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Evidence from a range of fields indicates that inventions are often inspired by drawing a
parallel to solutions found in nature. However, the cognitive mechanism of this process is not
well understood. The cognitive mechanism of heuristic prototype in scientific innovation was
tested with 3 experiments. First, 84 historical accounts of important scientific innovations
were collected and the prototype solution underlying them was extracted. Experiment 1 tested
the validity of these materials and showed that knowledge of the prototype facilitated insight
solutions. Experiment 2 and 3 suggested that activation of the prototype was indeed the
critical element in the process of insight. Also, the mechanism of this activation was linked to
the semantic similarity between the feature function of the prototype and the required function
of the problem. In addition, Experiment 3 showed that participants who were better at
excluding interference information more readily activated the relevant prototype. To sum
up, the experiments suggested that activating a memory of the heuristic prototype was
important in solving scientific innovation insight problems. Activating the feature function
of right heuristic prototype and linking it by way of semantic similarity to the required
function of the problem was the key mechanism people used to solve scientific insight
problem.
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Though a large body of studies concentrated on insightful
problem-solving up to now, insight is still a mysterious phe-
nomenon within problem solving literature (Dietrich & Kanso,
2010). The cognitive mechanism of insight has been investi-
gated using a variety of paradigms and materials. Early studies
relied on toy problems, such as the classic two-strings problem
(Maier, 1931), the candle problem (Duncker, 1945), or the
nine-dot problem (Scheerer, 1963). For neuroimaging studies,
tasks needed to have multiple insight events (Luo & Knoblich,
2007). This led to the development of new testing procedures
and materials, such as the compound remote associate pro-
blems (Bowden, Jung-Beeman, Fleck, & Kounios, 2005), the
use of Chinese logogriphs that had a shallow and a deep
meaning (Qiu et al., 2008, 2010; Zhang, Tian, Wu, Liao, &
Qiu, 2011), the use of riddles (Luo & Knoblich, 2007; Luo &
Niki, 2003), and implicit learning paradigms (Haider & Rose,
2007). One common drawback they all shared was a lack of
ecological validity. Neither the problem materials themselves
nor the testing procedure bear resemblance to real-life scien-
tific inventions. Therefore, new testing material should be
developed to mend this limitation.

Many process theories have been proposed to explain
insight (Hélie & Sun, 2010). For example, the
Representation Change Theory (RCT) holds that people
initially adopt an incorrect or incomplete representation of
the problem and when they change their search strategy and
focus on the correct solution space, insight may occur
(Knoblich, Ohlsson, & Raney, 2001; Knoblich, Ohlsson,
Haider, & Rhenius, 1999). The Criterion for Satisfactory
Progress Theory (CSPT) states that problem spaces are often
too large to be fully explored and appropriate heuristics that
can guide and restrict the search space are often lacking
(Chronicle, MacGregor, & Ormerod, 2004; MacGregor,
Ormerod, & Chronicle, 2001). Both the RCT and CSPT
can account for the cognitive mechanisms of insight pro-
blem solving to some degree. However, both theories do not
specify the critical factors needed to overcome the bottle-
neck phase of insight problems. For instance, the RCT does
not specify the types of representation change that must
occur to allow people to focus on the right problem space
(McCaffrey, 2012); the CSPT does not identify the mechan-
isms that would make people adopt more appropriate heur-
istics. In other works, both theories lack critical detail with
respect to the underlying cognitive processes.

Many historical anecdotes indicated that insight solutions
obtained when people activated a prototypical example in
nature and applied it to the problem at hand. There are a
large body of examples in bionic imitation. For example, an
eagle that glides through the air inspired the idea of using a
fixed wing for mechanical flight. The surface design of some
vehicles and buildings with nonstick surfaces was triggered by
the lotus effect (Barthlott & Neinhuis, 1997). The activated
prototype served as the key heuristic information to redirect the
search process for a solution and overcome the impasse that
accompanied problem solving. Based on these anecdotes, the

application of such prototype solution to a given problem was
hypothesized to be the critical processes catalyzing insightful
problem solving (Qiu et al., 2008, 2010).

In the scientific innovation process, how can some indivi-
duals associate the current prototype with the unsolved pro-
blem? What is the mechanism of this process? Some previous
studies used the method that relies on the historical anecdotes
to study innovation (Miller, 1996; Mumford, 2002). Mumford
(2002) used 10 cases from Benjamin Franklin to study the
social innovations. In this study, 84 historical accounts of
important scientific innovations were collected and their
underlying bionic principles were extracted. They were used
in the learning-test paradigms (Luo et al., 2013; Qiu et al.,
2008, 2010; Zhang et al., 2011) to explore how to gain heur-
istic from prototype in insight of scientific innovation. How
did the explicit hint help participants to find the right solution-
relevant information in memory? Experiment 1 was aimed at
testing the new scientific invention materials and showed that
they were effective in highlighting the importance of a heur-
istic prototype in the scientific innovation problem solving.
Experiment 2 tried to test the hypothesis that activation of a
heuristic prototype and the subsequent formation of a novel
association between the scientific problems and the heuristic
prototype was the critical process behind scientific innovation.
Experiment 2 also showed that the mechanism of the associa-
tion between the prototype and the scientific problems
depended on the semantic similarity between the feature func-
tion of the prototype and the required function of the problem,
and the explicit hints would improve the association between
the problem and the right prototype. Experiment 3 tested how
interference information influence the retrieval of the right
heuristic prototype.

EXPERIMENT 1

Method

Participants

One hundred and sixty two undergraduate students (82
women and 80 men; mean age = 22.6 years) of Southwest
University, China, participated in the experiment as paid
volunteers. Students from the arts and the science were equally
represented. All participants were native speakers of Chinese,
right-handed, as assessed by the Edinburgh Handedness
Inventory (Oldfield, 1971), had normal or corrected to normal
vision, and reported no current or past neurological or psy-
chiatric disorder. The University’s local ethics committee
approved the study, and all participants signed an informed
consent form before enrolling in the experiment.

Materials

Eighty-four scientific problems were collected from several
different media outlets, such as books, television, and the
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internet. All stimuli were real scientific problems that were
solved by scientists in the past by making reference to a
specific heuristic prototype. Second, all materials were
understood easily to ensure that participants without
domain-specific knowledge or skills could solve them.

One-sentence descriptions of each scientific invention, as
well as one-sentence accounts for the heuristic prototype
underlying it, were constructed. To help participants under-
stand the scientific problem, the description of the problem
contained some contextual information, in addition to the
problem itself. For instance, the context for one item was:
“When astronauts leave the spacecraft, they require space-
suits that have enough durability to withstand air pressure
but that can also bend so that the astronauts can move
around.” The following was a scientific problem based on
this context: “How can you make a spacesuit to possess
both properties, hardness and flexibility?” The description
of the scientific problem thus contained the aim that was to
be realized. This was called the required function.

This presentation was then paired with a one-sentence
account of the heuristic prototype that reportedly inspired
the solution in the past. This account contained the specific
feature of the prototype, as well as the feature function. The
following, then, is the paired prototype sentence: “In cooked
shrimp, part of the outer shell of the body is an annular
linked structure; the annular parts are hard, while the linking
parts are an extensible and retractable soft body, making the
body both hard and flexible.” In this prototype sentence, the
specific feature of the cooked shrimp is “an annular linked
structure” and the feature function would be “hard and
flexible.” Participants were not required to specify all the
individual steps that led them to the solution but only to
report the general method they used. For this example, the
correct solution would be: “Design the spacesuit with an
annular structure like the shell of a shrimp.” The additional
examples can be found in the appendix.

Design and Procedure

The main independent variable was the presence of a proto-
type. In the heuristic condition, participants were first asked
to learn the heuristic prototype and then asked to solve the
scientific problems related to that prototype. In the no-heur-
istic condition, participants were directly asked to solve the
scientific problem. All participants were randomly assigned
to two groups to solve all 84 problems. One group firstly
encountered the heuristic condition, and the other group
should firstly solve the problems without heuristic.

This learning-testing paradigmwas used in previous studies
to explore the mechanism of insight (Luo et al., 2013; Qiu
et al., 2008, 2010; Zhang et al., 2011). In this paradigm,
participants were stumped, and then the explicit hits were
given to prompt a restructuring (Luo & Knoblich, 2007;
Sawyer, 2011). As can be seen in Figure 1, each trial was
initiated by a 1 s fixation cross, which was followed by the

presentation of the scientific problems for up to 90 s.
Participants were asked to press the spacebar once they knew
the answer and record it on a piece of paper. If participants
failed to find an answer during that 90 s period, the next trial
started automatically. In the Prototype condition, participants
were first exposed to a heuristic prototype for 60 s followed by
a 90 s screen describing the scientific problem.

Naturally, it cannot guarantee that some test items were
completely unknown to some participants. To reduce the
influence of such prior knowledge, all participants were also
instructed to inform the experimenter if they had prior
knowledge of a specific item at the end of the experiment.
If participants reported that they had knowledge of some
problems and knew the solutions, then such trials were
subsequently excluded in the analysis.

RESULTS

Accuracy and solution time served as dependent variables.
The heuristic effect of the prototypes was calculated by
subtracting the accuracy of the no-heuristic condition from
the accuracy of heuristic condition. That score measured
the average amount of how much prototypes helped parti-
cipants solve the problems. The difficulty of the scientific
problems were calculated by subtracting the accuracy of
the no-heuristic condition from 1. The mean accuracy of
the no-heuristic condition for all 84 scientific problems was
0.26. The mean accuracy of the heuristic condition was
0.78. The mean solution time of the no-heuristic condition
was 74.04 s. The mean solution time of the heuristic
condition was 45.70 s. The mean heuristic effect of all
84 heuristic prototypes was 0.52. The mean difficulty of all
84 scientific innovation problems was 0.74.

A t-test comparing the accuracy of the no-heuristic con-
dition and the heuristic condition showed that solving the
problems in the prototype condition was significantly better,
t(83) = 23.058, p < 0.001. Solution time was also signifi-
cantly improved, t(83) = 15.906, p < 0.001. These results

FIGURE 1 Task sequence for Experiment 1.
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suggested that exposure to a heuristic prototype promoted
solving of scientific problems.

The Pearson correlation between the mean difficulty and
the mean heuristic effect of all prototypes showed a positive
correlation (r = 0.710, p < 0.001). The finding suggested
that the heuristic effect of a prototype was more pronounced
for difficult scientific problems as compared to easier ones.
That was to say, the more difficult a scientific problem, the
more benefits were provided by a heuristic prototype.

DISCUSSION

This study used scientific innovation materials with high
ecological validity to demonstrate that the solving rate
increased significantly with the help of a heuristic prototype.
Though the learning-testing paradigm was used in previous
studies to explore the mechanism of insight, neither the
problem materials themselves nor the testing procedure
bear resemblance to real-life scientific inventions. This
study first used real-life scientific innovation materials to
explore the cognitive mechanism of heuristic prototype in
scientific innovation. The scientific problems used in this
experiment had many characteristics of traditional insight
problems. They were true stories that had occupied many
great minds, so they were evidently difficult to solve. The
results also suggested that the first accuracy was low. But
the problems also did not require knowledge and could thus
be solved by typical undergraduate students. Finally, the
prototype clue constructed provided sufficiently detailed
heuristic information so that each problem became solvable
in a manner that could be readily measured. The learn-test
paradigm were also can be used to explore the mechanism
of insight (Luo et al., 2013; Qiu et al., 2008, 2010; Zhang
et al., 2011). Previous studies also developed experimental
paradigm in which used the explicit hints to catalyze insight.
During these insight processes, subjects who were stumped
in an impasse, and then provided with hints designed to
prompt a restructuring (Kaplan & Simon, 1990; Luo &
Knoblich, 2007; Qiu et al., 2010). In Experiment 1, exam-
ples of important innovations from the past showed that
material with such high ecological value could be success-
fully used in exploring the cognitive mechanism of insight
problem solving.

One limitation of Experiment 1 was that one problem and
one prototype were presented together. The heuristic infor-
mation provided by the prototype was thus highly salient.
This made the problem solving as analogy (Holyoak, 2012)
rather than creativity. In reality, people confronted with a
scientific problem had to find the right heuristic information
themselves from a large body of information encountered.
Once the right prototype was found, the following problem-
solving process is easy, like analogy. Previous studies indi-
cated that problem solving was a two-step process consist-
ing of, first, the activation of the correct prototype event

and, second, applying the prototype to the problem at hand
like analogy (Luo et al., 2013; Qiu et al., 2010). Each of
these studies concentrated on the first process. Why some
people can find the right heuristic prototype and associate it
with the current problem? Thus, in the Experiment 2, parti-
cipants were first presented with several different heuristic
prototypes and then asked to solve several different scien-
tific problems.

EXPERIMENT 2

Experiment 1 showed that heuristic information containing a
prototype solution can facilitate problem solving. But what,
exactly, is the cognitive mechanism of this process?
Experiment 2 tried to pursue this question using a design
intended to model real-life situations more closely.
Participants were presented with several different prototypi-
cal examples of scientific principles and methods. This task
was more difficult because participants had to restrict the
search process to the right prototype. A number of studies
have shown that finding an underlying semantic similarity
between concepts or events, even in the face of surface-level
dissimilarity, are an effective vehicle for innovation (Dahl &
Moreau, 2002; Green, Kraemer, Fugelsang, Gray, &
Dunbar, 2010; Holyoak, 1996). Thus, the activation of the
correct heuristic prototype was hypothesized to depend on
the knowledge of a semantic similarity between the specific
feature function (the function of a certain feature) of a
prototype and the required function (a certain function
required in solving the problem) of the scientific problem.
If the semantic similarity is high, so would be problem
solving rate.

This raised the question of how, exactly, participants
associated a scientific problem with the correct prototype.
In earlier work, the results showed that knowing the func-
tional feature of the prototype might be the key process. For
instance, Zhang, Liu, and Zhang (2014) used a functional
feature association task to show that a related functional
feature of a biological species might be the critical cue
that allowed the problem solver to find an original solution.
Some previous studies also suggested that without an expli-
cit hint, subjects rarely spontaneously retrieved previous
useful information for solving the current problems
(Bowden, 1985; Needham & Begg, 1991). In our studies,
the functional feature of the heuristic prototype consisted of
the specific feature and its function. To continue with the
previous example, “bumps help water slip away dirt.” The
functional feature here consisted of the feature (bumps) and
its function (slip away dirt). For participants to solve the
related scientific problem, they must understand that this
function is similar to the required function of the problem.
And they must also know that the feature of the prototype,
which might help them realize the required function, is the
missing piece of the problem. Once that association is made,
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they can solve the scientific problem successfully. It might
be assumed that to find the right feature, participants must
first find the feature function of the prototype that has a
semantic similarity to the required function of the problem.
To test this hypothesis, the feature function of certain bio-
logical prototypes were highlighted and assessed whether
this would facilitate the problem solving process.

METHOD

Participants

Forty-eight undergraduate students (24 women and 24 men;
mean age = 22.3 years) of Southwest University, China,
participated in the experiment as paid volunteers. All parti-
cipants were native speakers of Chinese; right-handed, as
assessed by the Edinburgh Handedness Inventory (, 1971);
had normal or corrected to normal vision; and reported no
current or past neurological or psychiatric disorder. The
University’s local ethics committee approved the study,
and all participants signed an informed consent form before
enrolling in the experiment.

Apparatus and Materials

For this experiment, 40 scientific problems were used from
the larger set of 84 problems. As Experiment 1, items that
participants had prior knowledge of were excluded from the
analysis. The 40 items that had a high difficulty level and
high heuristic effect were selected.

Design

This within-group experiment was divided into 8 blocks.
Each block consisted of five scientific problems. Three
variables were manipulated: (a) highlighted feature function
of the prototype (with vs. without), (b) the semantic simi-
larity (high vs. low) between feature function of the proto-
types and the required function of the problem, and (c) the
number of prototypes (5 vs. 10) that participants were
exposed to prior to the problem presentation. Our previous
studies indicated that problem solving was a two-step pro-
cess consisting of, first, the activation of the correct proto-
type event and, second, applying the prototype to the
problem at hand (Luo et al., 2013; Qiu et al., 2010). Our
dependent measures included the rate of correct prototype
activation, the accuracy rate of problem solving, and the
time to solve the problem.

To highlight the feature function of the prototype, the key
words of that feature function were written in bold script
and colored green. For instance, in the previous example,
this was done to the words both hard and flexible.

Semantic similarity was estimated by subjective ratings.
Six experts in psychology rated the semantic similarity

between the feature function of the prototypes and the
required function of the problems on a scale from 1 to 10.
They should neglect the same phrase between of them and
only concentrated on the semantic meaning. The inter-rater
reliability was high (Cronbach’s α = 0.876). By using the
mean of the six scores for semantic similarity, the problems
were divided into two conditions: a high semantic similarity
condition and a low one. The semantic similarity index
between these two conditions was significant, t(38) = 9.843,
p < 0.01.

Procedures

The general setup followed that of Experiment 1. The learn-
ing stage was initiated by a fixation cross displayed for 1 s
in the center of the screen. A heuristic prototype was then
presented for up to 60 s. This process was repeated until all
prototypes were learnt.

In the testing stage, a 1 s instruction screen was shown
followed by a screen that presented the scientific problem
for up to 90 s. Participants could press a key earlier to
indicate that they had known which prototype learnt can
solve the current problem. They were then required to write
down the prototype and the solution of this problem on a
separate answer sheet. The screen advanced automatically to
the next problem after 90 s if the participants failed to think
of an answer. This process was repeated until all problems
had been presented.

In each trial, the heuristic prototypes were presented in a
fixed order and the scientific invention problems were pre-
sented in a random order. Participants were allowed a small
break after every two trials (see Figure 2). To reduce the
influence of such prior knowledge, all participants were also
instructed to inform the experimenter if they had prior
knowledge of a specific item at the end of the experiment.
If participants reported that they had knowledge of some

FIGURE 2 Task sequence for Experiment 2.
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problems and knew the solutions, then such trials were
subsequently excluded in the analysis.

RESULTS

All the participants reported these testing materials were
new to them, so there was no trial deleted. Written answers
were rated on a scale from 0 to 2, with 0 given for an
incorrect answer, 1 if participants had activated the proper
prototype but failed to solve the problem (participants only
wrote down the right prototype associated with the problem,
but did not write the right solution of this problem), and 2 if
the problem had been solved correctly (participants not only
wrote the correct prototype that associated with the current
problem, but also write the right solution of this problem).
The rate of prototype activation was calculated by adding
the ratio between problems with a score of 1 and those of 2.
The accuracy rate of solutions was determined solely by the
number of problems with a score of 2. Both indexes were
shown in Table 1.

Taking the rate of prototype activation as independent
variable and the accuracy rate as dependent variable, the
regression analysis results showed that R2 = 0.89, p < 0.001,
which indicated the rate of prototype activation was a key
factor in problem solving. Table 1 also showed that there
was little difference between the rate of prototype activation
and the accuracy rate of the correct solution. This suggested
that once the proper prototype was activated, the problem
would be solved.

For prototype activation, a repeated measures ANOVA
showed that the main effect of the number of prototypes (5
vs. 10) was not significant, F(1, 47) = 1.87, p = 0.178,
partial η2 = 0.03. The prototype activation in the condition
where participants learnt five prototype was (0.77 ± 0.01)
and learnt 10 prototype condition was (0.75 ± 0.01). The

main effect of semantic similarity (high or low) between
feature function and required function, however, was sig-
nificant, F(1, 47) = 16.90, p < 0.001, partial η2 = 0.26. The
rate of prototype activation was significantly higher in con-
ditions of high semantic similarity (0.81 ± 0.01) compared
to the low similarity condition (0.72 ± 0.02). The main
effect of highlighted feature function was also significant,
F(1, 47) = 16.89, p < 0.001, partial η2 = 0.25. The rate of
prototypes activation was also significantly higher when the
key words of the feature function were highlighted
(0.80 ± 0.01) than the feature function were not highlighted
(0.73 ± 0.02). The interaction effect between highlight and
semantic similarity was significant, F(1, 47) = 13.59,
p < 0.05, partial η2 = 0.22. The simple effect indicated
that the effect of highlight existed only for the low semantic
similarity condition, F(1, 47) = 25.73, p < 0.001, partial
η2 = 0.35. The interaction effect between semantic similarity
and the number of prototypes was significant,
F(1.47) = 5.96, p < 0.05, partial η2 = 0.12, with the simple
effect indicating that the semantic similarity effect existed
only for the exposure to 10 but not to five prototypes, F(1,
47) = 18.96, p < 0.001, partial η2 = 0.29.

For the accuracy rate, a repeated measures ANOVA
showed that the main effect of the number prototypes was
not significant, F(1, 47) = 1.11, p = 0.298, partial η2 = 0.02.
The accuracy rate in the condition where participants learnt
five prototypes was (0.72 ± 0.02) and in the learnt-10-pro-
totype condition was (0.70 ± 0.02). The main effect of
semantic similarity (high or low) between prototypes and
problems, however, was significant, F(1, 47) = 12.86,
p < 0.001, partial η2 = 0.21. The accuracy rate was signifi-
cantly higher in the high semantic similarity conditions
(0.75 ± 0.01) compared to the low condition (0.67 ± 0.02).
The main effect of highlighted feature function of the pro-
totype (with or without) was also significant, F(1,
47) = 19.52, p < 0.001, partial η2 = 0.29, with the simple
effect indicating the accuracy rate was higher in the condi-
tion that was exposed to a highlighted feature function
(0.75 ± 0.01) compared to the condition which was not
highlighted the feature function (0.67 ± 0.02). The interac-
tion effect between highlight and semantic similarity was
significant, F(1, 47) = 12.56, p < 0.001, partial η2 = 0.21,
with the simple effect indicating that the effect of high-
lighted feature function existed only in the low-semantic
similarity group, F(1, 47) = 34.38, p < 0.001, partial
η2 = 0.42.

For solution time, a repeated measures ANOVA showed
that the main effect of the semantic similarity was signifi-
cant, F(1, 47) = 75.23, p < 0.001, partial η2 = 0.61. The
solution time was shorter in the conditions of high-semantic
similarity (28.311 ± 1.43) compared to low-semantic simi-
larity condition (34.628 ± 1.52). The main effect of high-
lighted feature function was significant, F(1, 47) = 18.71,
p < 0.001, partial η2 = 0.29, indicating that the solution time
was shorter in the condition with highlighted keywords

TABLE 1
Means and standard deviations of the rate of prototype activation and

the accuracy under different conditions

Conditions N prototype activation accuracy rate

a1b1c1 48 0.80 ± 0.17 0.75 ± 0.20
a1b1c2 48 0.83 ± 0.16 0.77 ± 0.16
a1b2c1 48 0.82 ± 0.16 0.78 ± 0.18
a1b2c2 48 0.75 ± 0.23 0.71 ± 0.24
a2b1c1 48 0.80 ± 0.18 0.74 ± 0.19
a2b1c2 48 0.78 ± 0.14 0.73 ± 0.20
a2b2c1 48 0.70 ± 0.21 0.63 ± 0.22
a2b2c2 48 0.64 ± 0.20 0.60 ± 0.22

Note: A is the first factor which is with or without a signal that high-
lighted the feature function of the prototype(with signal vs. without signal);
b is the second factor which is the semantic similarity (high vs. low)
between feature function of the prototypes and the required function of
the problem; c is the third factor which is the number of prototypes (5 vs.
10) that participants were exposed to prior to the problem presentation.
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(29.21 ± 1.57) compared to the condition which the key-
words were not highlighted (33.73 ± 1.47).

DISCUSSION

In this study, a learning-testing paradigm was adopted to
explore the cognitive mechanism of insight (Luo et al.,
2013; Qiu et al., 2008, 2010; Zhang et al., 2011).
Regression analysis with the rate of prototype activation as
independent variable and the accuracy rate as dependent
variable showed that the activation of prototypes was an
important factor in problem solving. This finding was con-
sistent with our previous studies and indicated that activa-
tion of the correct prototype was the key cognitive processes
in problem solving with the right heuristic information (Luo
et al., 2013; Qiu et al., 2010). The scientific problems were
easy to solve once the heuristic prototype activated. Once
the right prototype was activated, insightful problem solving
was a process similar to making an analogy.

The fact that the main effect of prototype number was not
significant suggested that the process of activating prototypes
was parallel. If prototype activation was a serial process, it
should be more difficult to activate a proper prototype from 10,
as opposed to five, samples. The mechanism of prototype
activating depends on the semantic similarity of the specific
feature function of the prototype to the required function of the
unsolved problem. This was consistent with the notion that,
irrespective of surface-level dissimilarity, identifying the
underlying semantic similarity between concepts or events
was a common occurrence in the history of innovation (Dahl
& Moreau, 2002; Green et al., 2010). When solvers searched
memory for solution relevant information, the search needed to
be based on some similarity between the problems and the
information in the memory. These similarities could include
the similar surface features, similar goals, or similar structural
relations between the problems and the information inmemory
(Bowden, 1997; Catrambone & Holyoak, 1989; Wharton
et al., 1994). Our study showed that the underlying semantic
similarity between the heuristic prototype and the current
problem was also a factor which influences the solver’s ability
to retrieve solution-relevant information from memory.

When participants learnt the heuristic prototypes, heuristic
information was present alongside irrelevant information.
Highlighting the relevant feature function served as a salient
signal that can direct attention to the important content or
aspects in a text. Some previous studies also suggested that
without an explicit hint, subjects rarely spontaneously retrieved
previous useful information for solving these problems
(Bowden, 1985; Needham & Begg, 1991). Manipulating the
salience of these cues might affect the solver’s ability to attain
insight. For example, one study found that highlighting rele-
vant information improved children’s performance on insight
problems (Davidson & Sternberg, 1984). In our study, the
signalling effect offered significant support of this view. This

finding allowed us to claim that the conscious representation of
the feature function might be the critical process to use the
prototype in solving the problem at hand. When participants
first learnt the prototype, they paid more attention to the high-
lighted feature function of the prototype. Then, when they
encountered the scientific problem, they probably understood
that the solution of the problem depended on realizing the
required function of the problem. When the association
between the required function of the problem and the feature
function of the prototype was made, the final step of the
problem solving process was simply like analogy.

EXPERIMENT 3

In the real world, the clues to solve problem are commonly
submerged in a large body of interference information. Some
interference was present in Experiment 2 in the form of addi-
tional prototypes, and the results suggested that inferences
from other prototypes couldn’t influence the activation of the
right prototype. Meantime, other interference information was
the redundant information which the prototype itself has.
Though these redundant information were the attribute of the
prototype, however, it was irrelevant to the solution of the
problem. People must exclude this redundant information first,
and then extracted certain feature function of the prototype
which was relevant to the problem solution. So, Experiment 3
modelled this by submerging the critical feature function in
much more redundant information. The aim of this experiment
was designed to examine how redundant information in mem-
ory affects activation of the right prototype related to the
solved problem. Our main hypothesis was straightforward,
that was, a larger amount of redundant information should
make it more difficult for participants to activate the correct
prototype. Previous studies found that a hint could help parti-
cipants’ search process, by reducing the interference effect
(Needham & Begg, 1991). Given that Experiment 2 identified
the feature function of the prototype as the critical piece of
information, using signals to highlight the feature function was
hypothesized to cancel out the interference effect.

Experiment 2 suggested that once participants activated
the right prototype, the scientific problem was solved read-
ily. Thus, the rate of prototype activation was used as the
dependent variable.

METHOD

Participants

Sixty-eight students (36 women and 32 men; mean age =
23.4 years) of Southwest University, China, participated in
the experiment as paid volunteers. All participants were
native speakers of Chinese, right-handed, as assessed by
the Edinburgh Handedness Inventory (Oldfield, 1971), had
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normal or corrected to normal vision, and reported no cur-
rent or past neurological or psychiatric disorder. The
University’s local ethics committee approved the study,
and all participants signed an informed consent form before
enrolling in the experiment.

Apparatus and Materials

For this experiment, the same setup was used as the previous
studies. To examine the effects of redundant information,
some heuristic prototypes from the larger set of 84 problems
were modified based on the same principle as in Experiment
2. Three sets were prepared, each consisting of seven heur-
istic prototypes. Set one (prototypes with no redundant infor-
mation—PNI) was left unmodified. For set two (prototypes
with little redundant information—PLI), three sentences were
added about the prototypes that, importantly, did not provide
any clue to the eventual solution. For set three (prototypes
with much redundant information—PMI), prototypes were
expanded using six interference sentences. Using the cooked
shrimp example from above, the footnote were versions for
sets two and three.1

The scientific invention problems were presented in the
same way as before. Again, participants were not asked to
specify all the individual steps leading to the solution but
only to report the general method they used. Prior knowl-
edge of the problem, which all participants were instructed
to report to the experimenter, was grounds for excluding the
item from the analysis.

Design

Using a mixed experimental design, two variables were
manipulated. First, stimuli were presented with or without
signal to highlight feature function of the prototype. For this
factor, keywords in the prototype were highlighted in the

same way of the experiment 2. The second factor was the
number of redundant information, which yielded three con-
ditions. The rate of the prototype activation served as the
dependent variable.

Participants were divided into three groups but all were
exposed to all twenty-one prototypes; that is, seven unmo-
dified (PNI), seven with three redundant sentences (PLI),
and seven with six redundant sentences (PMI). The twenty-
one prototypes were matched to twenty-one problems. We
employed a Latin-square design in this experiment to bal-
ance the sequence of the three types of material.

Procedure

The procedure was the same with the Experiment 2, except
the participants should learn seven heuristic prototypes and
then solve seven scientific problems (see Figure 3). To
reduce the influence of such prior knowledge, all partici-
pants were also instructed to inform the experimenter if they
had prior knowledge of a specific item at the end of the
experiment. If participants reported that they had knowledge
of some problems and knew the solutions, then such trials
were subsequently deleted in the analysis.

RESULTS

Two participants reported that they were familiar with three
of the prototypes, so these trials were deleted in the data
analysis. The rate of prototype activation was the trials
which students pressed the keys in the test period indicating
that they knew the answer, and they also wrote down the
right heuristic prototype. A repeated measures ANOVA was
performed on the rate of activated prototypes, with the type
of signal (with vs. without) and the amount of redundant
information (PNI, PLI, and PMI) as factors. The main effect

FIGURE 3 Task sequence for Experiment 3.

1 For set two (PLI): A shrimp is a kind of water animal which belongs
to the arthropods and the crustaceans. Shrimps have long and flat bodies
and they can be divided into two parts, the chest and the abdomen. Shrimps
have a high therapeutic value and can be used in Chinese herbal medicine.
In cooked shrimp, part of the outer shall of the body is an annular linked
structure; the annular parts are hard, while the linking parts are an exten-
sible and retractable soft body, making the body both hard and flexible.
For set three (PMI): A shrimp is a kind of water animal which belongs to
the arthropods and the crustaceans. Shrimps have long and flat bodies and
they can be divided into two parts, the chest and the abdomen. Shrimps
have a high therapeutic value and can be used in Chinese herbal medicine.
Shrimps have the swimming foot that can push the water at the back when
they are swimming. They have also five pairs of swimming limbs and a
stubby tail limb in the abdomen which makes contact with a tail fan and can
control the swimming direction. The nutritional value of shrimp is very
high; it can enhance the immune system and sexual function as well as
prevent premature aging. In cooked shrimp, part of the outer shall of the
body is an annular linked structure; the annular parts are hard, while the
linking parts are an extensible and retractable soft body, making the body
both hard and flexible.
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of signal, F(58, 1) = 31.94, p < 0.001, partial η2 = 0.36,
showed that those heuristic prototypes containing signals
were solved at a significantly higher rate (0.89 ± 0.13)
than the condition without signals (0.81 ± 0.12).
Furthermore, there was also a significant main effect for
amount of redundant information, F(57, 2) = 43.195,
p < 0.001, partial η2 = 0.87. Pair-wise t-test showed that a
significant effect existed between the PNI and PMI condi-
tions (p < 0.05; see Table 2).

DISCUSSION

The significant main effect of signal was consistent with
Experiment 2 and underscored the importance of the specific
feature function of the prototype. If the specific feature func-
tion of the prototype was highlighted, the rate of prototype
activation was also high, even when the heuristic prototype
contained much redundant information. Previous studies also
suggested that if there was a hint which could guide solver’s
search process, participants would quickly find the right
solution-relevant information in memory (Needham &
Begg, 1991). The present results supported this finding.

The significant main effect of interference supported the
hypothesis that redundant information had a detrimental
effect on prototype activation. In everyday life, such proto-
types are submerged in large amounts of information. Those
people who can filter out such redundant information are in
a better position to solve such scientific problems.

GENERAL DISCUSSION

This research is original in that it first used the scientific
innovation materials with high ecological validity to demon-
strate that the solving rate increased significantly with the
help of a heuristic prototype. Series of studies tried to
elucidate the role of the prototype in insight of the scientific
innovation and found that activation of the correct prototype
was the key cognitive process in problem solving with the
right heuristic information. The semantic similarity between
the feature function of the prototype and the required func-
tion of the problem was the mechanism of the association
between the prototype and the right problem. Once this
association was made, they can easily used analogy to
solve the problem.

The innovation materials used here had high ecological
validity compared to other testing items used to investigate
insight, such as the classical insight problems (Duncker &
Lees, 1945), the compound remote associate problems
(Bowden et al., 2005) or the Chinese logogriphs (Qiu
et al., 2010). The new, real-life testing materials developed
for this series of experiments to study this kind of cognitive
insight mechanism is useful because the corresponding pro-
totype can be provided as a heuristic clue in varying degrees
of saliency and the problem presentation can be manipulated
in terms of interference or availability in consciousness. In
addition, the materials collected lent themselves to the
demands of neuroimaging analysis (Hao et al., 2013; Luo
et al., 2013; Tong et al., 2013).

The mechanism behind the problem solving with the help
of heuristic prototype process was also studied. When parti-
cipants first encountered a problem, they understood that the
solution of the problem was a feature that could realize the
required function of the problem. So participants searched
their memories based on this initial problem representation.
But how do participants find the right prototype information
in memory? Experiment 2 suggested that the semantic simi-
larity between the feature function of the prototype and the
required function of the problem can help solvers find the
right prototype. Once the right prototype in memory was
found, they easily used an analogy to solve the problem.
Previous studies suggested that several factors including the
similar surface features, similar goals, or similar structural
relations between the information in memory and the pro-
blem might influence the ability of solvers to retrieve solu-
tion-relevant information (Bowden, 1997; Catrambone &
Holyoak, 1989; Wharton et al., 1994). Of these characteris-
tics, similarity of surface features seems to exert the greatest
influence on what information is initially retrieved (Spencer
& Weisberg, 1986). In this study, there was no similarity in
surface features, so the participants had difficulty in finding
the right solution-relevant information in memory. However,
the feature function of the prototype were highlighted and
showed that this hint can be used by participants to associate
the feature function of the prototype with the required func-
tion of the problem. When that association was made, the
participants could easily solve the current problems by using
the critical feature of the prototype.

These findings contribute to the understanding of the cog-
nitive process involved in scientific innovation insight problem
solving. In particular, they provide support for a key cognitive
mechanism that heuristic prototype help insight problems sol-
ving. Recently, McCaffrey (2012) has developed the obscure
feature hypothesis of innovation, a model that claims that
functional fixedness occurs because people overlook one of
four types of features: parts, materials, shape, and size. By
systematically manipulating this feature taxonomy, it is possi-
ble to develop a more methodical, and thus more effective,
problem-solving approach. Although this chunk decomposi-
tion technique had been proposed earlier (Knoblich et al.,

TABLE 2
Means and standard deviations (Mean ± SD) of the rate of prototype

activation under different conditions

PNI PLI PMI

Without signal 0.88 ± 0.04 0.67 ± 0.07 0.57 ± 0.06
With signal 0.97 ± 0.05 0.83 ± 0.04 0.66 ± 0.05
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1999), the important element in the obscure feature model is
that the problem solver should articulate functional-free
descriptions of these four features (McCaffrey, 2012). The
idea is that such functional-free accounts of all generic parts
give more readily way to new uses. This technique presents a
systematic way to analyze and solve problems on the basis of
design elements. Although Thomas Edison is famous for hav-
ing used such an algorithmic approach to inventing with his
empirical dragnet method, this is not how people solved
insight problems in the past. It is also not the way most
problems get solved today. What is still missing here is the
cognitive process that triggers insight naturally. The results
showed that the critical process is the activation of a natural
prototype of the solution. Once this activation takes place, the
problem solving process can proceed by way of an analogy
between the critical feature of the prototype and the required
function of the problem.

Of course, reference to a prototypical solution found in
nature was the only way to attain insight. However, historical
anecdotes suggested that it was likely a leading cause of
scientific innovations. In consequence, it was important to
study the cognitive mechanism of this type of process. In
contrast to the obscure feature model that recommended strip-
ping the problem’s components of their function, the present
results showed that one cognitive process leading to the break-
ing of functional fixedness might be the activation of an
analogous function found in a prototype inspired by evolution.
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APPENDIX

Part of Materials:(the required function of the problem
and the feature function of the prototype were in bold)

1. Situation: When making body armor, the first material
thought of was steel thread since steel thread is strong and
tough. However, steel body armor is too heavy, and unsuited
for combat. People need a type of body armor that is both
light and highly strong.

Problem: How would you make body armor that is both
light and highly strong?

Prototype: Spider silk is a type of bio-fiber, and is
extremely light, yet has a high degree of strength, equiva-
lent to 5 times the same volume of steel thread.

2. Situation: When astronauts leave the spacecraft they
need to put on spacesuits that have to have enough durability
to withstand air pressure, but which are also able to bend so
that the astronauts can move while outside the spacecraft.

Problem: How can you make the spacesuit have both
hardness and flexibility when needed?

Prototype: With cooked shrimp, part of the outer shall on
the body is an annular linked structure, and the annular parts
are hard, while the linking parts are an extensible and retract-
able soft body, and therefore are both hard and flexible.

3. Situation: It is not easy to wash dust and dirt off of a
car with water, but adding chemical detergents is prone to
corroding the car surface.

Problem: How can you design a car surface where it is
easy to wash off grime with water?

Prototype: The surface of lotus leaves has many minute
protuberances, so water droplets cannot disperse on the leaf
surface. They can only ball up and roll off, and these water
balls carry off grime.

4. Situation: In the ice fields of the Antarctic, the ground
is so slippery that anti-slip chains and tracks of tracked
vehicles are ineffective. Without good stability, they are
prone to flipping over. Considered as a transport implement,
it is quite difficult to safely reach relatively high speeds.

Problem: How would you design a safer and faster
mechanized ice field transport implement?

Prototype: Penguins at the South Pole look quite
ungainly while walking upright, but when they lie on the
ground, increasing their contact surface area, and use their
flippers to push themselves forward, they can stably reach
speeds of 30 km per hour.

5. Situation: After a criminal has fled into a large forest,
the military police go up in a helicopter to search from the
sky, whereupon they have to see through the lush forest to
find the criminal.

Problem: What sort of device would you design to be
able to find a criminal in the forest?

Prototype: The body temperature of warm-blooded ani-
mals is higher than that of the surrounding environment, and
the “heat eyes” of poisonous snakes are able to sense the
thermal radiation emitted from the bodies of animals in the
surrounding environment, making it easy to perceive ani-
mals nearby when they cannot be seen with the naked eye.

6. Situation: Space satellites taking reconnaissance
photos need to be able to take pictures with relatively
high clarity under very weak light conditions. Due to the
interference of diffraction phenomena, normal single-lens
cameras have a hard time meeting this requirement.

Problem: How would you change the camera lens to
make it able to take clear recon photos?

Prototype: The horseshoe crab can see things around
itself clearly, even in the very dim light at the bottom of
the sea, because each of its eyes is a group made up of 1000
small eyes. When one of the small eyes is stimulated by
light, it can suppress the surrounding small eyes, thereby
greatly enhancing the clarity of target observation.

7. Situation: Storms at sea commonly pose the greatest
hazard to ocean fishermen, and the ability to quickly sense
the approach of far-away storms is a difficult issue to solve.

Problem: How would you design a device to help fish-
ermen sense far-off storms?

Prototype: Jellyfish can predict the approach of dan-
gerous conditions because their ears can hear the infrasonic
waves produced by the friction of objects that the human ear
cannot, allowing them to take action in time to avoid danger.

8. Situation: When first designing an airplane the wings can
flutter and wave when flying at high speed, and the faster it flies
the greater the flutter, which can lead to the wings breaking off.

Problem: How can you overcome flutter to make air-
planes fly fast?

Prototype: A dragonfly can fly fast, and the thick regions
at the ends of the wings called the pterostigmae can elim-
inate flutter.
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