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Abstract. Current Intelligent Tutoring Systems (ITS) employ explicit and direct
learning strategies when interacting with learners. Although these ITS use cog-
nitive and logical models to analyze the conscious cognitive processes behind
reasoning, we believe that in specific situations during knowledge acquisition,
such as reasoning, unconscious cognitive processes are heavily solicited in the
brain. In this paper, we will propose a complimentary and novel learning strate-
gy to current ITS aimed at enhancing reasoning in a problem solving environ-
ment. This approach, called Cognitive Priming, is based on neural correlates of
non-conscious perception. We will present two studies that have positively con-
ditioned learners and enhanced different dimensions of their reasoning skills by
employing a technique based on the science of subliminal perception. We will
also present relevant cerebral data recorded throughout the studies and discuss
the importance of such findings for the community.
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Introduction

For more than twenty five years now, the aim of intelligent Tutoring Systems (ITS)
has been to properly adapt learning sessions and material to the learner. Moreover, the
availability, ease of use, and affordability of physiological devices have endowed
current tutors with the ability to assess student’s cognitive and affective states during
learning [1]. Amongst the many important cognitive processes that occur during
learning, properly assessing the reasoning ability of learners when acquiring
knowledge is of paramount importance. Current ITS use explicit and direct learning
strategies when interacting with learners and only assess conscious cognitive process-
es that occur during learning. However, it is now widely accepted that the uncon-
scious mind does play a role in cognitive activity and in learning. Indeed, we believe,
based on several experiments and well recorded phenomenon in recent neuroscience
literature, that learning is a complex interplay between conscious and unconscious
mechanisms in the brain and exploring and assessing these mechanisms is not only
possible, but of great interest [2]. In general, this research is interested in exploring
the domain of unconscious cognition and assess, using physiological sensors, the
relevant cognitive mechanisms involved during reasoning in a problem solving envi-



ronment. This paper, more specifically, will explore and assess the possibility of en-
hancing learner’s reasoning ability in a problem solving environment by employing a
technique based on neural correlates of non-conscious perception called “cognitive
priming”. The idea is to project answers to a problem slightly outside the learner’s
conscious awareness while active thinking is taking place thus increasing the reason-
ing process of learners. Contrary to popular belief, a large body of work in neurosci-
ence has put forward strong evidence that learning simple to complex information can
be done without perception or complete awareness at the task at hand [3, 4].

Cognitive priming

Before going further, we need to clearly establish the terminology that will be used in
this paper. Unconscious cognition refers to the wide range of possible effects that
unconscious mechanisms in the brain can have on cognitive processes such as learn-
ing and complex decision making. Non-conscious perception is the sub-branch of
unconscious cognition that deals with all sensory-related stimuli that are processed
unconsciously (e.g. images or sounds). Subliminal perception is a technique that
transmits information without overloading the active cognitive channel by projecting
a stimulus, called a prime, under the human conscious visual threshold. Masked prim-
ing is one of the most widely used technique for subliminal perception [5]. It consists
in projecting for a very short time (20 to 40 ms) a stimulus (such as a word or an im-
age) preceded and/or followed by the projection of a mask (random figures or dashes)
for a few hundred milliseconds. Cognitive priming is a special case of subliminal
perception where the stimulus used (answer to a question for example) is aimed to-
ward enhancing cognitive processes such as reasoning or decision making towards the
goal of better knowledge acquisition. The essence of our work is inspired by a frame-
work in the neuroscience of non-conscious perception and more specifically on to two
landmark papers in Science and Nature where robust subliminal priming methodolo-
gies showed that that genuinely invisible primes could influence processing at a se-
mantic level [6, 7]. In light of all these findings, we have carefully designed sublimi-
nal primes in the form of images containing cognitively helpful information to the
learner for a problem solving environment. We will now review some relevant work
in areas close to our research interests before presenting our experiments.

Related work

To the best of our knowledge, we found no similar work in the ITS/AIED community
that uses and assesses cognitive priming to attempt to enhance reasoning in a problem
solving environment. The most relevant work however regarding our research has
been done by Lowery and colleagues who demonstrated that subliminal primes can
increase performance on midterm exams compared to neutral primes and that sublim-
inal priming may have long-term effects on real-world behavior [8]. In HCI, one of
the early works regarding subliminal cues for task-supported operation was the text
editor program of Wallace [9] where Wallace and colleagues found that the frequency



at which subjects demanded help was much lower when the required information was
presented in subliminal matter. The Memory Glasses by DeVaul and colleagues [3]
used wearable glasses that projects subliminal cues as a strategy for just-in time
memory support. The objective was to investigate the effect of various subliminal
cues (correct and misleading) on retention in a word-face learning paradigm and
compare recall performance. Another use of priming for memory support can be
found in the thesis of Shutte [10] where the author assessed the effects of brief sub-
liminal primes on memory retention during an interference task. Although the results
of these priming seemed very encouraging, the author cautions HCI designers that
misusing subliminal priming that can lead to critical disruptions of ongoing tasks.
After briefly reviewing the relevant work, we will now present the studies conducted
where cognitive priming was used in two distinct experimental setups.

Empirical studies conducted

The learning task set in both of these experiments is to teach the construction of an
odd magic square of any order with the use of 3 cumulative visual tricks (T1 to T3)
requiring neither a calculator nor complex mental arithmetic operations. For a magic
square of 5x5, the three tricks show how to properly fill the boxes in the square with
numbers from 1 to 25. Tricks are cumulative and a learner must use T1 to complete
T2 and T2 to complete T3. Thus, T3 is more difficult to understand than T1 because it
requires learners to have understood T1 and T2 respectively. (see [11] for details).

Cognitive priming (in the form of images) I Study 1: Heart rate (HR), galvanic skin response
between 2 consecutive slides of a trick (T). | (GSR), skin temperature (ST), respiration (RESP)
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two other images called masks. The speed of | m
the prime is usually around 30 ms.
Answer to T1 given” Answer to T2 given’ Answer to T3 given
Slide 1 Slide 2
(GSR), Electroencphalography (EEG)
s lplofim] | [n bl o e bl

T: Trick taught Q: Questions regarding a trick Y/N: Yes/No questions pertaining to all 3 tricks

Study 2: Heart rate (HR), galvanic skin response

Fig. 1. Overall design for study 1 and 2.

The main objective of the studies was to learn the tricks whilst making the fewest
possible mistakes. Learning performance metrics were our main criterions for evaluat-
ing learners’ reasoning performance. The subliminal stimulus, thresholds, prime and
masks were carefully chosen following the neural bases of subliminal priming [5] as
well as accepted brain methodologies [12].

Study 1: using positive hints as cognitive primes. In this study, learners are shown
multiple examples of each trick without explaining how the trick works. We present
for each trick various Power Point slides of before and after states of the magic square



for various numbers. Instead of giving away the answer, we ask the subjects to deduce
the rule by themselves. The control group will try to deduce each trick without sub-
liminal stimuli and conversely the condition group will be conditioned by a sublimi-
nal tutor that will prime learners. The primes are in the form of arrows pointing to the
proper location on the square where the next number should appear. We will then
compare performances, trick completion time and question completion time. Learning
takes place in a 3D game-like environment called MOCAS. The interactions between
the avatar’s learner and the pedagogical agents are done via mouse clicks. The learn-
ers are instructed to continue once they are convinced they have discovered the inner
working of each trick and cannot go back. They are asked a series of questions by
virtual avatars related to the last trick learned. After answering all questions related to
each learned trick, the answer to the current trick is revealed before learning the next
trick. Physiological signals of the learners were also monitored in real-time and saved
for off-line analysis. The signals were heart rate, galvanic skin response, respiration
and skin temperature. A total of 30 participants were recruited for the experiment;
they were assigned either to the experimental condition (N=15; PositivePrime) or to
the control condition (N=15; Control).

Results. Our hypothesis in this study was that cognitive primes were to have positive
effects on reasoning, and consequently on performance and mistakes made. The re-
sults obtained show that PositivePrime’s overall performance was statistically differ-
ent (p=.023, alpha=0.05) than the control group and 2.7 times more efficient on aver-
age (44% less mistakes overall with the presence of the subliminal module). Further-
more, subliminal priming at specific intervals seem to significantly reduce the time
spend on each question. Indeed, time spent on each question by primed learners is
reduced by an overall factor of 1.3 (Single factor ANOVA p = .023, alpha = 0.05). It
is important to note that NO subliminal priming is done during the questions. All the
priming is done during the tricks taught. The answer to the questions is not projected
subliminally when the question is asked. We believe these encouraging results can be
explained by the fact that the subliminal primes are goal-relevant to the cognitive task
at hand and might have acted as a “catalyst” for quickly converging to a solution as
observed by previous studies [13]. However, we wanted to verify the validity of this
priming strategy by conducting a second study where we introduced primes (called
miscues) that were designed to throw off learners in order to compare results with
positive primes used here.

Study 2: using positive and misleading hints as cognitive primes. In this study, we
are teaching the same lesson (learning how to construct a magic square in 3 simple
tricks) but within a 2D system that looks very similar to an online exam session. Alt-
hough learners still had to infer their own solutions and correctly figure out the algo-
rithm used in each trick, the solution to each trick was never presented (see fig. 1).
Thus, each learner had to induce the rules and construct a mental model of the overall
solution. Furthermore, learners reported how they figured each trick by choosing be-
tween the following: I deduced the trick by intuition, logic, a little of both (variable
Trick answer type). A fixed time limit of 45 seconds for the questions was imposed.
Failing to give an answer within the allowed time was considered a mistake. Learners



also reported how they answered each question by choosing between the following: I
answered the question by guessing the answer, by intuition or by logical deduction
(variable Question answer type). After giving their answer, a green check or a red
cross appears for 2 seconds indicating to the learner if they made a correct or wrong
choice respectively. The main intent for these changes is to associate relevant brains
states with how learners reasoned and resolved problems. Physiological signals of the
learners were also monitored in real-time and saved for off-line analysis. The signals
were EEG (brainwaves), heart rate and galvanic skin response. A total of 43 partici-
pants were recruited for the experiment; they were assigned either to the answer group
(N=14; Answer_cues), to the misleading group (N=14; Miscue) or to the control
group (N=15; Control). Each learner was compensated with 10$.

Results. Our hypothesis in this study was that cognitive positive primes only, and not
miscues, were to have positive effects on reasoning, and consequently on performance
and mistakes made. We examined results related to performance (number of mis-
takes) with regards to the way learning occurred (Trick answer type), the way learners
answered questions (Question answer type) and the group (Answer_cues, Miscue,
Control). Significant effects from a four way cross-tabulation analysis were only
found for the variables Trick answer type* group with regards to the number of mis-
takes with the following combinations: Logic*Answer_cues (p=.002, alpha = 0.05,
chi-square = 16.949), A little of both* Answer_cues (p=.048, alpha = 0.05, chi-square
=9.117). Results seem to indicate that only Answer_cues, and not miscues, do signif-
icantly influence logical reasoning and decision making when learning a trick logical-
ly. From the EEG data we were interested in investigating changes in two metrics that
have previously been reported as relevant indicators of insightful problem solving
(40Hz right asymmetry) [14] and complex arithmetic processing (Beta2 left asym-
metry) [15]. We observed that the asymmetry values for the 40Hz (p = .003, alpha =
0.05) and Beta2 (p = .04, alpha = 0.05) in the Answer_cues group are significantly
different than the Miscue group for the third and most difficult trick. The
Answer_cues group seems to shift their attention from a complex arithmetic process
(Beta2 left asymetry decrease) toward an “insightful” problem solving strategy (40Hz
right asymetry increase), thus involving the right side of the brain, known to be an
important actor in insightful problem solving. The combination of these two metrics
could indeed be an interesting indicator of a change in the reasoning stategy from
complex arithmetics to insightful reasoning during problem-solving.

Conclusion

We have presented in this paper a novel approach to enhance reasoning and learning
in a problem solving environment with cognitive priming. This technique aims at
enhancing unconscious processes involved in learning, namely reasoning, by project-
ing information under the visual threshold of learners without neither overloading the
current cognitive channel nor disturbing the learning session. Furthermore, cerebral
recording have shown that it might be possible to assess not only classical reasoning



but also intuitive reasoning. Expected benefits from this technique are two-fold. First,
the reasoning ability of learners is strengthened by the added information outside of
conscious awareness. Second, the supplementary cognitive data does not hamper or
interrupt active cognitive processes. Many interesting challenges remain however for
future work such as ethical aspects and usage of this technique in a more complex
scenario where deep learning might occur. We are currently working on all these
issues and hope to present relevant findings to the community in the near future.
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