Dehaene (2001; but contrary to Koechlin et al., 1999),
the notation of the prime (arabic or verbal) was not involved in any important interaction, indi-
cating that the effects did not originate from a notation-specific representation, but rather
from a common semantic system, which is the same for all notations. These data support the
hypothesis that the semantic route is faster than the non-semantic conversion in normal arabic
digit naming. Naming times were a function of the distance between the target and the prime
(semantic relatedness), independent of the notation of the prime. Also, the effect did not seem
to depend on differences in association strength between prime and target.

In addition to the semantic distance effect, there was a repetition priming effect: Target-
naming latencies were an additional 15 ms faster when prime and target referred to the same
quantity. This was not only the case when prime and target were presented in the same (arabic)
notation, but also when the prime was presented in verbal notation and the target in arabic
notation. We believe that this repetition priming effect is due to a combination of overlap in
perceptual processes (in the arabic—arabic condition) and direct activation of the number name
by the verbal prime (in the verbal-arabic condition). We return to this issue in the discussion of
Experiment 2.’

EXPERIMENT 2

Experiment 2 was designed to find out to what extent the priming effects in the naming of ver-
bal numerals differ from those in the naming of arabic digits. On the basis of current models of
visual word recognition and the findings of Fias et al. (2001), we know that the non-semantic
pathway is more important for the naming of verbal numerals than for the naming of arabic
numerals (see earlier). The present experiment was run to find out what consequences this has
for within-notation and across-notation priming. The only difference with Experiment 1 is
that verbal target numerals were used instead of arabic target numerals.

Tt might be objected that our interpretation of semantic mediation in number naming is called into question by
the observation that naming latencies were fastest for the target numeral “9”. On the basis of Brysbaert (1995) one
would predict that the naming latencies increase as a function of the magnitude of the numbers. However, one must be
cautious with this objection, as differences in naming latencies can have many different origins, going from the per-
ceptual discriminability of the stimuli used to the sensitivity of the microphone to the onset phonemes of the number

«“,"

names (e.g., RTs were longest for the targets 6 and 7, the pronunciation of which starts with the phoneme “z” in
Dutch).
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Method
Participants

A total of 20 new native Dutch-speaking first-year psychology students participated in the experi-
ment (17 females, 3 males).

Apparatus and instructions

These were the same as those in Experiment 3.

Stimuli and procedure

Targets were verbal numerals ranging from four to nine (in Dutch: vier, vijf, zes, zeven, acht, negen).
Primes were verbal or arabic numerals ranging from the target minus three to the target plus three. In
order to reduce the physical overlap between prime and target, we presented the primes in a smaller size
than the targets.

Results

No naming errors were made. Mean percentage of unreliable measurements due to coughs or
noise was 1.9%. The same ANOVA as thatin the first experiment was run on the median RTs.
The results were similar to those in Experiment 1. There was a significant effect of target
magnitude. F(5, 90) = 4.75; MSE = 3236.04; p <.001. The mean RTs for the targets 4 to 9
were, respectively, 475,467,479, 493,463, and 469 ms. Also the distance between prime and
target produced a significant effect, (6, 108) = 24.26; MSE =403.09; p <.001. RTs increased
when the distance between prime and target increased up to a distance of two (Figure 2).
Again, a planned comparison showed a significant difference between absolute distances of
oneand two, F(1,18) = 17.64; MSE = 563.66; p < .001, whereas this difference was no longer
significant between absolute distance, of two and three (/< 1). The priming effects were sym-
metric, indicated by non-significant pairwise comparisonsof T—land T+ 1, T—2and T + 2,
and T —3and T + 3 (all p > .99). Again, the interaction between prime and target was signifi-
cant, F(30,540) =1.68; MSE=417.74; p < .05 (Footnote 2). In addition, one interaction effect
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Figure 2. RTs of the verbal-number-naming priming task with arabic and verbal primes (Experiment 2).
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with prime notation was obtained. RT's were slightly faster when an arabic prime preceded the
target, except for the target 9, inducing a significant interaction between notation of the prime
and target magnitude, F(5, 90) = 7.56; MSE = 3236.04; p < .001.

Justasin Experiment 1, we performed a multiple regression analysis on the data to find out
the relative importance of the priming due to semantic distance and to repetition. In this analy-
sis we only included values up to a distance of two, because the distance priming effect seemed
to be limited to this range. The regression weight of absolute distance was 9.10 ms, #(19) =
4.24; p < .001, indicating that RT increased by 9 ms when the distance between prime and
target increased by one unit. The regression weight of repetition priming was only marginally
significant, regression weight = 6.66 ms; #(19) = 2.016; p < .06, indicating that the RT's were an
additional 7 ms faster when the prime and the target had the same value. However, contrary to
Experiment 1, there was a marginally significant difference between the repetition regression
weights of the two notations, F(1, 18) = 3.89; MSE = 188.08; p < .07. There was no real
repetition priming when arabic numerals preceded the verbal targets, whereas there was a
substantial effect of repetition priming when verbal primes preceded the verbal targets (mean
regression weights of 0.56 ms vs. 12.66 ms). There was no difference between the regression
weights of absolute distance as a function of prime notation.

We also compared the regression weights of Experiments 1 and 2 for repetition priming
and distance priming. This analysis showed that there were no differences between the dis-
tance regression weights of the four conditions (' < 1), whereas a marginally significant differ-
ence between the regression weights of repetition priming showed up, £(3,36) = 2.51;p <.08,
due to the absence of a repetition effect in the condition of a verbal numeral preceded by a
digit.

Discussion

The moststriking finding from Experiment 2 is the resemblance of the data to those of Experi-
ment 1, certainly given the findings of Fias etal. (2001), who reported that verbal numerals can
be named through a direct non-semantic pathway. The present results indicate that when the
semantic route is preactivated for some 115 ms, the semantic system can exert an influence on
the naming of verbal numerals. In addition, the effect is not limited to the within-notation
word—word condition, but is also observed with cross-notation digit—word stimuli and is not
significantly smaller than that observed in the naming of arabic numerals.

The only reliable difference we observed between the priming effects on the naming of
arabic and verbal target numerals was the absence of a repetition effect in the arabic—verbal
condition. In our view, this finding fits well within our working hypothesis that for arabic
numerals the non-semantic digit—sound conversion route is too slow to be involved in normal
number naming. If we assume that the repetition priming effect is partly due to phonological
priming (see the discussion of Experiment 1), then it is not surprising to find that there is no
repetition priming when an arabic prime precedes a verbal target, because the non-semantic
phonological route for arabic numerals cannot influence the naming of the verbal target. An
arabic prime can only influence target naming semantically.

Finally, the faster RT's in the arabic—verbal condition are a strange observation. Neverthe-
less, the same semantic effects show up in this condition. It could be that the faster latencies are
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due to characteristics of the display. The prime was physically smaller than the target, which
could cause less interference in the naming process and induce faster naming times.

GENERAL DISCUSSION

In this paper, we investigated the extent to which the naming of arabic and verbal numerals is
semantically mediated when the semantic pathway is pre-activated by a prime. Our results
show that naming latencies for both arabic and verbal target numerals (e.g., 5/five) are faster
when preceded by a prime that is close in magnitude (4/four) than when preceded by a prime
that is more distant in magnitude (e.g., 3/three; see also Brysbaert, 1995; Koechlin et al., 1999;
Naccache & Dehaene, 2001; Reynvoet & Brysbaert, 1999). The present results offer further
evidence against Koechlin et al.’s suggestion that the effect originates from a notation-specific
number system, because the magnitude of the priming effect was the same across notation as
within notation (see also Naccache & Dehaene, 2001). We argue that the present results are
congruent with the idea that the prime makes access to an ordered semantic number line,
which is common to all notations, and in the process of doing so activation is spread along the
continuum (Brysbaert, 1995; Dehaene, 1992).

The obtained effects were identical for the naming of arabic and verbal numerals, except for
the repetition effect. This is not in line with the expectations we had on the basis of our previ-
ous research with the digit/word interference paradigm (Fias et al., 2001) in which we
observed that the naming of verbal numerals was not hindered by an arabic distractor, whereas
the naming of an arabic target was impeded by the presence of an incongruent verbal numeral.
The present data show that presenting a numeral shortly before the target (i.e., about 115 ms)
is enough to have a semantic impact, even for the naming of verbal input.

We believe that the distance effect is difficult to explain on the basis of associative relations
within a non-semantic form-recognizing input system. First, the finding that the priming
effects are similar for within-notation conditions (arabic—arabic and verbal—verbal) and for
between-notation conditions (arabic—verbal and verbal-arabic) excludes the possibility of
associative priming because arabic and verbal numerals cannot belong to the same input sys-
tem. Second, as already argued by Koechlin et al. (1999), if the effects were due to associative
relations between the stimuli, the naming times should not exhibit a symmetric pattern. The
priming should be stronger in the forward direction. Finally, Reynvoet and Brysbaert (1999)
obtained similar priming effects in a non-semantic naming task and a semantic parity judge-
ment task, which indicates that the effects in the naming task are probably originating from the
same semantic level as the effects in the parity task.

One might wonder what the present data mean for models of number processing? The most
surprising finding was the strong across-notation priming in the naming of verbal numerals.
In combination with the results of Fias et al. (2001), this tells us something about the relative
speed of the different routes. In Fias et al.; we argued that naming arabic numerals is always
semantically mediated, without denying the possibility of a slow non-semantic conversion
route for arabic numerals (Cipolotti & Butterworth, 1995; Dehaene & Cohen, 1997; Deloche &
Seron, 1987). In contrast, for verbal numerals we argued that under unprimed presentation
conditions the semantic route is outperformed by a non-semantic spelling—sound conversion
system. The present data add to this picture, however, by showing that the semantic route for
verbal numerals cannot be excessively slow because a small lead of 100 ms suffices to have
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influences from an arabic prime on the naming of a verbal numeral. Another important pointis
that the present data contradict Cipolotti’s claim (1995; Cipolotti & Butterworth, 1995) that
the chosen route is a function of task demands. According to Cipolotti, a non-semantic task,
like naming, will activate the non-semantic conversion route and inhibit other conversion
mechanisms, including the semantic route (Cipolotti & Butterworth, 1995). In this paper, we
show that a verbal-numeral-naming task makes use not only of the non-semantic conversion
route, but also of a semantically mediated route.

Webelieve that a strict modular model, with a semantic system and a non-semantic conver-
sion mechanism as independent modules, cannot account for the present data. The present
data are more in line with a cascade model of numerical processing that is based on a graded
propagation of activation between the different parts of the model (Dell, Schwartz, Martin,
Saffran, & Gagnon, 1997; McClelland, 1993; Plautetal., 1996). When a verbal numeral is pre-
sented, the orthographic information will be sent simultaneously to semantic nodes and to
phonological nodes. In addition, the semantic system is connected to the phonological system.
Information spreads in parallel along the pathways. In the semantic system, numbers that are
close in magnitude share some nodes (e.g., Dehaene & Changeux, 1993), so that the semantic
representation of a number can be partly pre-activated by a number with nearby value. Under
unprimed presentation conditions, the non-semantic orthographic—phonological connections
have the largest impact due to the transparent grapheme—phoneme correspondences in Dutch
verbal numerals. However, when the semantic route is already partly activated by a related
prime, fewer activation changes will be necessary in this pathway to come to the activation pat-
tern of the target word (e.g., Masson, 1999; Sharkey, 1990), so that the semantic route will be
fast enough to influence the naming process. The input system of arabic numerals is con-
nected to the same semantic system and has the same semantic priming effects. The present
data do not allow us to say anything about the need of additional direct arabic—phonological
connections (to explain the finding of neuropsychological patients who can still name digits
but do not always understand them; e.g., Dehaene & Cohen, 1997), but if this route exists it is
likely to be considerably slower than the semantically mediated conversion.

Because of the similarities between verbal numerals and words in general, our conclusions
may also extend to the wider issue of visual word recognition. They provide evidence for auto-
matic and relatively fast semantic mediation in word naming and, as such, contradict previous
claims that semantic mediation is not involved in word naming when the language contains
relatively consistent spelling-to-sound mappings (e.g., Dell’Acqua & Grainger, 1999). The
generality of our findings, however, may depend on the extent to which the speed of semantic
mediation is a function of the knowledge tested. If it turns out that the numerical meaning can
be activated faster by visual verbal input than can the non-numerical meaning, then our find-
ings may be limited to the numerical domain (see Thioux etal., 1998, for evidence that numer-
als may constitute a distinct category at the semantic level).

REFERENCES

Alario, F.A., Segui, J., & Ferrand, L. (2000). Semantic and associative priming in picture naming. 7he Quarterly
FJournal of Experimental Psychology, 534, 741-764.

Balota, D.A. (1994). Visual word recognition: The journey from features to meaning. In M.A. Gernsbacher (Ed.),
Handbook of psycholinguistics (pp. 303-358). San Diego, CA: Academic Press.


http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0272-4987^28^2953L.741
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0272-4987^28^2953L.741

1138 REYNVOET, BRYSBAERT, FIAS

Besner, D. (1999). Basic processes in reading: Multiple routines in localist and connectionist models. In R.M. Klein &
P.A. McMullen (Eds.), Converging methods for understanding reading and dyslexia. Language, speech, and communi-
cation (pp. 413-458). Cambridge, MA: MIT Press.

Brennen, T. (1999). Face naming in dementia: A reply to Hodges and Greene (1998). Quarterly Journal of
Experimental Psychology, 524, 535-541.

Brysbaert, M. (1995). Arabic number reading: On the nature of the numerical scale and the origin of phonological
recoding. Journal of Experimental Psychology: General, 124, 434-452.

Butterworth, B. (1999). The mathematical brain. London: MacMillan Publishers Ltd.

Carr, T.H., McCauley, C., Sperber, R.D., & Parmelee, C.M. (1982). Words, pictures and priming: On semantic
activation, conscious identification, and the automaticity of information processing. Journal of Experimental
Psychology: Human Perception and Performance, 8,757-777.

Chochon, F., Cohen, L., Van de Moortele, P.F., & Dehaene, S. (1999). Differential contributions of the leftand right
inferior parietal lobules to number processing. Journal of Cognitive Neuroscience, 11,617-630.

Cipolotti, L. (1995). Multiple routes for reading words, why not numbers? Evidence from a case of Arabic numeral
dyslexia. Cognitive Neuropsychology, 12, 313-362.

Cipolotti, L., & Butterworth, B. (1995). Toward a multiroute model of number processing: Impaired number
transcoding with preserved calculation skills. Journal of Experimental Psychology: General, 124, 375-390.

Coltheart, M., Curtis, B., Atkins, P., & Hailer, M. (1993). Models of reading aloud: Dual-route and parallel-
distributed processing approaches. Psychological Review, 100, 589-608.

Coltheart, M., Rastle, K., Parry, C., Langdon, R., & Ziegler, J.C. (2001). DRC: A computational model of visual word
recognition and reading aloud. Psychological Review, 108, 204-256.

Dehaene, S. (1992). Varieties of numerical abilities. Cognition, 44, 1-42.

Dehaene, S. (1997). The number sense. London: Penguin Books Ltd.

Dehaene, S., & Changeux, J.P. (1993). Development of elementary numerical abilities: A neuronal model. Journalof
Cognitive Neuroscience, 5, 390-407.

Dehaene, S., & Cohen, L. (1997). Cerebral pathways for calculation: Double dissociation between rote verbal and
quantitative knowledge of arithmetic. Cortex, 33,219-250.

Dell, G.S., Schwartz, M.F., Martin, N., Saffran, E.M., & Gagnon, D.A. (1997). Lexical access in aphasic and
nonaphasic speakers. Psychological Review, 104, 801-838.

Dell’Acqua, R., & Grainger, J. (1999). Unconscious semantic priming from pictures. Cognition, 73, B1-B15.

Deloche, G., & Seron, X. (1987). Numerical transcoding: A general production model. In G. Deloche & X. Seron
(Eds.), Mathematical disabilities : A cognitive neuropsychological perspective (pp. 137-170). Hillsdale, NJ: Lawrence
Erlbaum Associates, Inc.

Den Heyer, K., & Briand, K. (1986). Priming single digit numbers: Automatic spreading activation dissipates as a
function of semantic distance. American Journalof Psychology, 99, 315-340.

Fias, W., Reynvoet, B., & Brysbaert, M. (2001). Are arabic numerals processed as pictures in a Stroop interference
task? Psychological Research, 65, 242-249.

Glaser, W.R. (1992). Picture naming. Cognition, 42, 61-105.

Glaser, WR., & Diingelhoff, F.J. (1984). The time course of picture—word interference. Journal of Experimental
Psychology: Human Perception and Performance, 10, 640-654.

Hodges, J.R., & Greene, J.D.W. (1998). Knowing about people and naming them: Can Alzheimer’s disease patients
do one without the other? Quarterly Journal of Experimental Psychology, 514, 121-134.

Humphreys, G.W., Price, C.]., & Riddoch, M.]. (1999). From objects to names: A cognitive neuroscience approach.
Psychological Research, 62,118-130.

Koechlin, E., Naccache, L., Block, E., & Dehaene, S. (1999). Primed numbers: Exploring the modularity of numeri-
cal representations with masked and unmasked priming. Journal of Experimental Psychology: Human Perception
and Performance, 25, 1882-1905.

La Hey, W, Dirckx, J., & Kramer, P. (1990). Categorical interference and associative priming in picture naming.
British Journalof Psychology, 81, 511-525.

Lorch,R.F.,Jr., & Myers, J.L. (1990). Regression analyses of repeated measures data in cognition research. Journalof
Experimental Psychology: Learning, Memory and Cognition, 16, 149-157.

Lucas, M. (2000). Semantic priming without association: A meta-analytic review. Psychonomic Bulletin & Review, 7,

618-630.


http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0272-4987^28^2952L.535
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0096-3445^28^29124L.434
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0096-1523^28^298L.757
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0898-929X^28^2911L.617
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0264-3294^28^2912L.313
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0096-3445^28^29124L.375
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0033-295X^28^29100L.589
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0033-295X^28^29108L.204
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0010-0277^28^2944L.1
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0898-929X^28^295L.390
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0010-9452^28^2933L.219
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0033-295X^28^29104L.801
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0002-9556^28^2999L.315
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0340-0727^28^2965L.242
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0010-0277^28^2942L.61
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0096-1523^28^2910L.640
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0272-4987^28^2951L.121
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0340-0727^28^2962L.118
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0096-1523^28^2925L.1882
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0007-1269^28^2981L.511
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0278-7393^28^2916L.149
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1069-9384^28^297L.618
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0272-4987^28^2952L.535
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0096-1523^28^298L.757
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0898-929X^28^295L.390
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0096-1523^28^2910L.640
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0096-1523^28^2925L.1882
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0278-7393^28^2916L.149
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1069-9384^28^297L.618

NUMBER NAMING AND SEMANTIC PRIMING 1139

MacLeod, C.M. (1991). Half a century research on the Stroop effect: An integrative review. Psychological Bulletin,
109,163-203.

Marcel, AJ. (1983). Conscious and unconscious perception: Experiments on visual masked word recognition.
Cognitive Psychology, 15,197-237.

Masson, M.E.J. (1999). Interactive processes in word identification: Modeling context effects in a distributed mem-
ory system. In R.M. Klein & P.A. McMullen (Eds.), Converging methods for understanding reading and dyslexia.
Language, speech, and communication (pp. 413-458). Cambridge, MA: MIT Press.

McClelland, J.L.. (1993). Toward a theory of information-processing in graded, random, and interactive networks.
Attention and Performance, 14, 655—688.

McCloskey, M. (1992). Cognitive mechanisms in numerical processing: Evidence from acquired dyscalculia.
Cognition, 44, 107-157.

McCloskey, M., Sokol, S., & Goodman, R.A. (1986). Cognitive processes in verbal number production: Interferences
from the performance of brain-damaged subjects. Journal of Experimental Psychology: General, 115, 307-330.

Meyer, D.E., & Schvaneveldt, R.W. (1971). Facilitation in recognizing words: Evidence of a dependence upon
retrieval operations. Journal of Experimental Psychology, 90, 227-234.

Naccache, L., & Dehaene, S. (2001). Unconscious semantic priming extends to novel unseen stimuli. Cognition, 80,
223-237.

Neely, J.H. (1991). Semantic priming in visual word recognition: A selective review of current findings and theories.
In D. Besner & G.W. Humphreys (Eds.), Basic processes in reading: Visual word recognition (pp. 264-336).
Hillsdale, NJ: Lawrence Erlbaum Associates, Inc.

Peterson, R.R., & Savoy, P. (1998). Lexical selection and phonological encoding during language production: Evi-
dence for cascaded processing. Journal of Experimental Psychology: Learning, Memory, and Cognition, 24, 539—
557.

Plaut, D.C., McClelland, J.L., Seidenberg, M.S., & Patterson, K. (1996). Understanding normal and impaired word
reading: Computational principles in quasi-regular domains. Psychological Review, 103, 56-115.

Reynvoet, B., & Brysbaert, M.. (1999). Single-digitand two-digit Arabic numerals address the same semantic number
line. Cognition, 72,191-201.

Sharkey, N.E. (1990). A connectionist model of text comprehension. In D.A. Balota, G.B. Flores D’Arcais, & K.
Rayner (Eds.), Comprehension processes in reading. Hove, UK: Lawrence Erlbaum Associates Ltd.

Sitton, M., Mozer, M.C., & Farah, M.J., (2000). Superadditive effects of multiple lesions in a connectionist architec-
ture: Implications for the neuropsychology of optic aphasia. Psychological Review, 107,709-734.

Starreveld, P.A., & La Hey, W, (1996). Time-course analysis of semantic and orthographic context effects in picture
naming. Journal of Experimental Psychology. Learning, Memory, and Cognition, 22, 896-918.

Stroop,J.R. (1935). Studies of interference in serial verbal reactions. Journal of Experimental Psychology, 18,643-662.

Theios, J., & Amrhein, P.C. (1989). Theoretical analysis of the cognitive processing of lexical and pictorial stimuli:
Reading, naming, and visual and conceptual comparisons. Psychological Review, 96, 5-24.

Thioux, M., Pillon, A., Samson, D., de Partz, M.P., Noél, M.P., & Seron, X. (1998). The isolation of numbers at the
semantic level. Neurocase, 4, 371-389.

Original manuscript received 8 February 2001
Accepted revision received 25 October 2001


http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0033-2909^28^29109L.163
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0010-0285^28^2915L.197
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1047-0387^28^2914L.655
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0010-0277^28^2944L.107
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0096-3445^28^29115L.307
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0096-3445^28^2990L.227
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0010-0277^28^2980L.223
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0278-7393^28^2924L.539^20557
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0033-295X^28^29103L.56
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0010-0277^28^2972L.191
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0033-295X^28^29107L.709
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0278-7393^28^2922L.896
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0096-3445^28^2918L.643
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0033-295X^28^2996L.5
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1355-4794^28^294L.371
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0033-2909^28^29109L.163
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0010-0277^28^2980L.223
http://zaccaria.catchword.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0278-7393^28^2924L.539^20557

