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In this study, novel and old scientific innovations (NSI and OSI) were selected as materials
to explore the electrophysiological correlates of scientific innovation induced by heuristic
information. Using event-related brain potentials (ERPs) to do so, college students solved
NSI problems (for which they did not know the answers) and OSI problems (for which they
knew the answers). A new experimental paradigm (heuristic information learning—
problems testing model) was adopted to make subjects actively find a solution. The results
showed that the P3 amplitude was higher for OSI than for NSI between 360 and 430 ms
after onset of the problem stimuli. This finding most likely reflects an automatic matching
process based on the known answer retrieval, which would be easier for OSI than NSI
problems. However, the N4 amplitude was higher for NSI than for OSI between 430 and
500 ms and a greater negativity in the NSI (in comparison with OSI) developed between
500 and 900 ms. This pattern could reflect the generation of novel solutions due to the appli-
cation of heuristic information (retrieved from memory) during NSI problems solving.
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Creativity is commonly agreed to be the production
of something both novel and useful (Fink et al., 2010;
Flaherty, 2005; Sternberg, 1999) and is the fountainhead
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of human civilizations (Dietrich & Kanso, 2010).
Numerous cases have shown that creative behavior
appears to occur when a heuristic event is suddenly
activated by mentally searching the problem space (Tian
et al., 2011). For example, “Archimedes obtained his
insight into the relationship between weight and volume
from observing the displaced water in a tub while taking
a bath” (Tian et al., 2011). Furthermore, many major
inventions in history have heavily relied on bionic
imitation (Dickinson, 1999; Vogel & Davis, 2000), apply-
ing knowledge of biological systems to the invention of
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artificial devices and machines seems critical to such
creations.

Creativity such as this has been investigated through
many psychometric measures, which identify some basic
principles of this high-level cognitive process. Most
recently, neuroscientific methods, such as single photon
emission computerized tomography, positron emission
tomography (PET), near infrared spectroscopy (NIRS),
and functional magnetic resonance imaging (fMRI),
have facilitated the reliable and precise measurement
of brain activity associated with creative problem solv-
ing. From these tests, creative thinking does not appear
to critically depend on any single brain region (Dietrich
& Kanso, 2010).

Although these techniques (e.g., PET, NIRS, and
fMRI) can provide more accurate information about
which brain areas are involved in creative problem solv-
ing, their ability to inform one about the timing of activa-
tions is relatively weak. Better are electrophysiological
measures, such as event-related potentials (ERPs) which
provide a temporal resolution of evoked cognitive pro-
cesses in the millisecond range. Creative thinking has
been investigated through divergent thinking tasks, artis-
tic production, and insightful problem-solving (Dietrich
& Kanso, 2010). However, the ERP approach has only
been successfully applied to insight. For instance, some
ERP studies have reported a more negative deflection
associated with insight, yet it has occurred at different
latencies in different studies (e.g., 250-500 ms negativity
in Mai, Luo, Wu, & Luo, 2004; 250—400 ms negativity in
Qiu, Luo, Wu, & Zhang, 2006; 1500-2000 ms negativity
in Qiu et al., 2008; 1200-1500 ms negativity in Wang
et al., 2009). However, insight has also been related to
a more positive deflection (e.g., P3 in Lavric, Forstmeier,
& Rippon, 2000; 1200-1500 ms positivity in Wang et al.,
2009; 500-700 ms positivity in Zhao et al., 2011).
Furthermore, Lang et al. (2006) found that several
ERP precursors (e.g., N1, P3a, P3b, and slow positive
wave) are associated with insightful behavior. Existing
empirical evidence in this field has been inconsistent,
which may be due to the different materials (e.g., candle
problem, riddles, and Chinese character-generation
task), reference states (routine problem, unsuccessful
insight problem solving, no-Aha experience), and test
procedures (passive or active insight process).

Although these findings helping researchers to under-
stand creativity, it remains unclear whether scientific
invention is identical to the processes investigated in
the aforementioned empirical studies. Until now, no
ERP studies have investigated creativity using realistic
scientific innovation cases. Inspired by the examples of
Archimedes and the significant inventive discoveries
based on bionic imitation, in addition to acquiring novel
methods to resolve problems by applying heuristic infor-
mation, people first need to activate the related heuristic

information. Thus, it was speculated that the activation
of heuristic information and forming novel associations
(i.e., realizing the relationship between the heuristic
information and a problem) might be the most critical
processes of heuristic creativity. In this study, two types
of problems were, therefore, selected as the experimental
tasks: novel scientific innovations (NSI), for which part-
icipants did not know the answers; and old scientific
innovations (OSI), for which participants did know the
answers. The spatiotemporal pattern was investigated
with a high density (64 channels) ERP recording while
participants found a solution to a problem induced by
heuristic information (heuristic information learning—
problems testing model). Subjects had to find a solution
on their own, rather than receiving answers passively. It
is believed that retrieving prior knowledge with a heuris-
tic information is needed to establish novel associations
(i.e., to realize the relationship between the function of
a prototype and a problem) and to produce a novel sol-
ution to a related problem. Based on previous work (e.g.,
Luo et al., 2011; Mai et al., 2004; Qiu et al., 2008; Qiu
et al., 2006; Wang et al., 2009), it was hypothesized that
it should be more difficult for participants to generate a
new solution under the NSI condition than the OSI con-
dition, which should be reflected in the ERP components
(e.g., N400-like effect) involved in creative problem solv-
ing (e.g., access to semantic information from long-term
memory; see Federmeier, 2007; Lau, Phillips, & Poeppel,
2008; Luo et al., 2011). By recording and analyzing
high-density ERPs elicited by solution generation under
different conditions, ERP data should therefore allow a
more precise examination of the time course of scientific
innovation induced by heuristic information.

METHOD

Participants

As paid volunteers, thirteen undergraduate students (6
women, 7 men) from 22-24 years of age (M =23.1 years)
were recruited from an advertisement in Southwest
China University. All participants were right-handed
and had no reported neurological disorders. This study
was approved by the local Ethics Committee, and all
participants signed an informed consent form before
the experiment.

Experimental Stimuli

In this study, two different types of problems (NSI and
OSI) were used to investigate the neural correlates of
scientific innovation. The NSI were collected from
various media outlets, such as recent books, television,
and the Internet. Thus, the NSI tasks were all recent
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scientific problems solved by scientists using specific
heuristic information to which college students would
not likely know the answer. An example scientific prob-
lem is as follows:

Scientists were trying to improve the performance of
body armor made of Kevlar (a plastic). Although Kevlar
has high tensile strength, it is not very malleable
(Background of a question). How could it be made more
malleable (NSI problem)? Spider silk might inspire the
scientists. “Spider silk has incredible tensile strength, like
Kevlar, and is often proposed to be several times stronger
than steel of the same thickness™' (Heuristic information).

Participants in this study were only required to report
the general method of solving the scientific problem,
rather than specifying steps or concrete processes. For
this example, the correct solution would be to “imitate
the constituents of spider silk, producing some special
material which is not only lightweight but also very
sturdy and stretchy.”

The OSI tasks were classic scientific problems that had
been solved by scientists, the answers to which would be
well known by college students. For example, Archi-
medes invented the Archimedes Law while in a bath
and ‘“‘used his principle of buoyancy to determine
whether a golden crown was less dense than solid gold.”?
In each task (50 NSI problems and 40 OSI problems), the
stimuli included a heuristic information, a background
for a question, the question itself, and a solution.

In a preparatory experiment, college students (N =28,
15 women and 13 men; M =22.1 years old; SD=1.2;
Range =20-24 years) had to provide solutions for these
90 problems. The results showed that their accuracy for
NSI problems was 20.5% (SD=13.2), and the accuracy
for OSI problems was 83.1% (SD=12.1). When another
group of college students (N =29, 15 women and 14 men,
M =22.3 years old, SD = 1.3, Range = 20-24 years) solved
the problems after being presented with the relative heuris-
tic information, their accuracy for NSI problems was 82.4%
(SD=11.9) and 83.9% (SD=13.1) for OSI problems.
Thus, most college students could solve NSI problems
when they had been provided with heuristic information.

Procedure

To familiarize participants with the procedure and pace of
the experimental task, they were trained with a set of simi-
lar materials with the same procedure before they entered
the formal experiment. In the formal experiment, 90 trials
(50 NSI and 40 OSI) were presented in an event-related

IThis sentence quoted from http://www.oocities.org/~gaiachurch/
sci-nuz4.html.

*This sentence quoted from http://en.wikipedia.org/wiki/
Archimedes.
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FIGURE 1 The flow of learning and testing logogriphs in each trial.
The ERP locked to “The question?” stimuli.

design. There was no repetition of stimuli in the formal
test. The words that appeared in both types of problems
and answers were of high frequency. The flow of the
learning—testing procedure is shown in Figure 1. During
the learning stage, five bits of heuristic information were
presented in the center of the screen one at a time for
11sec. The five pieces of heuristic information were pre-
sented in random order. Participants were instructed to
try to understand the heuristic information and provide
the corresponding response by pressing keys. If parti-
cipants understood the heuristic information, they were
asked to press the / key quickly, but press no key if they
did not understand it. After they had seen five pieces of
heuristic information, the testing stage began. The test
stage began with a 2-sec ready signal (““Ready?”’) followed
by the background of a question for 6sec (either an OSI
or a NSI randomly selected from the five test problems).
After a jitter of 0.2-0.4 sec, the relative problem (NSI or
OSI) was then presented in the center of the screen for
5sec. Participants were asked to solve these problems
quickly, pressing the / key once they decided on a method
for solving the problem but pressing no key if they did not
reach a solution. Next, a solution was presented on the
screen for 4sec, during which time participants judged
whether the solution was correct or incorrect (the ratio
of correct to incorrect solutions was 1:1). After the formal
experiment, participants were asked to complete a ques-
tionnaire that included all problems in the formal test
and to rewrite the solutions for each problem.

ERP Recording®

Electroencephalography (EEG) was recorded at 64 scalp
sites using tin electrodes mounted in an elastic cap (Brain
Product, Brain Products GmbH, Gilching, Germany),
with the reference on the left and right mastoids. The
vertical electrooculogram (EOG) was recorded with
electrodes placed above and below the left eye. All

*The data was recorded mainly referred the relevant information by
previous work (see Qiu et al., 2007).
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FIGURE 2 Grand-average waveforms at Cz and topographic maps
of the difference wave (NSI minus OSI) in the 360-430, 430-500, and
500-900 ms time windows.

interelectrode impedance was maintained below 5kQ.
The EEG and EOG were amplified using a 0.05-100 Hz
bandpass and continuously sampled at 500 Hz/channel
for off-line analysis. Eye movement artifacts were rejected
offline. Trials with EOG artifacts (mean EOG voltage
exceeding 80 V) and those contaminated with artifacts
due to amplifier clipping, bursts of electromyographic
activity, or peak-to-peak deflection exceeding +80uV
were excluded from averaging.

ERP Data Analysis and Statistics

The ERP waveforms were time locked to the onset of the
problem stimuli. The averaged epoch for ERP, including
a 200-ms prestimulus baseline, was 2,200 ms. The reason
for the 2,200 ms window of analysis was that the shorter
mean response times to the problem stimuli were
2040 +460 ms (OSI). Correctly solved trials were separ-
ately averaged for the two task types (OSI and NSI). As
seen in Figure 2, the difference wave was obtained by
subtracting the averaged ERP of OSI from the averaged
ERP of NSI. The topographical maps (see Figure 2)
showed that these differences were mostly large over
the fronto-central scalp regions. Therefore, the following
15 electrode points (including an anterior frontal site and
a central site) were chosen for statistical analysis: FPz,
AF3, AF4, Fz, F3, F4, FCz, FC3, FC4, Cz, C3, C4,
CPz, CP3, and CP4.

RESULTS

Behavioral Performance

Only trials to which the students responded correctly in
questionnaires, as well as in the formal test, were con-
sidered as correct responses. According to their beha-
vioral response in the formal test and written answers
in the questionnaire, the accuracy rates for the OSI task
were greater (74.3%, SD =7.7%) than for the NSI task
(62.6%, SD="1.2%); F(1, 12)=30.560, p<0.001. In
addition, the mean reaction time to correctly solve the
OSI and NSI problems was 2,040 ms (SD =460) and

2,439 ms (SD =675), respectively and thus significantly
different; F(1, 12) =21.176, p =.001. Together, this indi-
cates that the NSI problems were indeed more difficult
for subjects to solve than OSI problems.

Electrophysiological Scalp Data

As shown in Figure 3, clear N1, P2, N2, P3, and N4 com-
ponents were elicited by the two task types. The ampli-
tude (from baseline to peak) and latency of the NIl
component were measured in an 80-120-ms time win-
dow. The amplitude and latency of the P2 were measured
in a 220-260-ms time window. The amplitude and
latency of the N2 were measured in a 280-320-ms time
window. The amplitude and latency of the P3 were mea-
sured in a 360-430-ms time window. The amplitude and
latency of the N4 were measured in a 430-500-ms time
window. From 500 ms, the two conditions elicited some
different ERP components. Mean amplitudes in the time
windows of 500-600, 600-700, 700-800, 800-900, and
900-1000 ms were measured.

The ERP component amplitudes and latencies were
analyzed in a series of two-way repeated-measures
analyses of variance (ANOVA) using the factors task
type (OSI and NSI) and electrode sites (15 sites). When
appropriate, ANOVA results were corrected using the
Greenhouse—Geisser procedure.

There were no main effects of condition or electrode
for N1, P2, and N2 amplitude and latency. For the peak
amplitude of P3, there was a significant main effect of
task type, F(1, 12)=9.735, p=0.009. The P3 amplitude
was higher for OSI than for NSI. The main effect of elec-
trode site was significant, F(14, 168)=10.903, p < 0.001.
For the P3 latency, there was no main effect of task type.
For the peak amplitude of N4, there was a marginally sig-
nificant task type main effect, F(1, 12) =4.323, p =0.06.
The N4 amplitude was higher for NSI than for OSI.
The main effect of electrode site was significant, F(14,
168) =10.751, p <0.001. For the N4 latency, there was
no main effect of task type.

4- 430500 — Difference (NSI-OSI)

Cz 3504% ——NSI
>
=% | w400

06 08 | 1. : ’ 6 18 20

4 .. e oyttt q e
¥ . . Q
-4.5 4 5uV 360430ms 430500ms 500-900 ms

FIGURE 3 Grand-average ERPs at AF3, AF4, C3, and C4 for OSI
and NSI problems.
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Given that this was an initial effort using this method-
ology, exploratory analyses were justified. These indi-
cated that there were main effects of task type for mean
amplitudes in the time windows of 500-600, 600-700,
700-800 and 800-900 ms; F(1, 12)=8.422, p=0.013;
F(1,12)=10.474, p=0.007; F(1, 12)=11.237, p =0.006;
F(1, 12)=7.034, p=0.021. The main effect of electrode
site was significant in the 500-600 and 600-700 ms time
windows; F(14, 168)=6.643, p=0.001; F(14, 168)=
3.542, p=0.017. Additionally, the interaction between
task type and electrode site did not reach significance in
any time window. Overall, the mean amplitudes were
more negative for NSI than for OSI at the 500-900 ms
interval; F(1, 12)=10.240, p = 0.008.

DISCUSSION

In this study, the ERPs was used to explore the electro-
physiological correlates of scientific innovation induced
by heuristic information. Scalp ERP data showed that
NSI problems and OSI problems elicited some different
ERP components between 360 and 900 ms after onset of
the problem stimuli. To our knowledge, this is the first
ERP study to investigate the time course of generating
novel solutions behind scientific innovation. The impli-
cations of these findings were discussed in terms of
creative problem-solving.

As shown in Figure 3, OSI and NSI problems both eli-
cited a more positive ERP deflection between 360 and
430 ms after onset of the problem stimuli. Observing
the ERPs grand-averaged waveforms, it was found that
the positivity might be a P300 component. It is believed
widely that the P300 are often linked to memory updat-
ing, encoding, or retrieval (Donchin & Coles, 1988;
Kutas, McCarthy, & Donchin, 1977). In studies using
the masked priming paradigms (a prime word presented
subliminally before a target word), ERP results revealed
an expectation-related positive effect around 300 ms
(Carreiras, Gillon-Dowens, Vergara, & Perea, 2008;
Grainger & Holcomb, 2009; Holcomb & Grainger,
2006). As Molinaro and Carreiras (2010) summarized,
the P300 effects can be considered evidence of an auto-
matic process that monitors the bijection between an
unambiguously activated internal representation and
the perceived stimulus word. In this study employing a
learning—testing model, similar processes could have also
occurred (i.e., participants might have formed the differ-
ent bijection between a heuristic information and the
current problem). Relative to the NSI problems, parti-
cipants could associate heuristic information with an
OSI problem faster as a result of having known the
answers to the OSI problems. Thus, it was speculated
that the positive component might reflect the degree
of the matching between heuristic information and a

problem, with higher P3 under the OSI problem suggest-
ing that easier retrieval of the heuristic information leads
to an automatic match between a heuristic information
and the current problem.

Subsequently, both NSI and OSI problems elicited a
more negative ERP deflection in the time window from
430 to 500. Based on the peak latency and grand-average
ERPs, the negativity might be an obvious N400 compo-
nent. The N400 is a negative deflection in the ERP,
peaking at approximately 400 ms and elicited by words
presented without an appropriate sentence context
(Kutas & Hillyard, 1980, 1982, 1989). N400 is associated
with the processing of semantic information that is
incongruent with semantic expectancy (Mai et al.,
2004; McPherson & Holcomb, 1999). Therefore, it was
assumed that the N400 elicited by NSI and OSI problems
might be related to the processing of semantic infor-
mation. Furthermore, the N400 amplitude was higher
for NSI than for OSI problems. As discussed, the parti-
cipants needed to retrieve a prior experience with appro-
priate heuristic information to form a new relation with
the NSI problem to generate a novel solution. In other
words, the higher N4 amplitude for NSI problems
observed in this study might reflect the generation of
novel solutions due to application of heuristic infor-
mation (retrieved from memory) during NSI problems
solving. In a similar vein, it has been suggested that the
N400 is related to the process of retrieving semantic con-
cepts from memory (Barber & Kutas, 2007; Coulson &
Van Petten, 2002; Federmeier, 2007; Lau et al., 2008).

In comparison with OSI problems, a greater nega-
tivity in the NSI developed between 500 and 900 ms after
onset of the problem stimuli. From the topographic map
of the difference wave, it was found that strong activity
mainly distributed at a frontal center. An examination
of the difference waves (NSI-OSI) in Figure 2 suggests
the possibility that the later effect (the 500-900 ms nega-
tivity) is a delayed version of the N400 effect as a result of
their similar topographical distribution (see Figure 2).
Similarly, in the previous literature (e.g., Mai et al.,
2004; Qiu et al., 2008; Qiu et al., 2006; Wang et al.,
2009), a more negative deflection was related to creativity
when using a proxy (Riddle Task) of a creative problem.
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