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Abstract: The entity and symbolic fraction comparison tasks
separating identification and semantic access stages based on
event-related potential technology were used to investigate
neural differences between fraction and decimal strategies in
magnitude processing of nonsymbolic entities and symbolic
The experimental results show that continuous
entities elicit stronger left-lateralized anterior N2 in decimals,
while discretized ones elicit more significant right-lateralized
posterior N2 in fractions during the identification stage. On the
other hand, decimals elicit stronger N2 over the left-lateralized
fronto-central sites while fractions elicit the more profound P2
over the right-lateralized fronto-central sites and N2 at
biparietal regions during the semantic access stage. Hence, for
nonsymbolic entity processing, alignments of decimals and
continuous entities activate the phonological network, while
alignments of fractions and discretized entities trigger the
visuospatial regions. For symbolic numbers processing, exact
strategies with rote arithmetic retrieval in verbal format are
used in decimal processing, while approximate strategies with
complex magnitude processing in a visuospatial format are
used in fraction processing.
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numbers.

ifficulties with mastering rational numbers center on
I Hence, strategies between
decimal and fraction processing are crucial for rational
number learning, making them a focus of numerical cog-
nition research. Several studies have used neural ima-

decimals and fractions

ging, which substantially contributed to the development
of neurophysiological models associating neural substrates
with magnitude processing. One of these neurofunctional
theories, Dehaene’s triple-code model™, suggests that
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magnitude processing can be decomposed into verbally
and visually encoded mechanisms as well as analog mag-
nitude numerosity. Although most studies based on the
model have focused on the whole processing of integers
or decimals and fractions separately, there have been few
studies focusing on the similarities and differences be-
tween decimal and fraction processing. Furthermore, al-
though additive effects of notation perception and seman-
tic distance suggest that distinct stages of identification
and semantic access function successively'” during mag-
nitude processing, few studies have attempted to isolate
identifiable stages from the confounded magnitude pro-
cessing.

Theories explaining evolutionary numerosity have cen-
tered on alignments between a sense of an inherent entity
and an acquired symbolic fraction"™. During the identi-
fication stage, a bipartite-structured fraction inherently
implies a discretized entity, while a unidimensional deci-
mal suggests a continuous entity. The alignments suggest
ontological distinctions that deeply affect the strategy with
31 On the other
hand, the distance effect is an important indicator during
the semantic access stage'”.

which an individual identifies them

Numeral pairs further apart
are quicker and easier to compare(e. g., 1 to9 vs. 7 to
8). Based on distance effects, greater reliance is placed
on an exact strategy for decimals, while an approximate
However, these

interferences have only been verified in behavioral stud-

strategy is emphasized for fractions''.

ies. Therefore, reevaluating the early entity systems to
explore neural spatiotemporal dissociation of symbolic
fraction identification strategies and semantic access strat-
egies is important.

According to previous event-related potential ( ERP)
studies, high-level identification related to strategy selec-
tion is usually reflected in the P2 component, whereas the
activation of semantic access affected by the distance
effect is mainly reflected in P2 and N2 components'™”""'.
Other studies have shown that strategic processing starts
within 250 ms poststimulus and that approximation elicits
a greater P2 component'"*"”'. On the other hand, N2 has
been observed in response to the exact calculation strate-
gy, which involves more semantic information stored in
the memory''""'.

An “isolation” paradigm has been designed to separate
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substages from magnitude processing, which might also
prompt participants to use holistic representation'®""'.
The present study aims to dissociate the number type-de-
pendent identification strategies associated with entity
preference and the semantic strategies associated with dis-
tance effect. It is hypothesized that topography signatures
and ERP waveforms of P2 and N2 related to the signifi-
cant number type effect and its interactions with the entity

or distance effects may be detected.
1 Methods
1.1 Participants

Fifty-eight right-handed college students (28 males,
M, =21.57, S, =1.34) without known dyscalculia
were recruited. All subjects received financial compensa-
tion for their participation and were asked to sign an in-
formed consent form. The experiment was approved by
the Ethics Committee of the Affiliated Zhongda Hospital,
Southeast University, China.

1.2 Stimulus and procedure

All the participants performed a comparison task con-
sisting of two types of symbolic fractions(i.e., decimal
and fraction) and two types of entity (i.e., continuous
and discretized). Three hundred and twenty comparison
pairs were designed. For each trial, the participants were
first presented with an entity in bar or pie diagram form
and were required to remember the entity magnitude. A
fraction or a decimal is then presented on the screen until
the participant responded by stating which magnitude was
larger. The following highly controlled experimental set-
tings were used: 1) complex decimals and infrequently
used fractions both consist of two digits. 2) In the frac-
tion task block, no common components were shown be-
tween the symbolic fraction and non-symbolic fraction
pairs. 3) The pairs under decimals and fractions are more
or less the same in terms of potentially relevant proper-
ties, such as the numerical distances. Different task or-
ders were counterbalanced across the participants. The in-
structions emphasized both speed and accuracy. Two
types of distances between the magnitude of the entity and
the fraction were used: the average “close” distance was
0.11 and the average “far” distance was 0.45. E-prime
2.0 procedure ( Psychology Software Tools, Pittsburgh,
PA) was used to control the whole experiment. The se-
quence of events in a single trial is shown in Fig. 1.

1.3 Data analysis

Continuous electroencephalogram ( EEG) data were re-
corded on a 64-channel Neuroscan Inc. (Herndon, Virgin-
ia, USA) using the international 10 to 20 system with an
average reference on the bilateral mastoids. The sampling
rate was 1 000 Hz with a passband filter of 0. 1 to 40 Hz.
All inter-electrode impedances were below 5 k(). Electr-
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Fig.1 Experimental time sequence in a single trial

ooculographic signals were simultaneously recorded. Pre-
processing of EEG data included rejecting paroxysmal
time windows, reducing ocular artifacts, and low-pass
filtering below 30 Hz(24 dB/oct) using Scan 4.5 soft-
ware. During the processing of entity and symbolic frac-
tions, EEG recordings were segmented into 1200-ms ep-
ochs with a baseline of 200 ms. Epochs of entity process-
ing and symbolic fraction processing were time-locked to
the onset of the entity and symbolic fraction, respective-
ly. Artifact rejection was set at a threshold of +80 pV.
Only epochs with correct responses were retained for cal-
culating the grand average ERP waveforms and topo-
graphical distributions of the two processing stages.

After visual inspection of the ERP data and considera-
tion of previous ERP studies'” "™
regions (frontal, central, parietal, parieto-occipital, and
occipital) were selected with triple laterality (left, mid-
dle, and right). Continuous EEG data were segmented
into two kinds of epochs. Epochs of —200 to 1 000 ms
relative to the onset of the entity and to the onset of the
symbolic fraction were associated with entity processing
and symbolic fraction processing, respectively. The P2
(210 to 270 ms) and N2 (270 to 350 ms) components
were analyzed for entity processing, while the P2(170 to
250 ms) and N2(250 to 350 ms) components were ana-
lyzed for symbolic fraction processing. A significance
level of 0.05 was used to apply Greenhouse-Geisser cor-
rection for nonsphericity and Bonferroni correction for
multiple comparisons.

1. 15 electrodes in five

2 Results
2.1 Behavioral results

Fig. 2 shows the mean reaction time(RT) and accuracy
rate (ACC) for decimals and fractions. Repeated-meas-
ures ANOVA was used to analyze the number type (i. e.,
fraction and decimal), distance(i.e., far and close), and
entity (i.e., discretized and continuous) .

For RT, the main number type effect was significant
(F(1,57) =46.45, p <0.001, ’7;2: =0.45) at 93 ms for
decimals, faster than the RT for fractions. The main
effect of distance was significant ( F(1,57) =438. 39,
p <0.001, ’fli =0.89) at 238 ms for the far distance,
faster than the RT for the close distance. Entity effect was
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Fig.2 Behavioral results in decimals and fractions as a func-
tion of distance and entity. (a) Mean reaction time in decimals; (b)
Mean reaction time in fractions; (¢) Accuracy rate in decimals; (d) Ac-
curacy rate in fractions

also significant ( F (1, 57) =20.78, p <0.001, ni =
0.27)at 21 ms for continuous entities, faster than the RT
for discretized entities. Number type-distance interaction
was significant for decimals ( F(1,57) =23.74, p <
0.001, nf, =0.29) as the RT for far distance was 206 ms
faster than the RT for close distance (p <0.001). How-
ever, the distance effect was more pronounced for frac-
tions at 271 ms for the far distance (p <0.001). The en-
tity-distance interaction was marginally significant ( F(1,
57) =3.96, p=0.063, ni =0.061). For continuous en-
tities, RT was 226 ms faster for the far distance than for
the close distance(p <0.001). A more dramatic distance
effect was observed for discretized entities at 249 ms for
the far distance, which was faster than the RT for close
distance(p <0.001).

For ACC, the main effect of number type was signifi-
cant (F(1,57) =47.02, p <0.001, 77?, =0.45) with
3.35% higher accuracy for decimals. The main distance
effect was also significant ( F (1, 57) =598. 09, p <
0.001, ”’7;2) =0.91) with 15.08% higher accuracy for the
far distance. Number type-distance interaction was also

significant (F(1,57) =34.64, p <0.001, ”flf, =0.38).
Follow-up simple effect analyses showed that for deci-
mals, the far distance has 12% higher accuracy than the
close distance (p <0.001). Similarly, the distance effect
was also more pronounced for fractions with 18. 1% high-
er accuracy for the far distance (p <0.001). Additional-
ly, number type, entity, and distance interactions of
ACC were marginally significant (F(1,57) =3.55, p =
0. 065, nfj =0.059). For the far distance, continuous en-
tities showed 0.2% higher accuracy than discretized enti-
ties in decimals. Discretized entities showed 0. 7% higher
accuracy in fractions but did not reach the significant level
(p,>0.05).

Results showed longer RTs on fractions than on deci-
mals, yielding a 93 ms difference on the number type
effect. 3.35%

fractions than on decimals, ruling out any potential speed

Moreover, more errors were made on

and accuracy trade-offs in the experimental paradigm.
2.2 ERP results

Repeated-measures ANOVA was used to analyze the
number type, entity, and laterality (i.e., left, midline,
and right) for entity processing and number type, dis-
tance, and laterality for symbolic fraction processing.
Mean amplitudes of P2 and N2 were evaluated. ERP
waveforms are illustrated in Figs. 3 and 4.

2.2.1 Entity processing

For the P2, mainly the posterior P2(P2p) component,
entity and laterality interactions were only significant at
the parietal and parieto-occipital regions ( F (2, 114) >
5.52, p,<0.01, 77; >0.10). This shows that the entity
effect was more pronounced at bilateral sites with larger
P2p for discretized entities (p, <0.05) than for continu-
ous entities.

For the anterior N2(N2f) component, number type-en-
tity interactions were significant at the frontal and parietal
regions (F,(1,57) >4.27, p, <0.05, 17; >0.07), with
entity effect only for decimals showing larger N2f for
continuous entities (p <0.05). The entity-laterality inter-
actions ( F_ (2, 114) >8.25, p. <0.001, 77;- >0.13)
were also significant with entity effect at C3 and P3 (p, <
0.05). For the posterior N2(N2p) component, there was
a significant entity effect of opposite polarity in the parie-
to-occipital region only for fractions, with larger N2p for
discretized entities (p < 0. 05), which was indicated by
the number type-entity interaction (F(1,57) =4.25, p<
0.0s5, 77123 =0.07). Number type, entity, and laterality
interactions were profound ( F (2, 114) >7.25, p, <
0.01, 77;2;5 > 0. 11) because of the marginally significant
entity effect for fractions with larger N2p evoked by dis-
cretized entities at P4, PO4, and O2 (p,< 0.0606).
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Topographic maps of entity effect are shown in Fig. 5,
where the ERP of continuous entitiesis are subtracted from
that of discretized ones. The entity effect appears to be
associated with number types at the time window of P2,
indicating a bilateral advantage at parietal to occipital sites
under decimals compared with fractions. Moreover, the
entity effect interacted with number types at the time win-
dow of N2, revealing a right-lateralized parietal to occipi-
tal negativity for fractions but a left-lateralized anterior-
centered positivity for decimals.

(d)

i - T T [ Wl
Amplitude/nV:_ 03 0 03 0.7 10

Fig.5 Topographical maps of entity effect. (a) Decimals during
210 to 270 ms poststimulus; (b) Fractions during 210 to 270 ms posts-
timulus; (¢) Decimals during 270 to 350 ms poststimulus; (d) Fractions
during 270 to 350 ms poststimulus

2.2.2 Symbolic fraction processing

For the P2 component, the distance effect was signifi-
cant at the frontal lobe ( F(1,57) =4.48, p <0.05, nf, =
0.07) with a larger amplitude for the far distance than for
the close distance. There were significant number type,
distance, and laterality interactions at the frontal and cen-
tral regions (F (1,57) >4.27, p, <0.05, nzps >0.07)
with distance effect for fractions with larger P2 at Fz, F4,
Cz, and C4 (p, <0.01).

For the N2 component, the main number type effect
was significant with decimals having larger N2 amplitudes
than fractions, widely distributed at centro-occipital re-
gions (F(1,57) =8.84, p, <0.01, 77; >0.13). For
the N2f component, the number type effect for F3, C3,
and Cz (p, <0.01) was more pronounced for number
type when there was a laterality interaction of N2f ( F (2,
114) > 13. 45, p,  <0. 001, 7712;5 >0.19). The number
type and distance interaction (F (1, 57) >6.07, p, <
0.05, ”flis >0.10) was also significant for decimals at the
fronto-central lobes, with a larger N2f component for the
far distance than for the close distance (p, <0.05). For
the N2p component, an opposite-polarity distance effect
was observed for fractions (p, <0.05) with a larger N2p
component for the close distance, widely distributed at
the centro-occipital regions as indicated by the number
type and distance interaction ( F (1, 57) >6.00, p, <
0.0s5, 1;; >0.10). Additionally, three-way interactions

(F.(2,114) >4.35, p,<0.05, nf,s >0.07) were signifi-
cant. Distance effect with larger N2 for the far distance
with decimals was over F3, C3, and Cz(p, <0.05).
There was also an opposite-polarity distance effect with
larger N2 for the close distance with fractions over Cz and
C4 (p,<0.01).

Fig. 6 shows topographic maps of the distance effect,
where the ERP of the close distance is subtracted from
that of the far distance. The distance effect, characterized
by a right-lateralized focal positivity, was widely distribu-
ted over the frontal to parietal electrodes for fractions at
the time window of P2. On the other hand, the distance
effect was obvious over the left-lateralized frontal to cen-
tro-parietal sites for decimals at the time window of N2.
An opposite-polarity distance effect for fractions was
widely distributed at the posterior and right-lateralized an-
terior regions.
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Fig.6 Topographical maps of distance effect. (a) Decimals dur-
ing 170 to 250 ms poststimulus(b) Fractions during 170 to 250 ms posts-
timulus; (¢) Decimals during 250 to 350 ms poststimulus(d) Fractions
during 250 to 350 ms poststimulus

3 Discussion

The behavioral data showed clear number type effects
on both RT (i.e., slower performance on fractions) and
ACC (i.e., poorer performance on fractions), which
were not influenced by any speed and accuracy trade-
offs. These findings are in line with previous research on
decimal and fraction comparisons'®*' ™. Moreover, dis-
tance effects were significant, which is consistent under
each condition, and dramatically affected RT and ACC,
which demonstrated that fraction pairs adopted the holistic
strategy as expected''” . Thus, with the rather large entity
effect, distance effects, and a complex comparison task,
significant differences in ERP measures can trigger such
differences in behavioral data even in mathematically
skilled adults who use verbally exact strategies to compare
decimals and visually approximate strategies to compare
fractions. The identification and semantic access stages
were dissociated to investigate the differences in process-
ing strategies between number types using entity and dis-
tance effects.
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3.1 Entity processing

The entity effect was detected in the P2 component,
which connects sensory processing to high-level discrimi-
nation. Consistent with number identification, entity
identification was indexed by P2p, involving the vision-
related bilateral parietal-occipital junctions located at the
bilateral fusiform as observed via functional magnetic res-
onance imaging'”'. Greater bilateral P2p may be elicited
with discretized entities because of visual perception re-
quirements'"” . The behavioral data suggested that the sur-
face format of an entity also influences the later numerosi-
ty process'”. The topography of P2 showed that decimals
elicited more activation at bilateral posterior sites than
fractions. The P2 results replicated the results by Zhang
et al. "™, who observed stronger engagement of attention-
al resources in decimals than in fractions'” ™.

Consistent with the above-mentioned hypothesis, the
neurophysiological evidence in N2 with interactions be-
tween number type and entity confirmed the alignments
between the entity and symbolic fraction'*™ . Significant-
ly larger N2f results were detected for continuous entities
under decimals, while an opposite-polarity entity effect
was observed with larger N2p for discretized entities un-
der fractions, as shown in Fig.4. A previous study attrib-
uted the left lateral N2f for decimal-continuous alignment
to retrieval and memorization retention for later calcula-
tion, with greater preceding attentional effort and working
memory load'”". Another study suggested that higher
proficiency and familiarity underlying a unidimensional
decimal-continuous preference can increase activation of
the phonological network and improve magnitude retrieval
processing automatically'”’. On the other hand, Beek et
al. associated the right lateral N2p for the fraction-dis-
cretized alignment with visuospatial resources and percep-
tual processing'™’. The extra difficulty within bidimen-
sional fraction-discretized alignment affected initial mag-
nitude accessing and reduced retrieval efficiency, which
extended to semantic comparison. The behavioral data
showed a large distance effect of RT for fractions and dis-
cretized entities, probably because of greater reliance on
complex problem-solving when accessing magnitude.
Moreover, behavioral tendencies showed higher accuracy
for continuous entities in decimals and discretized entities
in fractions. Therefore, the results suggest that distinctive
strategies are applied during entity processing with phono-
logical retrieval for decimal-continuous alignment and
visuospatial processing for fraction-discretized alignment.

These ontological dissociations have significant peda-
gogical implications. In China, for example, distinct
teaching sequences and strategies are used to explain deci-
mals and fractions. Usually, a continuous entity within
the measurement system(e. g., length, money) is used
to explain decimals in lower grades, whereas collection
models and entity models with equation sublines are ap-
plied for fractions in higher grades'™'. Hence, although
these two number types are based on the same semantic

system, students learn to recognize them via different
strategies. One relevant behavioral study investigated ver-
bal vs. visuospatial working memory resources ( WMs)
used by adults when processing decimals vs. fractions.
They found that those who performed poorly relied only
on verbal WM while those who performed better relied on
both verbal and visuospatial WM'™'. Considering the
abovementioned findings, unbalanced development be-
tween verbal and visuospatial strategies in decimal and
fraction processing might exist in rational number learn-
ing. However, such alignments should be treated with
caution. Nevertheless, other studies have shown that the
confined number type and entity interactions did not exert
top-down control of number types or showed overlapping
effects in terms of advantages in decimal and fraction pro-
cessing™"*'. Future neuropsychological studies should
integrate these concepts to support the above exploratory
inferences.

3.2 Symbolic fraction processing

Results showed larger N2 amplitudes in decimal pro-
cessing than in fraction processing, suggesting that num-
ber type differences occurred during conceptual identifica-
tion and procedural semantic integration. Consequently,
the left-lateralized N2f and N2p showed a high level of
precision within the exact processing mechanism'” "
Subtraction operations activated a frontoparietal network,
indicating procedural-based operations'”. The number
type effects indicated in the behavioral data also con-
firmed previous studies'™® that have shown better pro-
cessing of decimals than of fractions. The number type
effect has shown that decimals are typically solved by ex-
act strategies, requiring greater cognitive control, rote
fact extraction, arithmetic procedure retrieval, and pho-
nological processing!""'"'. However, fractions could not
be processed by direct memory retrieval.

As expected, significant interactions of number type
and distance were observed in P2 and N2 components, in-
dicating number type-dependent semantic access. Results
showed that the distance effect of fractions was first ob-
served at the time window of P2. This replicated the re-
sults of Temple and Posner'™, showing larger P2 for the
far distance under nonsymbolic conditions. This is possi-
bly due to an advantage in fraction to entity conver-
sion'"!, where participants translate fractions back to enti-
ties then compare nonsymbolic pairs. The right-lateralized
anterior P2 was also active in shortcut calculation ( roun-
ding) and source analysis located the dipole within the
right posterior cingulate cortex'''. P2 lateralization sug-
gests that participants were more likely to apply an ap-
proximate strategy for fractions. A previous study ob-
served similar P2 activation in different decimal and frac-
tion processing affected by complex task contexts that
might have also triggered larger P2 for fraction, although
decimal processing was not affected by the variation of
task demands”” . On the other hand, automatic evalua-
tion of numerical distance for decimals corresponded to
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larger left-lateralized N2f at the time window of
N2 220 However, for fractions, N2p of opposite
polarity with larger amplitude for close distance was sig-
nificant. This suggests that the approximate strategies
based on vision-related processing (e. g., recoding a frac-
tion into a more familiar form like making 3/7 close to
1/2 or transforming it into an equivalent entity) can acti-
vate the classic “numeral” parietal area, particularly when
the distance of comparison pairs is close''"*"'. However,
Chen et al. ™" found larger N2f in complex context for
a fraction. In their comparison pairs that usually had the
numerator “1”, participants selected the smaller denomi-
nator believing that the larger the denominator, the smal-
ler the value will be. This rule switching may have trig-
gered the N2f, which indexes a componential representa-
tion beyond the scope of the holistic premise. In some
comparison tasks for fractions, fixation times of eye
tracking were higher for numerators than for denomina-
tors. Participants might use an approximation strategy by
assuming denominators were equal''”. Decimal format
prompted frequent eye regressions between nonsymbolic
images and symbolic numbers, which revealed that deci-
mal processing involves a more precise comparison strate-
gy . In accordance with ERP interactions, the behavior
data in the current study also revealed a dramatic distance
effect for fractions, indicating that fraction semantic pro-
cessing is relatively inaccurate. For decimals, the exact
strategy relies on phonological networks of the left fronto-
parietal circuit for rote fact retrieval and subtraction,
while for fractions, a more error-prone and time-consu-
ming approximate strategy relies on visuospatial networks
of the biparietal and right-lateralized fronto-central lobes
for magnitude manipulation.

Interestingly, the activated centro-occipital network
was related to larger number type effects for decimals and
larger distance effects for fractions. This supports the sug-
gestion that the posterior brain area centered on the “nu-
meral” parietal is not specific to a number type, percep-
tion, or computation. Rather, shared brain regions may
correspond to abstract models in the triple-code model,
which is associated with phonological retrieval to com-
plete arithmetic procedures, or to broader focus on a visu-
al stimulus'”*' .

3.3 General discussion

It is important to note that in terms of decimal and frac-
tion comparisons, the findings in the current study are
consistent with past studies''®*>'"". Zhang’s first attempt
to explore the distance effect dissociation between deci-
mals and fractions did not yield significant distance and
number type interactions, but the distinct topographical
maps of distance effect were quite similar to the ones in
the present study (see Fig 6)'"®. Their results were not
self-consistent, probably because the distance effect in
their study was not strong enough to evoke distinct se-
mantic processing. It seems that previous studies reach an
agreement on the difficulty hypothesis; i.e., participants

have more difficulty with fractions compared with deci-
mals, which explained the number type—specific pro-
cessing. However, these past studies cannot answer the
question based on the difficulty hypothesis: When did the
discrepancy exactly occur? What strategies were adopted
with respect to decimal and fraction processing during
confounded magnitude comparison? Converging evidence
from a set of ERP components in the current study re-
vealed online temporal differences in strategic processing
that stem from separated conceptual and procedural pro-
cessing of number type coupled with entity and distance
effects. The hypothesis stating that different strategies de-
pend on number formats evoked by different ontological
types of entities and different types of distance is raised.
This is compatible with but goes beyond previous litera-
ture.

Overall, the ERPs results from the present experiment
are consistent with the behavioral data and provide the
following important information: 1) ERP and topography
differences between decimals and fractions were found to
appear as early as 210 ms after the entity onset, indicating
strategic identification. On the other hand, distinct se-
mantic access strategies took place as early as 170 ms af-
ter the presentation of the symbolic fraction. 2) ERPs
were associated with larger left lateral N2f for continuous
entities under decimals, but the opposite polarity of entity
effect was observed with larger right lateral N2p for dis-
cretized entities under fractions. The result supported the
hypothesis that decimal-continuous and fraction-dis-
cretized alignments deeply affected the identification strat-
egies, which activated the phonological and visuospatial
networks, respectively. 3) For symbolic fraction process-
ing, centro-occipital N2p and left-lateralized N2f compo-
nents for decimals were larger than those for fractions,
suggesting that number type differences occurred during
conceptual identification and procedural semantic integra-
tion. 4) Moreover, the left-lateralized fronto-central dis-
tance effect of N2 indicated that participants applied exact
strategies with rote arithmetic retrieval in a verbal format
for decimals. In contrast, the number type by distance in-
teractions of right-lateralized fronto-central P2 and bipari-
etal N2 showed that participants used approximate strate-
gies with complex magnitude processing in visuospatial
format for fractions.

The present findings are relevant to mathematics educa-
tion since some students still use incorrect strategies to
solve comparison problems'”. An empirical reference
was provided in the current study for detecting brain ac-
tivity in terms of notation-specific strategy when mathe-
matically skilled adults are taking into account its magni-
tudes holistically. Notably, stereotypic strategy for deci-
mal and fraction processing indicates that sound develop-
ment and essential connection between decimals and frac-
tions have not been well established. To address this, dif-
ferent forms of visual aids that consider entity-symbolic
fraction alignments and provide concrete and contextual
experience will have a great impact on arousing students’
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verbal and visuospatial resources to understand conceptual
knowledge of rational numbers. Rational number compar-
ison and number line estimation might make a great con-
tribution to students’ proficiency in procedural knowledge
of rational numbers. Making use of these strategies in the
conceptual and procedural understanding of decimals and
fractions may help students use their experience of entities
in the real world to bootstrap their knowledge of rational
numbers.

4 Conclusions

1) Decimal and fraction strategies are dissociated by
systematically varying both entity and distance effects.
The entity and distance effects specific to number type ob-
served here extend the empirical knowledge of the triple-
code model.

2) For identification strategies, the alignment of deci-
mal and continuous entities is based on the phonological
network, while the alignment of fraction and discretized
entities relies on visuospatial resources.

3) For semantic strategies, an exact strategy with rote
arithmetic retrieval in verbal format is used for decimals,
while the approximate strategy with complex magnitude
processing in a visuospatial format is used for fractions.
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