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Abstract

The concept of number emerges from the interaction of psychological, behavioral,
and material elements of numerical cognition, collapsing the distinction between
"abstract” and "concrete.” This dual nature is evident in the Inca numerical system,
where tools like the yupana integrate abstract numerical concepts with concrete
materials. The Yupana Inka Tawa Pukllay (YITP), a Peruvian arithmetic method,
enhances mathematical and visual-spatial skills through tile-based board games.
While effective with children, its impact on university students is unexplored. This
research used eye tracking to study gaze and attention during YITP operations,
comparing novices and experts. Eight university students and two experts
participated, with eye-tracking data and scatter plot (dispersion plot) analyses
collected using Tobii Pro Glasses. The study introduced the Variation Ratio Tokens
(VRT) metric to assess visual attention efficiency, showing significant improvements
in VRT dispersion and attention during the arithmetic learning process. These
findings suggest YITP's potential in higher education for improving cognitive
processes and arithmetic performance, laying a foundation for future research and
innovative educational practices. This work establishes a foundation for cross-cultural

cognitive studies and innovative STEM education approaches leveraging ancestral knowledge
systems.
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1. Introduction

Spatial thinking can be defined as a set of cognitive skills that enable us to organise, reason and
mentally manipulate both real and imagined spaces. These skills encompass the capacity to reason about
shape, size, orientation, direction, and trajectory of objects, the relationships among them, the mental
visualisation of objects and their relationships, and reasoning about the spatial and temporal
relationships of objects (Gagnier et al., 2022; Thayaseelan et al., 2024).

The meta-analysis conducted by Uttal et al. (2013) draws the conclusion that spatial skills are
highly malleable, that spatial training is durable and transferable, and that it confers benefits to young
children. The yupana represents a valuable educational resource, facilitating the integration of spatial
reasoning with mathematical learning. Its ability to facilitate the manipulation of abstract concepts
through concrete materials renders it an efficacious instrument in the field of mathematics education,
promoting a more interactive and visual approach to learning. The link between spatial thinking and
mathematical learning can be more firmly established by drawing on the findings of cognitive
psychology (Mix & Cheng, 2012). Spatial reasoning can be defined as a way of action within the spatial
world, encompassing the localization of objects, the relationships between them, and the perspective of
their position from different viewpoints (Uttal et al., 2013).

The Inca abacus, also known as the yupana, is a traditional device that facilitates arithmetic
operations through a visual and spatial format. The ability for subitization and spatial thinking appear
to be essential cognitive abilities for the effective utilisation of the abacus (Cui et al., 2024; Wang, 2020),
such as the yupana (Guzman-Jimenez et al., 2023). These abilities, in conjunction with a profound
comprehension of the decimal numerical system, enabled the Incas to undertake intricate calculations
with a seemingly straightforward instrument. It is erroneous to assume that numbers are purely mental
constructs; they are inextricably linked to material and cultural factors. It is imperative to study these
aspects to gain a comprehensive understanding of the nature and evolution of numerical concepts.
Subitization constitutes the foundation for the development of numerical sense, while the abacus serves
as a visual tool that facilitates comprehension of mathematical concepts. Mental calculation represents
the practical application of memory, subitization and spatial visualization skills.

The Yupana Inka Tawa Pukllay (YITP) method developed by author Dhavit Prem and Yupanki
Association (Prem D., 2016) is an innovative didactic arithmetic resource based on semiotic alternation
(the use of alternative signs to communicate the same concept) that proposes the resolution of arithmetic
operations through the recognition of visopraxic patterns (Escotto-Cordova & Sanchez Ruiz, 2018). In
its serious game version, the YITP method was incorporated into a tablet and delivered to twelve
bilingual primary school children (Spanish-Quechua) in a rural Peruvian community. The children
learned autonomously, without teachers, during the period of the global pandemic caused by the SARS-
CoV-2 virus (Guzman-Jimenez et al., 2023). These findings indicate the potential of the YITP method
as an educational instrument in the teaching and learning of arithmetic in a context of pandemic-related
restrictions. Given its visopraxic nature, the objective is to investigate the teaching-learning process of
this method, utilising more precise visual process measurement tools, such as eye tracking, within a
university learning context.

The term 'visual attention' is used to describe the capacity of the human visual system to
selectively process only those areas of visual scenes that are deemed relevant (Borji et al., 2019). The
capture of visual attention data is presented in the form of a heatmap, also referred to as an attention
map. This represents an aggregation of gaze data over time, typically comprising the number of fixations
or the duration of fixations made by a user. The resulting map is usually colour-coded, with green
indicating areas of least interest and red indicating areas of greatest interest or hotspots. The colour-
coded information is then superimposed on the original stimulus, and the data can be accumulated from
all participants. To prevent the display from appearing sparse and to ensure a smooth map, a Gaussian
filter is applied to the fixation areas (Duchowski et al., 2002).
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The conventional YITP methodology was primarily concerned with attaining assessment
outcomes, thereby neglecting to incorporate insights into the cognitive processes underlying student
solution-building. Eye tracking enables the capture of this dynamic process in real time, as well as the
observation of non-visible aspects such as approaches and strategies, which may not be reflected in the
final response (van der Weijden et al., 2018). Furthermore, it provides insights into the internal processes
occurring during the cognitive process, such as the reliance on visualisation and mental representations
in mathematical abstract concepts. (Hartmann et al., 2016). Given that not all cognitive processes are
objectively accessible, eye movements offer insights into cognitive activities that may be challenging
or impossible to directly observe and communicate. (Ott et al., 2018).

This research aims to provide information on the gaze dispersion and attention zones involved
in solving arithmetic operations obtained with eye tracking technology, with a view to gaining a deeper
understanding of the learning and problem-solving processes employed by students (novices) in
comparison to experts (authors of the YITP method). Understanding the dynamics of YITP provides
educators with a novel pedagogical instrument that facilitates students' problem-solving abilities by
encouraging the development of their own strategies and algorithms. Furthermore, the method enables
educators to identify the difficulties students encounter when attempting to solve mathematical
problems, thereby facilitating the development of targeted interventions designed to enhance their
mathematical abilities. The present research has the potential to make a significant contribution to the
field of mathematics education by investigating the cognitive processes involved in solving
mathematical problems using the YITP method. The findings of this study may provide insight into
these processes, thereby facilitating the development of novel pedagogical approaches that can empower
students to excel in mathematics. The present study investigates the utilisation of the YITP method in
arithmetic operations, employing the analysis of eye movement patterns through heat maps.

The research question was as follows: Does the application of the YITP method result in
statistically significant differences in individual heatmaps when comparing the initial and final
evaluations of the novice group? This question seeks to identify alterations in visual attention patterns
resulting from the acquisition of the YITP method.

It is of great importance to gain insight into the way undergraduate students learn to solve
problems with the YITP method, particularly considering the prevailing educational context. To address
this need, it is essential to explore innovative research methods, such as eye tracking through heat maps.
The maps provide a comprehensive representation of the locations and modes of attention employed by
students during the learning process, offering insights into their cognitive strategies and areas of
difficulty. By employing this technology in the investigation of the Inca abacus, patterns of attention
can be identified and a deeper understanding of student interactions with this traditional mathematical
instrument can be attained. The integration of eye tracking analysis with the study of the YITP method
has the potential to enhance teaching effectiveness and optimise learning outcomes in university
environments.

2. Theoretical insight into YITP
2.1 Representation of YITP numbers

The sequence of dots on the first row at the base of the Yupana board represents units, while the
immediate superior row represents tens, then hundreds, thousands, and finally ten thousand (figure 2a).
A token positioned on any given square will assume the value of the point(s) indicated on that square.
On each row, the representation of the digit from 0 to 9 is achieved by placing the minimum quantity of
tokens needed for that row. In case of digit 0, a row without tokens is used. The numerical values are
inscribed from top to bottom, representing all digits in a continuous sequence (figure 2b). It should be
noted that additional rows can be included on the top of a yupana according to the requirements of the
quantity of digits, but for the purposes of this experimentation, the five-row yupana has been employed.
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The columns are represented by the set C = {5, 3, 2, 1}, as indicated by the numbers at the
bottom of the board. Similarly, the rows are represented by the set R = {1, 2, 3, 4, 5}, while the tokens
are represented by the set T[r,c] = {0, 1}. Each of the squares [r,c] are assigned one or no token,
according to the aforementioned sets, where 1 represents one token and O represents no token. The
representation of a number is in accordance with the formula (1).

5 5
Y Y (T xCx10%-D) (1)
R=1C=1]

When the addends are placed on the yupana for an arithmetic addition (figure 2¢), the value of
all tokens represents the final numerical value. However, the resulting value cannot be read directly
from the tokens on the board until YITP simplifications have been performed. It is therefore essential
to identify the patterns and execute the predefined moves, which do not alter the initial value represented
but rather simplify it, taking it to its most readable and optimal representation (appendix 1).
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a) Columns & rows values  b) Representation of number 78309 ¢) Setup of sum 3826 + 2974
Figure 2: YITP numerical values representations

The concept of an algorithm may be defined as a finite sequence of well-defined instructions
that, when followed, produce a defined outcome (Kowalski, 1979). Consequently, each strategy
developed by each participant may be seen as a set of well-defined instructions that they must follow to
finally read the defined outcome (appendix 1).

2.2.  Yupana Inka Tawa Pukllay YITP Method

As demonstrated by Dhavit Prem et al., (2022), YITP enables the performance of arithmetic
operations through the recognition of patterns formed by tokens on squares and their predefined moves.
YITP comprises three types of moves: a) basic moves, which reduce the number of pieces on a square
(see Appendix 1), b) expansion moves, which enlarge the pieces on the board when necessary, and c)
advanced or compound moves, which are the simplification of two or more basic or expansion moves
into a single move. This method eliminates the need for conventional mental arithmetic, while
encouraging the development of different strategies comparable to those used in chess (Prem., 2016).
This approach diverges from traditional Indo-Arabic mathematics, which was developed by
Brahmagupta (590 AD) (Bhattacharyya, 2011; Ram & Ramakalyani, 2022). The execution of YITP
arithmetic operations is not constrained by a fixed sequence. The method allows for the implementation
of multiple strategies of simplifying operations, either sequentially or in parallel, making it a parallel
computational method. To illustrate, in the case of yupana, the sum of numbers must first be represented
on the abacus (figure 2c), and then the operations (movements) proposed by the method can be
performed as shown in appendix 1.

The Kamachiq challenge, which comprises several tokens distributed randomly on the Yupana
board, is often beneficial for novice players. This is because it provides them with a greater opportunity
to identify a greater number of YITP patterns and perform compound plays, while simultaneously
enhancing their own solution strategies until an optimal representation of a number is achieved
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(solution) (Prem, 2018). In the case of an arithmetic sum (see figure 2), the total value of all the tokens
represents the final numerical value (figure 2c). Nevertheless, the value in question cannot be read
directly from the tokens on the board until the requisite YITP simplifications have been performed. It is
therefore crucial to identify the patterns and execute the predefined moves, which do not alter the initial
value represented but simplify it, thereby bringing it to its readable and optimal representation.

The academic interest in eye tracking technology in higher education lies in its ability to analyze
students' visual and cognitive behavior, providing valuable data to improve teaching and learning. This
tool allows for the optimization of educational material design by identifying areas of confusion or
disinterest, and assessing skills such as Critical Online Reasoning, differentiating between systematic
and heuristic approaches (Kunz et al., 2024). Additionally, it monitors cognitive load in real time,
helping to adapt teaching strategies to improve retention (Sola et al., 2024). In environments such as
Project-Based Learning (PJBL), it reveals how students focus on critical areas, guiding the development
of more effective resources (Marlina & Yunas, 2024). It also enhances the usability of educational
platforms, such as Learning Management Systems, by creating more intuitive interfaces (Gu & Paracha,
2023). Together, eye tracking transforms education by offering data-driven insights to personalize and
improve the learning experience.

The yupana, used by the Incas for arithmetic calculations, is a visual and material semiotic
system where pieces on a board represent numerical values. Their arrangement is linked to arithmetic
operations, allowing for numerical transformations through spatial relationships. Unlike abstract
notation systems, the yupana externalizes cognitive processes, facilitating calculation in a concrete and
manipulative way. Additionally, it enables the visualization of multiple solutions, and individuals can
create their own solution sequences based on established movement patterns. Furthermore, the
integrative approach of YITP incorporates historical, cultural, and linguistic aspects of Quechua,
fostering interdisciplinary studies and promoting innovative solutions in more advanced educational
contexts. The properties of YITP were validated through a study conducted with rural children during
the COVID-19 pandemic, who learned the method through self-directed learning. The results revealed
that (a) the children learned in a very short time, (b) they improved digit reading accuracy on the first
attempt, (c) they increased their digit reading speed, and (d) they achieved a high percentage of correct
readings of numbers containing at least one zero. These improvements in arithmetic accuracy, speed,
and autonomy were facilitated by pattern recognition and a playful approach (Guzman-Jimenez et al.,
2023). Additionally, follow-up qualitative assessments, based on participant surveys, showed a
significant improvement in their perception of mathematics after learning and applying the YITP
method. Importantly, eye-tracking provided insights into the cognitive processing involved. This study
opens a new line of exploratory research on the YITP method in higher education.

3. Method

This study employs a mixed-methods approach (Hayes, 1978; Cooper, 1993; Arsalidou &
Pascual-Leone, 2016) to investigate visual and cognitive processes during learning with the YITP
method within an educational program. This methodology enables a comprehensive analysis of how
participants and experts process visual information and actively construct knowledge using the YITP
method, facilitating an integrated understanding of learning dynamics.

Eye-tracking is the primary quantitative tool employed in this study, with metrics such as
fixation duration, saccade frequency, and gaze patterns being captured before and after YITP
implementation. These data facilitate the evaluation of changes in visual attention and processing
efficiency, thereby offering insights into learning outcomes and the development of expertise.
Qualitative methods—namely, participant observations and semi-structured interviews—are employed
to delve deeper into the knowledge construction process and the contextual factors influencing visual
behavior.
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The present study addresses four key research gaps identified in prior literature (Gegenfurtner,
2011; Dogusoy-Taylan & Cagiltay, 2014; Ooms, 2014): 1) the application of visual expertise findings
to educational settings, 2) the examination of contextual moderators of visual behavior, 3) the
optimization of visual tool design for varying expertise levels, and 4) the exploration of individual and
cultural influences on the development of visual expertise.

Integrating eye-tracking data with qualitative insights allows for a robust evaluation of the YITP
method's effectiveness in fostering visual and cognitive proficiency. This approach establishes a
comprehensive foundation for analyzing expertise development across diverse learning environments,
representing a significant contribution to the field.

3.1. Participants

The study included eight university students (four male and four female, aged 18-19) in their
first semester at a private university, enrolled in humanities programs (Table 1). All were taking an
introductory research course, which motivated their voluntary participation. The participants met the
following criteria: 1) Normal or corrected-to-normal vision (including color perception). 2) No prior
experience with the Inca Yupana or eye-tracking technologies. 3) No significant visual impairments or
neurological conditions.

The participants, predominantly from middle-class backgrounds, received no monetary
compensation but gained academic benefits by contributing to the research. Although their knowledge
of the yupana’s potential benefits was limited, their curiosity about this cultural artifact led them to
participate, seeking to enhance their self-efficacy in mathematics.

Table 1: Subjects distribution by sex and major

Sex Psychology Law
3 P2, P4, P6, P8

Q P1, P3 P5, P7

Note: All participants were 18 years old except P7, who was 19. P — Study subject.

All students attended an introductory session in the neuroscience laboratory, where they
provided informed consent. The program consisted of three phases: Week 1: An expert delivered a
lesson on the YITP, covering number representation, basic movements, addition, and an introduction to
subtraction. A second expert provided individualized reinforcement. Each participant solved a four-digit
addition problem, which was video-recorded. Notably, numerical representation in the Indo-Arabic
system on the yupana board required the use of 27 tokens distributed across the board (in both Test 1
and Test 2). Week 2: Reinforcement of previous content and introduction to subtraction. A WhatsApp
group was created to facilitate learning between sessions. Week 3: Participants performed arithmetic
addition operations and the "Kamachiq Challenge,” which involved randomly generating an operation
with 50 tokens on the Inca Yupana board. For this study, only addition operations were considered.

3.2, Materials and Instruments

During the experiment, the following software and tools were used: Tobii Pro 3 eye-tracking
glasses and Tobii Pro Lab software. The eye-tracking glasses were calibrated and connected via Wi-Fi
to the laptop, enabling the collection of a substantial amount of raw data on high-frequency eye
movements (Sundstedt & Garro, 2022). Tobii Pro Lab facilitated the generation of heatmaps in jpeg
formats, suitable for presentations or publications. These heatmaps were later processed using Fiji
software, which is based on the Java ImageJ extension for digital image processing. Additionally, the
csv files generated by the Tobii Pro Glasses 3 provided a comprehensive dataset, including gaze
positions, pupil measurements, and event markers, which were crucial for analyzing eye-tracking data.
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This structured format allowed for further analysis and visualization of user behavior and interactions
with the YITP board stimuli using statistical software.

To conduct the experiment, video cameras were positioned in the four corners of the
neuroscience laboratory (NeuroLab), alongside a video conferencing camera and a laptop. This
configuration enabled the neuroscientist to monitor the experiments in real-time and record semi-
structured interviews for later review by neuroscience experts. The sessions utilized a Yupana board
with magnetic tokens, as well as cardboard Yupanas and corn seeds (used as tokens), as illustrated in
Figure 1. The Yupana magnetic board was placed on an adjustable podium with a table stand to ease the
arrangement of the magnetic tokens. The height of the podium was modified to ensure a perpendicular
view, minimizing muscle strain for the student solving exercises in front of the board. In addition, a
whiteboard was positioned nearby to facilitate the verification of arithmetic operations.

- 1 : PR

Figure 1: Neuro Lab: a) Workshop,b) Tobii glasses and c) Tobii Pro Lab software.
3.3. Metrics

Eye-tracking data often do not meet the assumptions of normality, particularly in small samples,
with fixation metrics commonly exhibiting skewed distributions or outliers. The study, conducted with
a small sample size of 10 participants, uses the Wilcoxon test (allows for the comparison of two related
samples when the data do not follow a normal distribution) to compare tests 1 and 2, and the Friedman
test (provides a nonparametric alternative to repeated measures ANOVA, offering robustness to non-
normality and making it well-suited for this type of data (Conover, 1999; Duchowski, 2002) to compare
tests 1, 2, and 3. These non-parametric tests were integrated as complementary analyses, allowing for a
deeper understanding of the data and helping to mitigate the limitations associated with the small sample
size. Although the results are preliminary due to the sample size, this multi-method approach provides
a solid foundation for future research with larger samples.

Furthermore, specific metrics were included, such as Seconds per move (s/move), which
measures the relationship between the time spent and the number of token moves when solving the
proposed exercises, and the Token Variation Ratio (VRT), calculated by dividing the standard deviation
(sd) of heatmap areas by the time in seconds (s) and multiplying by the number of tokens (T) at the start
(VRT =T x sd/s). The VRT was obtained through heatmap processing and the FIJI software (Kerkhoff
et al., 2022), and is divided into two types: VRT Dispersion (green areas, reflecting dispersion
efficiency) and VRT Attention (red areas, reflecting attention efficiency). For the analysis, the Wilcoxon
test was used for tests 1 and 2, and the Friedman test for test 3. The robustness of the Friedman test to
non-normality makes it suitable for this data, while the additional analyses provide a deeper
understanding and mitigate the limitations associated with the small sample size. Although the findings
are interpreted with caution, this multi-method approach strengthens the validity of the results, laying
the groundwork for future research with larger samples.

3.4. Hypotheses
To assess the impact of learning the YP arithmetic operations on visual attention, it is important

to examine how novices' eye-tracking patterns might change before and after the learning process. Eye-
tracking data, particularly regarding dispersion and attention, can provide valuable insights into
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cognitive and perceptual shifts during the learning experience. Based on this, the following hypothesis
is proposed:

e HO: There are no significant differences in eye-tracking patterns (dispersion and attention) in
novices before and after learning the YITP arithmetic operations.

e H1: There are significant differences in eye-tracking patterns (dispersion and attention) in
novices before and after learning the YITP arithmetic operations

An important aspect of learning is how novices' cognitive processes evolve as they gain
experience. In the context of eye-tracking patterns, it is valuable to explore whether the visual attention
and gaze dispersion of novices move closer to those observed in experts as they progress. This leads to
the following hypothesis:

e HO: The ratios of eye-tracking patterns (attention and dispersion) in novices do not tend to
converge towards those of experts.

e H1: The ratios of eye-tracking patterns (attention and dispersion) in novices tend to converge
towards those of experts.

4. Results

4.1  Novices heat maps & experts references

A guantitative comparison, based on the visual analysis of the heat maps, between novices and
experts, and a before and after for each novice, reveals a pattern whereby the extent of the continuously
coloured area in the heat maps is reduced and becomes more localized in specific isolated points, similar
to small "islands" (see Figure 3). In the case of the experts, the localizable points, or "islands of
attention," are the dominant feature of the pattern, although there are points on the board where it extends
and connects, forming "connected beach paths" (see Appendix 2 for each participant). For clarity in the
figures, green represents dispersion, red represents focused attention, and yellow represents borderline
areas. This color coding helps distinguish between regions of broad visual exploration, focused
attention, and transitional zones, respectively.

Test 1 Expert 1 Expert 2
o] B # RS BRHE
fan 15t TG

SO [EERe g L))
T e {8
| {gfde T l ?* &

| | Eeils HEGEL
Lgrme B £ ' L <o

Figure 3: Participant P2’s Tests 1 & 2 and experts (27 tokens) solving addition: 5988 + 6417 + 4332 +
8675

To comprehensively evaluate the participants' knowledge gained during the experiment, another
operation, known as "Kamachiq challenge" (see figure 4), was tested. As detailed in the figure 5, this
operation employed 50 tokens, in contrast to the 27 tokens used in earlier experiment stages. Operation
Kamachiq requires the proficient application of learned moves for a comprehensive evaluation of
mastery of the YITP method. The implementation of this operation facilitated the acquisition of insights
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into the way participants transferred their newly acquired skills to a more complex and demanding
context. This allowed for a more comprehensive evaluation of their progress and competency in the
YITP (see figure 6).

Kamachig Challenge Expert 1 Expert 2

50 tokens 50's, 19 mov
T/M-YITP: 2.6 s/mov

Figure 4: Experts heat maps references (50 tokens)

525,19 mov
T/M-YITP:2.7s/mov

P59 P7Q
. ' No data recorded

123 s, 38 mov 125 s, 51 mov 158 s, 52 mov

T/M-YITP: 3.2 s/mov T/M-YITP: 2.4 s/mov T/M-YITP: 3 s/mov

142 s, 48 mov 92 s, 26 mov 197 s, 56 mov 130 s, 28 mov
T/M-YITP:3s/m T/M-YITP:3.5s/m T/M-YITP:3.5s/m T/M-YITP:4.6s/m

Figure 5: Participants heat maps (50 tokens)
Note: Participant 7°s heatmaps were unavailable due to an eye-tracking device issue

4.2.  Variation Ratio Tokens (VRT)

In Table 2, the dispersion zone (green, p = 0.01) shows a statistically significant relationship,
suggesting that participants distribute their gaze across the board, searching for a movement pattern they
can perform rather than focusing on a specific area due to the nature of the game. The attention zone
(red, p = 0.08), while not statistically significant at the conventional 95% confidence level, is significant
at a 90% confidence level. Given the small sample size, this result suggests a potential trend toward
statistical significance, indicating that participants may exhibit a high concentration of visual attention
in this zone. However, these marginal results should be interpreted with caution and warrant further
investigation.

One interpretation is that there is no single solution sequence, with each participant developing
their own movement sequence or creating their own moves. This aligns with the authors' description of
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the YITP method and their empirical observations over 10 years. Additionally, the relationship between
the dispersion zone (p = 0.01) and the attention zone (p = 0.08) should be noted, as both reflect
complementary aspects of the visual search process on the board. It is recommended to conduct further
studies with a larger sample size or apply alternative metrics to explore the attention zone more robustly.
Future studies should also consider the visual context of the task (e.g., board design, distractors) to draw
stronger conclusions about these patterns of ocular behavior.

To investigate changes in performance across learning stages, a Friedman rank sum test was
conducted. The study included three stages: Stage A (Test 1, conducted during the workshop with 27
tokens), Stage B (Test 2, administered two weeks later with 27 tokens), and Stage C (Test 3, conducted
in Kamachiqg with increased complexity and 50 tokens). The results revealed a statistically significant
difference in performance across the three stages (p-value = 0.004) at a significance level of 0.05, with
a chi-squared value of 11.143 indicating a moderate to strong effect size. However, the attention VRT
analysis showed a p-value of 0.04, which is statistically significant at the 0.05 level but marginal if using
a 0.10 threshold. Data from participant P7 were excluded from the analysis due to missing records. The
degrees of freedom (df) for the Friedman test were 2, corresponding to the three stages. These findings
are summarized in Figure 6.

Additionally, participants with the exception of P5 and P6, exhibited an increase in their VRT
from Test 1 to Test 2, as well as from Test 2 to Test 3 (when playing the Kamachiq with 50 tokens).
This indicates that an augmented number of tokens enhances the probability of identifying patterns that
can be simplified through the utilisation of composite moves, thereby facilitating the generation of a
greater number of solution strategies. Consequently, there is a greater search for patterns in a dispersed
manner (i.e., a greater degree of dispersion) and less time spent on this process. In the case of P5, the
VRT remains equal to that of the additional evaluation. In contrast, in the case of P6, the VRT decreases,
although it remains higher than the VRT shown during the learning process. The VRT values
demonstrate an increase across the tests, indicating a greater variability in attention patterns as the tasks
become more complex (basic to advanced) and require a greater number of tokens (27 to 50).

Table 2: Participants (P) VRT Dispersion, VRT Attention for three tests and experts references

VRT Dispersion Test VRT Attention Test Expert 1 Expert 2

T1 T2 T3 T1 T2 T3 T3 T3 T3 T3

P1(9) | 19.95 | 2290 | 26.18 | 9.84 10.18 | 10.67 | 70.61 16.99 | 110.74 | 42.10

P2(4) | 19.41 | 2021 | 3498 | 7.29 5.65 8.93 80.82 | 20.18 | 98.87 | 35.98

P3(®) |16.38 |25.92 |29.68 | 6.09 4.96 12.44 | 86.68 | 27.16 | 99.88 | 37.56

P4(d) | 28.80 | 39.62 | 54.18 | 10.53 | 821 16.58 | 67.61 | 22.36 | 80.70 | 32.01

P5(9) | 8.93 2593 | 2548 | 4.59 11.38 | 12.23 [ 70.61 | 16.99 | 110.74 | 42.10

P6(d) | 13.03 |28.54 | 1568 | 4.48 12.12 | 7.65 80.82 | 20.18 | 98.87 | 35.98

P7(%) | 2044 | 2143 | NA 8.74 1141 | NA 86.68 | 27.16 | 99.88 | 37.56

P8(J) | 13.25 | 22.83 |27.70 | 5.59 13.55 | 11.70 |e67.61 |22.36 | 80.70 | 32.91

Note: P— participant. T— tests
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In Table 3 Both women and men showed an increase in VRT for dispersion and attention across
all three tests. This suggests that both groups devoted more attention to exploring different areas of the
board (dispersion), while maintaining a certain level of concentration on a particular area (attention) as
the trials progressed. While both groups showed similar trends, the VRT results suggest that both groups'
attention became more dispersed and more focused at the same time as the tests progressed. Although
there appears to be a similar pattern, with men scoring slightly higher than women, further analysis is
needed to confirm whether there are significant differences between them.

Table 3: Sex Differences in VRT Dispersion and Attention inter-participant across Tests (1, 2 & 3)

VRT Test 1 Test 2 Test 3

? d ? 3 Q J
Dispersion 16.42 18.18 24.05 27.05 27.11 33.14
Attention 9.14 7.41 9.48 13.31 11.78 15.60

The data for Test 1 to Test 2 and Test 2 to Test 3 were examined separately for female and male
participants (see Table 3). In contrast, for male participants, the VRT Dispersion increased by
approximately 48.79% from Test 1 to Test 2, and by approximately 22.47% from Test 2 to Test 3. The
VRT Attention experienced a significant increase of approximately 79.30% from Test 1 to Test 2. This
was followed by a smaller increase of approximately 15.64% from Test 2 to Test 3 (see figure 6).
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Figure 6: a) VRT Dispersion and b) VRT Attention intra- participant analysis (Test 1 & Test 2)

5. Discussion
Novices before and after YITP

The findings of the present study indicate that learning the YITP method results in substantial
alterations to both the visual and dispersion patterns of attention observed in the three tests conducted
with novice participants. As anticipated based on the heat maps (Blascheck et al., 2017), the proportion
or variance ratio of dispersion zones (green zones) demonstrated an increase for all novice participants.
Consequently, this suggests a tendency for the dispersion patterns of novices to resemble those of
experts over time. This also indicates that novice participants were able to expand the range of search
patterns and identify the relevant information in a more efficient manner. The number of fixation zones
(red zones) increased for participants 5, 6, 7 and 8, while a decrease was observed for participants 2, 3
and 4. To gain further insight into the cognitive processes and perceptions associated with learning
arithmetic with YITP, open-ended interviews were conducted with each participant (see Appendix 3).
These findings lend support to the hypothesis that training in the YITP method fosters more focused and
efficient attention in tasks pertaining to the operation of addition under the inca numeric system. The
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results indicate that, following the learning, after Test 1 and Test 2, participants are capable of inhibiting
responses to distracting stimuli and directing their attentional resources in a more selective manner
towards relevant information. Additionally, the participants demonstrate enhanced visuospatial and
subitizing skills, which are essential for the execution of movements on the YITP method. This increase
in the VRT dispersion also suggests that novices progressively expand their search zones for new
strategies while adopting a more rhizomatic approach (without a predetermined order) rather than
adhering to a rigid, linear procedure, as is characteristic of Indo-Arabic mathematics. Furthermore, after
Test 3, it is observed that the dispersion zones of novices tend to resemble those of experts, becoming
increasingly scattered.

The processing of numerical information is contingent upon visual attention, as evidenced by
studies that have compared the performance of abacus experts and non-experts (Lo & Andrews, 2022).
Abacus experts employ visuospatial strategies for digit recall and mental calculations, in contrast to the
linguistic strategies utilised by non-experts. The results of the research indicate that mental abacus
calculation training improves visual image processing skills, which may influence how experts focus
their attention on numerical tasks. Furthermore, practice with the abacus results in the automation of the
decoding of the information represented on the abacus, thereby making this process more efficient
(Srinivasan, 2018). This abacus training may elucidate the mechanisms by which mental abacus users
are able to group abacus beads into columns and represent the abacus within the boundaries of visual
working memory (Frank & Barner, 2012, cited by Srinivasan, 2018).

Although the abacus and Inca yupana board are not identical, the design of this one makes use
of the principles of the former, facilitating the manipulation of tokens and the spatial location and
subitization of the ones. Furthermore, it requires memorising predefined patterns of movements in order
to apply the most appropriate movements according to the strategy of each participant in search of the
answer to the operation posed in the Yupana cardboard. It should be noted, however, that the present
study focused on a group of eight novice participants and the YITP method for only addition arithmetic
operation.

About significant differences in VRT ratio across tests before and after learning the YITP
method in the novice group. Attention analysis revealed a marginally significant difference between
VRT values before and after learning (W=15, p=0.08298), suggesting a potential change in
measurement location after learning. Furthermore, it was observed that as the VRT value increased,
there was a corresponding increase in the dispersion of the subject's attention on the yupana board. The
mean VTR dispersion per test was 17.52 (Test 1), 25 (Test 2) and 30.55 (Test 3), indicating a wider
exploration of the Yupana board. While the mean VTR attention scores for each test were 7.14 (Test 1),
9.68 (Test 2) and 11.46 (Test 3), respectively, and did not exhibit a concentration on specific areas of
the board, an increase in the value was also observed, indicating a tendency for the participants to focus
their attention on specific areas of the screen as they progressed. This greater focus, accompanied by an
increase in the precision of eye movements, suggests an adaptation and learning process. It is noteworthy
that the experts exhibited notably elevated values for both VRT dispersion. The results indicate that they
were in exploration mode, actively seeking information on the board. Expert 2 displayed an even more
intense exploration mode. Similarly, both exhibited a high degree of concentration in specific areas of
the board, indicating an efficient and directed visual strategy.

The number system and mathematical practices of Inca culture, as well as the specific symbolic
representations and notations used by them, may have engaged different brain regions or required the
recruitment of additional neural resources during mathematical operations compared to modern
symbolic systems. This has also been observed in Maya culture, particularly in its number system and
mathematical practices, as well as in the specific symbolic representations and notations used by the
Maya (Richeson, 1933; Nickerson, 1988)

Subitization of small quantities (1-5 points) on the Yupana board, for example, is likely
associated with the Approximate Number System (ANS) (Dehaene, 1997, 2011; Ansari, 2008), which

40 | FLR



% Guzman-Jimenez et al
L/ )

represents an ancient evolutionary system for approximating numerical magnitudes. Heatmaps may
indicate brief fixations on clusters of points, reflecting a rapid approximation of quantities by the ANS,
likely following the initial subitizing. The representations in question can currently be used as semiotic
alternations in the YITP method (Guzman-Jiménez et al., 2023).

It should be noted that Tests 1 and 2 involved 27 tokens, with the addition arithmetic of four 4-
digit numbers, and that this was the same in both tests. Test 3, however, used 50 tokens from the
Kamachiqg challenge. The results indicate that as novice participants become more familiar with the
YITP method, their attention becomes more focused on relevant areas and there is a greater exploration
of the entire board in search of potential pattern moves.

Following the culmination of the tests, based on the open-ended interviews, it was evident that
participants (p) exhibited the activation of a multitude of cognitive processes throughout their interaction
with the YITP. In accordance with the theoretical frameworks put forth by Piaget (1970). Bruner (1974),
Ausubel et al., (1978) and Dehaene et al., (2004, 2005), the participants demonstrated a focused attention
on the pertinent elements of the board, which underscores the concentration required to effectively
manipulate the tokens. The perception of numerical and symbolic information was of great consequence,
with the YITP being perceived as a game with unambiguous rules (p5, p6). Memory was identified as a
fundamental component in the recall of rules, actions, and mathematical knowledge (p1, p2, p3, p6, p8).
Furthermore, the formation of mental models pertaining to mathematical operations was discerned (p6),
which is pivotal for comprehension. Problem-solving skills were evidenced by the utilisation of existing
knowledge to identify solutions (p8). Furthermore, the participants demonstrated metacognition by
reflecting on their learning process, identifying their strengths and weaknesses, and evaluating their
personal strategies (p3, p4, p5, p6, p8). This suggests that YITP encourages active learning that engages
multiple cognitive processes, from initial perception to metacognitive reflection.

Furthermore, participants reported positive experiences associated with the utilisation of the
YITP, including an increase in enjoyment, self-confidence, self-efficacy, and curiosity. A number of
participants drew attention to the playful aspect of the YITP, likening it to a game (pl, p3, p4).
Furthermore, an enhancement in comfort and the capacity to err without trepidation was observed (p3).
Some participants indicated an increase in mathematical self-esteem due to the utilisation of the YITP,
comparing it favourably with traditional methodologies (p2). Ultimately, the potential of the YITP to
cultivate interest in Incan culture was emphasised (p8).

Participants expressed positive experiences related to the practice of the YITP method, reporting
an increase in enjoyment, self-confidence, self-efficacy and curiosity. Several participants highlighted
the playful nature of the YITP method, comparing it to a game (p1, p3, p4). In addition, an increase in
comfort and the skill to make mistakes without fear was mentioned (p3). Some participants reported an
increase in mathematical self-esteem due to the practice of the YITP, comparing it favourably with
traditional methods (p2). Finally, the potential of the YITP method to generate interest in Incan culture
was highlighted (p8). Chang et al., (2022) highlight the influence of cultural factors on mathematical
performance.YITP, by connecting with cultural identity, can increase student motivation and
performance.

Moreover, the findings of the present study revealed discrepancies in eye movement patterns
between men and women during YITP learning. However, both the dispersion and attention VTR
exhibited low values and minimal increases across the three tests. However, previous research (Yuan et
al., 2019; Yang et al., 2022) has indicated that there are gender differences in spatial abilities and that
women may have superior verbal and information processing skills. In agreement with the findings of
Kaczkurkin et al. (2019), we advocate for further investigation into these cognitive discrepancies.

Novices and experts

The comparison between the Inca Yupana, chess, and the abacus is particularly insightful, as it
highlights shared elements related to spatial representation, as well as visual and motor processing,
especially in terms of differences in VTR between experts and novices in YITP. However, a more in-
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depth analysis is necessary considering previous studies on eye movement patterns and spatial
representations. Both chess and the Yupana board utilize a spatial arrangement to represent information.
Studies on chess (Sheridan & Reingold, 2014; Ribeiro da Silva Junior et al., 2018) have shown that
experts develop highly efficient visual search patterns to identify relevant information. It is likely that
prolonged practice with the YITP method also leads to the development of specific visual search
patterns, although further research is needed to confirm this. Additionally, subitizing and visual
processing play a crucial role in both the abacus and the Inca Yupana board.

However, the Yupana board combines elements of subitising with a more complex spatial
structure, similar to chess. This suggests that YITP boards can train both subitising and spatial
processing skills. Furthermore, previous studies (Duchowski et al., 2002; Sheridan & Reingold, 2014;
Silva et al., 2022) have shown that experts develop more efficient eye patterns than novices. Expert
Yupana users also tend to show characteristic eye patterns, such as lower dispersion and longer fixation
durations on relevant areas. Experts showed significantly increased values for both VRT dispersions.
The results suggest that they were in scanning mode, actively searching for information on the screen.
Expert 2 showed an even more intense scanning mode. Both also showed a high degree of concentration
on specific areas of the board, indicating an efficient and focused visual strategy.

The aim of the present study was to evaluate the differences in visual attention patterns during
the teaching-learning process, measured by eye tracking, between groups of novices and experts in the
YITP method as well as the changes in these patterns before and after learning the method.

The results obtained support the hypotheses raised and confirm significant differences in the
areas of dispersion and ocular attention between the tests carried out before and after learning YITP
Method in the group of novices. These results suggest that learning the YITP method influences the way
in which participants direct their visual attention when solving arithmetic problems on the Yupana
board. Significant differences were found in the patterns of visual attention between the groups of
experts and novices in the YITP method. The experts showed greater efficiency in the use of visual
attention, characterised by less dispersion and greater concentration in relevant areas. These results
support the idea that experience and mastery of a method influence the cognitive processes underlying
problem solving, and it is seen that the strengthening process of attention and the patterns of dispersion
are closer to experts.

The results of this study have important implications for an initial exploration of the cognitive
processes involved in learning and solving mathematical problems using the YITP method. Identifying
differences in the patterns of ocular attention between novices and experts contributes to the
development of more effective teaching and training strategies. Similarly, the findings regarding
changes in visual attention after learning the YITP method provide valuable information for the design
of educational interventions that promote the development of cognitive skills related to problem solving.

6. Conclusions

This exploratory study provides evidence that the Yupana Inka Tawa Pukllay (YITP) method
enhances arithmetic learning in university students by strengthening visuospatial and spatial skills. Eye-
tracking data reveal that, after applying the method, novice students exhibit reduced gaze dispersion and
improved focus on key patterns, suggesting more efficient processing in basic operations with natural
numbers involved in yupana manipulation.

Furthermore, their visual fixation patterns progressively align with those of experts, confirming
that YITP facilitates the adoption of new strategies, such as rapid identification of relevant elements and
effective use of spatial visualization. However, due to the small sample size, the novelty of the arithmetic
system, and the observed results, further research with larger sample sizes is recommended to enable
statistical comparisons and generalize findings across all arithmetic operations.
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Qualitative findings complement these results, indicating that students gain confidence in
handling abstract concepts through the method’s concrete visual aids. They also perceive it as a
motivating, game-like tool—factors that facilitate the teaching-learning process (playful motivation
factors that encourage learning, particularly in mathematics). This effect is more significant because
participants were enrolled in non-mathematical degree programs, suggesting that the method’s playful
nature may help reduce student resistance.

Thus, YITP emerges as an innovative pedagogical tool that enables personalized problem-
solving approaches and helps educators identify specific student difficulties. This study supports YITP
as a valuable resource for modern mathematics education, illustrating how ancestral tools like the
yupana can be adapted to contemporary academic contexts. Its visual and interactive approach not only
optimizes arithmetic instruction but also fosters more inclusive and effective learning environments.
These findings open new avenues for integrating cognitive and cultural techniques in higher education,
particularly in fields requiring spatial and logical-mathematical competence.

Additionally, to ensure concurrent validity, it is advisable to use EEG as an objective
complementary tool for assessing changes in brain activity dynamics, especially given the limited
subject group in this study. The results support the idea that YITP produces numerical outcomes, which
aligns with findings from other studies, such as those on semiotic alternation in mathematics.
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Appendix 1: YITP moves

All these moves are part of the method Yupana Inka Tawa Pukllay (YITP), developed by author Dhavit
Prem and the Yupanki Association (Prem, D., 2016).

Short open movement. This move is made when square 2 has more than one piece. It consists of taking
half of the tokens from box 2 to box 1 and the other half to box 3. If the number of tokens is odd, one
token is left in box 2, and with the remaining tokens proceed as in the case of the even number of tokens
(see figure 2).

Figure 2

“Short open”” movement. YITP

Move to execute
L] W S|

Tl [l

Long open movement. This move is made when square 3 has more than one piece. It consists of taking
half of the chips from box 3 to box 5 and the other half to box 1. If the number of chips in box 3 is odd,
one chip is left in box 3, and with the chips remaining, proceed as in the case of the even number of
tokens (see figure 3).

Figure 3

“Long open” movement. YITP

Pattern Move to execute
]

Pisga movement (birth of new line). This move is made when square 5 has more than one piece. It
consists of taking half of the pieces from square 5 to square 1 of the row immediately above and
removing the other half from the board. If the number of tokens in box 5 is odd, 1 token is left in box 5,
and with the remaining tokens proceed as in the case of the even number of tokens (see figure 4).

Figure 4
“Pisqa” movement YITP

Pattern IMove lto execute
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KIKIN movement (box 1, mnemonic: “2in 1 =1in2”; “3in1=1in 3" “Sin 1 =1in 5"): This
movement consists of replacing a group of 5 pieces of box 1 for 1 token in box 5; replace a group of 3
checkers in box 1 with a 1 checker in box 3 and replace 2 checkers in box 1 with 1 checker in box 2,
whichever is the case (see figure 5).

Figure 5

“Kikin” movement YITP

Pattern l Move tol execute

PICHANA movement (boxes 1 and 2): This movement is performed in two cases, (see figure 6):
Pichana (1 and 2) This movement consists of moving as many pieces from box 1 to box 3 as there are
pieces in box 2 of the same row and then removing that number of pieces from the board from box 2.
Pichana (2 and 3) This movement consists of moving as many pieces from square 2 to square 5 as there
are pieces in square 3 of the same row and then removing that number of pieces from the board from
square 3.

Figure 6

PICHANA movement YITP
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Appendix 2: Heatmaps Test 1 and Test 2

Participant 1 (?)

Guzman-Jimenez et al

Addition 3987+4566+7832+1548 (27 tokens)

a) Testl b) Test 2

Solutions

Expert 1 Expert 2

|
93 seg, 26 mov
S/M-YITP —3.58 seg/mov

113 seg, 17 mov
S/M-YITP —6.65 seg/mov

Participant 2_(%)

31 seg, 13 mov
S/M-YITP —2.38 seg/mov

21 seg, 10 mov
S/M-YITP —2.1 seg/mov

Addition: 5988+6417+4332+8675

I
90 seg, 20 mov
S/M-YITP — 4.5 seg/mov

Participant 3 (?)

104 seg, 24 mov
S/M-YITP — 4.3 seg/mov

24 seg, 11mov
S/M-YITP —2.2 seg/mov

23 seg, 11 mov
S/M-YITP - 2.1 seg/mov

Addition 4362+5897+2435+8099

Solutions

123 seg, 23 mov
S/M-YITP —5.35 seg/mov

87 seg, 21 mov
S/M-YITP — 4.14 seg/mov

24 seg, 9 mov
S/M-YITP — 2.7 seg/mov

25 seg, 10 mov
S/M-YITP - 2.5 seg/mov
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Participant 4_(%)

Guzman-Jimenez et al

Addition 7809+6758+4893+1670

Solutions

I
59 seg, 17 mov (V)
S/M-YITP —3.47 seg/mov

73 seg, 25 mov
S/M-YITP —-2.92 seg/mov

Participant 5 (?)

I
30 seg, 10 mov
S/M-YITP — 3 seg/mov

22 seg, 10 mov
S/M-YITP - 2.2 seg/mov

Addition 3987+4566+7832+1548

Solutions

|
80 seg, 30 mov (V)
S/IM-YITP - 2.79 seg/mov

223 seg, 24 mov
S/M-YITP - 9.3 seg/mov

Participant 6 (&)

[ 1
21 seg, 10 mov

S/M-YITP — 2.1 seg/mov

31 seg, 13 mov
S/M-YITP — 2.38 seg/mov

Addition 5988+6417+4332+8675

Solutions

1
81 seg, 29 mov (X)

S/M-YITP — 2.8 seg/mov

144 seg , 31 mov
S/M-YITP — 4.6 seg/mov

24 seg, 11 mov
S/M-YITP — 2.2 seg/mov

23 seg, 11 mov
S/M-YITP - 2.1 seg/mov
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Participant 7 (2)

Guzman-Jimenez et al

Addition 3987+4566+7832+1548

Solutions

W ogs "
il

[ &)

I
80 seg, 30 mov (V)
S/M-YITP - 2.79 seg/mov

[
223 seg, 24 mov
S/M-YITP — 9.3 seg/mov

Participant 8 (%)

I
21 seg, 10 mov
S/M-YITP — 2.1 seg/mov

31 seg, 13 mov
S/M-YITP — 2.38 seg/mov

Addition 7809+6758+4893+1670

Solutions

208 seg, 24 mov
S/IM-YITP —8.7 seg/mov

102 seg, 16 mov (X)
S/M-YITP - 6.4 seg/mov

22 seg, 10 mov
S/M-YITP — 2.2 seg/mov

30 seg,10 mov
S/M-YITP -3 seg/mov

Note: (X) represents that the result of the operation obtained is not correct.
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Appendix 3: Interviews

P1(?): Solved maintaining an order in columns starting with the ”pisqa” move (5 dots column)
and ending with "’kikin” (1 dot column). She used her own algorithm, which was evidenced by observing
the heat map in the fixation areas.

of figure 3. She correctly solved all 7 additional exercises. Its average addition resolution time
is 1.13 min. No advanced moves were observed. Test 2 took 9 more moves to solve the exercise, but 20
seconds less. Even though she has used more moves, she has decreased her solution time by 20%. Time
per move (T/M-YITP) has reduced by 46%.

P2 (3" ): Solved maintaining order by columns (basic moves). On Test 2 she correctly solved 3
of the 7 addition exercises and her average time for solving additions was 1.04 min. No advanced moves
were observed. Test 2 took 4 more moves to solve the exercise, but 14 seconds less, so the M/R- YITP
was reduced by 4%

P3 (? ): Solved maintaining order by columns (basic moves). On Test 2 she correctly solved 6
of the 7 additional exercises and his average solution time was 1.01 min. No composite moves were
observed. On Test 2 she used two moves less than in Test 1 and it took her 36 seconds less to solve the
exercise (29.3% less). T/M-YITP fell by 22.6%. A notable increase is observed in the VRT Dispersion
with a tendency towards the patterns observed in experts.

P4 (d'): Solved by maintaining order from units to ten thousands (bottom to top). On Test 2 he
correctly solved 6 of 7 addition exercises and her average time for solving additions is 51 s. He
performed an advanced move, “Hatun pichana”. On Test 2 he reduced 8 moves and did it 14 seconds
faster. Although the T/M-YITP increased, the number of final moves was reduced, which responds to
the participant’s use of composite moves. A difference has been seen in the heat points, greater
dispersion in the evaluation. He showed great confidence when solving the exercise.

P5 (? ): Solved by maintaining order from units to tens of thousands (from bottom to top). On
Test 2 she was not able to solve any sum correctly, she knows the moves, but she made mistakes in one
move per game and her average time for solving sums is 1:10 min. No composite moves were observed.
Test 2 needed 6 more moves, but it was 2:23 minutes faster. The T/M-YITP was accelerated by 70%.
Heat zones remain similar with a slight increase in dispersion.

P6 (J"): Solved maintaining order from units to tens of thousands (from bottom to top). On Test
2 he solved 5 of 7 sums correctly and his average time for solving sums was 1:22 min. No composite
moves were observed. Test 2 needed 2 fewer moves than in Test 1 and did it 1:03 minutes faster. Heat
zones remain similar. T/M-YITP fell by 39%.

P7 (% ): Solved maintaining order, starting from thousands and going down to units. On Test 2
she solved 1 of 8 sums correctly. She is confused about one of the basic moves: ’kikin”, which leads to
bad results. She does the other moves well and her average time for solving sums is 1:38 min. One
advanced move was observed: “sonqo”. Test 2 took 4 moves less and 6 seconds longer to solve the
exercise. T/M-YITP rose 26%.

P8 (' ): Solved by maintaining order Kimsa, Kikin, Pisga, Iskay. In the evaluation, he solved 3
of 7 sums correctly and his average time for solving sums is 1:13 minutes. No composite moves were
observed. Test 2 took 8 moves less and 1:46 min less. The T/M-YITP ratio decreased by 26% Experts,
they prioritise advanced moves. If there are none, experts seek to create their own composite moves. If
not, basic moves are performed. It is observed that in the Kamachiq both experts use different algorithms
evidenced in the heat map (see Figure 3c and 3d). The average time for solving sums was between 21-
31s. T/M-YITP is similar for both experts. Both experts correctly solved all 7 sums.
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