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Spatial thinking, in general, and mental rotation, in particular, have seen sustained research attention
due to such abilities playing a critical role in STEM (science, technology, engineering and mathematics)
learning. The recent development of sensor-based approaches to identify, understand, and measure
cognition and affect opens up new possibilities to study such topics. We collected galvanic skin
response, electroencephalography, screen recording, facial expressions, manual emotion logging,
task performance logs (including response times, correctness, and question difficulty), gaze, and self-
reports of 38 participants as they solved mental rotation tasks under various conditions, namely, (i) with
no time restriction and no feedback, (ii) with no time restriction and with feedback and (iii) with time
restriction and with no feedback, respectively. The availability of such a dataset will help researchers in
the spatial thinking community to study interesting questions related to strategy selection, flexibility,
affective response, and group differences in mental rotation tasks. Furthermore, the learning analytics
community could gain valuable insights into how providing feedback might change learning and
engagement during such tasks.

Background & Summary

Decades of research on mental rotation have yielded some robust yet intriguing results. Previous literature has
reported higher levels of performance for male participants than for female participants in mental rotation
tasks. However, there is variability in these findings, with some studies indicating higher performance in males
(e.g.'7?), while others, such as Moen et al.%, find no significant gender differences in mental rotation ability after
training. Moreover, meta-analyses suggest that gender differences can be influenced by the time limits imposed
during testing; the performance gap tends to diminish or disappear when strict time limits are removed>®. The
underlying cause of such group and/or individual differences could be related to biological”?, spatial anxiety®,
strategic'’, experiential''2, and affective'®. More research is still warranted in this direction, notwithstanding
novel suggestions, such as the co-construction of the ability itself with that of gender identity'*.

Another interesting result is observed in the variation of the strategy adopted by individuals. Holistic rota-
tion, through which entire objects are rotated in the working memory, is considered to be less common and
potentially more effective than piecemeal rotation, in which parts of the objects are rotated mentally'>-'8. Such
pure rotation strategies are often used together with analytic strategies, such as global shape, perspective tak-
ing, local turns, and cube counting®". The selection (choice of a strategy) and flexibility (changing strategy to
match item difficulty) have been suggested to be related to overall performance in such tests. However, selection
and flexibility are still poorly understood in part due to the difficulty of obtaining strategy information from
participants. As most spatial thinking studies are conducted with surveys, think-aloud, either concurrent or
retrospective, and interviews, there is always a chance of imperfect recall or lack of awareness of the strategies
being used by participants.

The spatial thinking research community has traditionally relied on accuracy, response time, questionnaires,
think-aloud, and interview data. The role of multimodal data in understanding the complexities of cognition
and affect within any context, as can be expected in mental rotation tasks, cannot be overlooked in an age where
such data collection has become more accessible and efficient. Indeed, such data are increasingly being used for
spatial thinking and similar contexts. For example,eye-tracking technology offers advantages over traditional
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data collection methods, such as verbal self-reports and checklists, as the gaze data can be used to under-
stand strategy use'®?°. Likewise, electroencephalogram (EEG) spectral powers could provide useful insights
on the approach/avoidance to such problems or the mental workload experienced during problem-solving®!.
Additionally, galvanic skin response (GSR) and facial expressions could give us insights into the affective states
of participants as they answer such questions?**. If such modalities are combined with traditional surveys and
interviews, then we could answer some of the persistent questions that are raised by the community.

This database was designed considering the demands of the spatial thinking community where data are
largely of one type and from a limited geographical location (excluding India). We have collected multimodal
data from 38 participants solving mental rotation problems. The data includes eye tracking, facial features, GSR,
EEG, posture and other relevant factors as expressed through a battery of survey questions and interviews. We
hope this dataset will allow researchers to fully understand students’ cognitive processes and affective states
when performing complex spatial thinking tasks. Furthermore, we have introduced a category of questions,
namely, answers with feedback, that would also inform how students strategize and perform in such tests when
provided feedback (correct or incorrect) on their answers. Furthermore, the open sharing of data for spatial
thinking research is expected to encourage studies looking at the generalizability and replicability of results and
trigger across-culture analysis of such data.

In summary, this study aims to fill the gaps in the existing literature by developing a multimodal database for
understanding the spatial thinking process in college students. By incorporating multiple modalities and consid-
ering cultural and regional differences, we can advance our understanding of spatial thinking abilities and their
implications for learning and cognition. Furthermore, this dataset represents the first publicly available multi-
modal database in this field, offering a unique resource that combines cognitive, affective, and physiological data.
This availability could play a crucial role in the development and refinement of computational models that simulate
cognitive and affective processes in spatial thinking tasks, thereby advancing both theoretical and applied research.

Methods

Ethical Statements. Informed consent was obtained from all participants prior to their participation in the
study. Participants were provided with detailed information about the study’s purpose, procedures, potential risks,
and benefits, and they voluntarily agreed to participate. Notably, explicit consent was secured from all partici-
pants for the open publication of the data, which has consequently been made available on Figshare under a CC0
license, in adherence to the obtained consent. In accordance with ethical guidelines, the data will be anonymized
and shared with the public as a database to facilitate further exploration in the field. The study protocol, including
the consent process and data handling procedures, has been reviewed and approved by the Institutional Review
Board (IRB) committee of the Indian Institute of Technology (IIT) Bombay. The IRB approval for this study is
granted under IRB number IITB-IRB/2022/006, ensuring compliance with ethical standards and the protection
of participants’ rights.

Study Design. The mental rotation task (MRT), developed by Shepard and Metzler'?, serves as the primary
task in this study, where participants determine whether two figures are the same. To facilitate the MRT study,
the open-source package PsychoPy (https://www.psychopy.org/) is employed for designing the user interface.
Additionally, iMotions (https://imotions.com/) software is utilized to collect data related to eye tracking, galvanic
skin response, and affect. A human observation tool?*, Data Logging and Organizational Tool (DLOT) (https://
danishsshaikh.github.io/DLOTY/) is employed for manual emotion logging, while a separate tablet is used for this
purpose. To collect electrocochleography data, Muse hardware is utilized in conjunction with Mind monitor
software (https://mind-monitor.com/). Several self-report measures are incorporated, including demographic
information, spatial anxiety®, personality traits?®, metacognitive self-regulation”’, and the NASA Task Load Index
(NASA TLX)* to measure subjective mental workload.

After obtaining participant consent, a presurvey questionnaire and working memory test (Backward Corsi
Block Tapping Test and N-back Test) are administered, with an approximate completion time of 25 minutes.
Participants are then seated in front of a system with iMotions software installed. In this study, two rooms are
utilized: one serves as an observation room, where a trained observer equipped with a tablet manually logs emo-
tions using DLOT. This observation room is equipped with a one-way mirror, ensuring that participants do not
have a visual reminder of the observer’s presence. However, participants are informed about the observer and
the purpose of the observation room.

Participants are comfortably seated in the second room, which houses a laptop with iMotions software
installed. The study begins with introducing the various sensors and requesting participants to assume a com-
fortable position for sensor calibration. Several sensors are employed and calibrated, including a Tobii eye
tracker positioned at the laptop screen’s bottom. The distance from the participant’s eyes to the laptop screen was
maintained approximately at 60 cm by instructing participants to sit at this distance, as illustrated in Fig. 1. The
study commences only when eye tracking calibration achieves a ‘good’ or ‘excellent’ status.

Additionally, a GSR (Galvanic Skin Response) sensor is attached to the participant’s non-dominant hand (left
hand for right-handed users, and vice versa). EEG electrodes are placed on the participant’s head and calibrated
for all electrodes. With all sensors properly calibrated, the study officially begins. The study’s overall setup and
configuration are visually represented in Fig. 1, providing an overview of the study environment.

The study consists of three categories: the first without feedback and no time restriction (Category 1), the sec-
ond with feedback and no time restriction (Category 2), and the third without feedback but with time restrictions
(Category 3). There are no breaks between categories, and instructions for each category are provided before-
hand. Before the start of each category, participants are shown two sample questions for familiarization. In cate-
gories 1 and 2, participants have 60 seconds for 2 sample questions (Screenshot of the sample question before the
start of the category 1 is shown in Fig. 2). In category 3, for 2 sample questions, participants have only 12 seconds.
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Fig. 1 Overall setup of the study.

The questions in these categories were designed to be of easy, medium, and hard difficulty levels. To achieve
this, we systematically manipulated angular disparities between objects (ranging from 0 to 180 degrees). However,
angular disparity alone is not the only source of difficulty in such tasks; four additional sources of difficulty were
identified from psychometric literature?®*. These factors included configuration type (homogeneous vs. hetero-
geneous), peripheral arms position (parallel vs. perpendicular), occlusion (free vs. occluded), and axis of rotation
(x-axis, z-axis, or multiple axes). Configuration type refers to the structural arrangement of the objects, where
homogeneous configurations consist of peripheral segments with the same number of blocks (e.g., three blocks
on each side), making them more challenging to differentiate and rotate mentally. In contrast, heterogeneous con-
figurations have different numbers of blocks on the segments (e.g., two blocks on one side and three on the other),
providing more visual cues for easier mental rotation”. Homogeneous configurations, occluded objects, and par-
allel arms were significantly more challenging than their heterogeneous, non-occluded, and perpendicular coun-
terparts®. Additionally, rotations along the z-axis were found to be more difficult than those along the x-axis®.
For each category, there was a mix of easy, medium, and difficult items. In Categories 1 and 2, the questions were
presented sequentially based on difficulty, while in Category 3, the items were randomized. The log data pro-
vided in the shared dataset documents these details, ensuring full transparency and replicability. A sample image
screenshot of the design of test items with increasing difficulty using these five factors is provided in Appendix 7
of the supplementary information. However, the full set of images from Peters & Battista (https://www.uoguelph.
ca/psychology/lab/mrt)***! contains a large number of items, and we used only a specific subset in this study. This
subset is not publicly available and can only be accessed with permission from Michael Peters. All images used
in this study have been compiled into a single document with structured metadata, including category number,
image name, image, difficulty level, and match/no-match classification. Dr. Peters will provide access to this subset
upon request. To obtain the exact images used in this study, researchers must reference this paper by providing the
first author’s name and the article title when contacting Dr. Peters at mpeters@uoguelph.ca for access.

To ensure the appropriateness of the study design, we conducted a pilot study with a sample of six partici-
pants (three males and three females). The pilot study aimed to evaluate the number of questions, time allocated
per condition, and participants’ responses to the tasks. The results indicated that the average response time var-
ied between 2.4 and 3.2 seconds for questions with angular disparities ranging from 0 to 180 degrees, which is
consistent with the literature®?. The most extended completion time for any individual question was 20 seconds.
Participants reported experiencing no time pressure in Categories 1 and 2, confirming that the selected num-
ber of questions and time allocation were appropriate for capturing the necessary data without causing undue
fatigue. Therefore, in Categories 1 and 2, where time is not a key constraint, the extended time limit is referred
to as ‘no time restriction’ throughout the paper.

The user interface (UT) displays two images, and participants must select whether they match or not. In the
second category, a feedback component indicating the correctness of the selected option is displayed at the bot-
tom of the UL Although there is no time restriction for answering questions, the overall duration for categories
1 and 2 is set to 300 seconds each, with 10 questions provided. Category 3 includes 20 questions, with a duration
of 120 seconds. Participants can attempt as many questions as possible from the set of 20; however, it’s notable
that no participant completed all 20 questions within the time limit.

The number of questions per condition was carefully chosen to align with the specific objectives of the exper-
imental setup. For conditions 1 and 2, 10 questions were included to allow participants sufficient time to engage
with the tasks without experiencing time pressure, as these categories were designed to examine performance
under unconstrained conditions. In contrast, condition 3 featured 20 questions to introduce sustained time
pressure, creating a scenario where participants needed to manage cognitive demands under constrained time.
This differentiation allowed us to observe variations in cognitive strategies and task performance, consistent
with prior research emphasizing the role of time pressure in revealing performance variations®*.

The justification for these choices was further supported by previous studies and validated through a pilot
study. Research has demonstrated that using 10-20 questions is sufficient to conduct meaningful analyses while
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Fig. 2 Screenshot of the sample question before the start of the category 1.

minimizing participant fatigue®*. In our pilot study, participants reported experiencing no time pressure in
conditions 1 and 2, while condition 3 successfully induced the intended cognitive load. These results confirmed
that the selected number of questions and time allocations effectively balanced data quality and participant
engagement, ensuring the robustness of the study design.

After the completion of each category, NASA-TLX questions appear on the screen, and participants are
required to complete the form before proceeding to the next category.

The study involves a total of 38 participants (22 Males and 16 Females). On average, each participant spends
25 minutes on the presurvey questionnaires, 10 minutes on the working memory test, and 25 minutes on all
three categories. The multimodal data is anonymized and aligned based on the timestamp, resulting in a data-
base size of approximately 8 GB. Figure 3 provides an overview of the database, and the subsequent subsections
offer comprehensive details of the study.

Self Reports. The self-reports used in the study have various aspects, including demographics, educational
background, spatial thinking abilities, anxiety levels in spatial tasks, personality traits, and learning strategies.
Appendix Section 1 (Supplementary Information) presents the set of questions employed in the study. Here is a
brief description of the self-reports:

Demographic Questions. Demographic information is collected from the participants through a series of ques-
tions. These questions aimed to gather data on participants’” age, gender, highest qualification, study discipline,
current pursuits, study discipline at present, and year of study. The set of demographic questions used in the
study is given in Appendix Section 1.1.

Spatial Anxiety Questionnaire. ~Spatial Anxiety Questionnaire with subscales to measure three aspects of spatial
anxiety were collected. The questionnaire consists of 24 items that assess various scenarios related to mental
manipulation, navigation, and imagery?®. Participants were asked to rate their level of anxiety for each item on
a scale ranging from “not at all” to “very much.” The questionnaire is designed to identify situations and expe-
riences that may induce tension, apprehension, or anxiety. The final Spatial Anxiety Scale is divided into three
subscales: Mental Manipulation (M), Navigation (N), and Imagery (I). Detailed instructions were provided to
participants to ensure accurate responses. The questionnaires, along with the scoring guidelines, are included in
Appendix Section 1.2 for reference.

BFI-10 personality trait questionnaires. BFI-10 personality trait questionnaires were used in this study, derived
from the Big Five Inventory (BFI)*. The BFI-10 is a condensed version of the BFI, designed to accommodate situa-
tions with limited participant time. It consists of 10 items, with two representing each of the five personality dimen-
sions: Extraversion, Agreeableness, Conscientiousness, Neuroticism, and Openness to Experience. The BFI-10 has
demonstrated favorable psychometric properties, including reliability and validity, making it a practical tool for
efficiently assessing personality traits within research settings with time constraints. Scoring for the BFI-10 involves
assigning reverse scores to specific items: items 1 and 5 for Extraversion, item 2 and item 7 for Agreeableness, items
3 and 8 for Conscientiousness, items 4 and 9 for Neuroticism, and items 5 and 10 for Openness to Experience. The
questionnaires and the scoring scale are provided in the Appendix Section 1.3 for reference.

Metacognitive self-regulation. In our study on cognitive and metacognitive strategies, we specifically focused
on the metacognitive self-regulation aspect using the Metacognitive Self-Regulation scale (Motivated Strategies
for Learning Questionnaire (MSLQ))%. Metacognition refers to the awareness, knowledge, and control of cog-
nition. Our emphasis was on the control and self-regulation processes rather than the knowledge aspect of
metacognition. Three main processes were explored within metacognitive self-regulatory activities: planning,
monitoring, and regulating. Planning activities involved setting goals and analyzing tasks to activate relevant
prior knowledge, facilitating the organization and comprehension of the material. Monitoring activities encom-
passed tracking attention, self-testing, and questioning, aiding learners in understanding and integrating the
material with their existing knowledge. Lastly, regulating involved fine-tuning and continuous adjustment of
cognitive activities, allowing learners to check and correct their behavior as they progressed through a task.
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Fig. 3 Overview of the study design of the created multimodal spatial thinking study.

By examining these metacognitive self-regulation processes, we aimed to understand their impact on perfor-
mance and learning outcomes in our study. The questionnaires used to measure metacognitive self-regulation
are included in Appendix Section 1.4.

NASA-TLX Questionnaires. Our study used the NASA-TLX (National Aeronautics and Space Administration
Task Load Index) questionnaires to assess various aspects of task load and user experience?®. The NASA-TLX is
a widely recognized and extensively validated tool for evaluating workload and subjective performance-related
experiences. It comprises six dimensions: Mental Demand, Physical Demand, Temporal Demand, Performance,
Effort, and Frustration. Each dimension is assessed using a 7-point Likert scale, where participants rate the
intensity or impact of the specific factor on a given task. The detailed questionnaire items can be found in
Appendix Section 1.5 of the study, allowing for a comprehensive understanding of the participant’s subjective
experiences and task load during the experimental tasks. Notably, the Physical Demand dimension was not
included in our study, as the experimental tasks did not require any physical demand from the participants.

Working Memory Tests. ~ As part of the pre-survey, two working memory tests***> were administered to the
participants. These tests are widely used in cognitive psychology research and provide valuable insights into
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different aspects of working memory. The two tests used in this study were the Backward Corsi Block Tapping
Test and the N-back Test.

o Backward Corsi Block Tapping Test: The Backward Corsi Block Tapping Test (https://www.psytoolkit.org/
experiment-library/backward_corsi.html) is a spatial working memory task that assesses the participant’s
ability to remember and reproduce a sequence of spatial locations in reverse order. In this test, participants
are presented with a series of blocks arranged in a specific pattern. They are then required to tap the blocks in
the reverse order of presentation. The test measures the participants’ spatial working memory capacity and
their ability to manipulate and hold spatial information in mind.

o N-back Test: The N-back Test (https://www.psytoolkit.org/experiment-library/nback2.html) is a widely used
measure of overall working memory capacity and cognitive control. In this test, participants are presented
with a sequence of stimuli, typically letters or numbers, and must indicate whether the current stimulus
matches the one presented N items back in the sequence. For example, in a 2-back test, participants must
indicate whether the current stimulus matches the one presented two items back. The N-back test measures
the participant’s ability to maintain and update information in working memory, as well as their attentional
control and cognitive flexibility.

Both of these tests were administered using an online tool called PsyToolkit (https://www.psytoolkit.org/),
which provides a platform for administering and scoring a wide range of psychological tests. Using PsyToolkit
ensures standardized administration and scoring procedures, minimizing potential biases and increasing the
reliability of the test results.

Multimodal Sensordata. Eyetracker. The eye tracking data in this study was collected using the Tobii X3
@ 120 Hz (https://www.tobii.com/products/discontinued/tobii-pro-x3-120) sensor integrated within the iMo-
tions software. The data was then analyzed using the I-VT (Interval Velocity Threshold) filter, a commonly used
gaze analysis method. The I-VT filter allows for identifying fixations and saccades based on velocity thresholds.
The entire eyetracker data is stored in 2 csv files: The file named “EYE” contains 15 attributes related to gaze and
distance. The “IVT” file contains the remaining data and has 25 attributes. The detailed summary of eyetracker
data is as follows:

o Gaze 2D: Gaze 2D focuses on the coordinates of the gaze point in two-dimensional space. It includes the
X-coordinate and Y-coordinate of the gaze point, which are relative to the top-left corner of the screen. The
values are calculated as the average of the corresponding coordinates of the left and right eye. Additionally, it
includes measurements of pupil diameter for both eyes, further enriching the gaze data.

o Distance: The estimated distance between the eye-tracker and the eyes is given by distance. The distance
values are interpolated when missing and are represented as the average distance from the eye-tracker to the
left and right eye.

o Gaze Movements: Gaze Movements focuses on analyzing the movement of the gaze. It includes two meas-
urements: gaze velocity and gaze acceleration. Gaze velocity represents the angular velocity of the eyes at the
current sample point, indicating how fast the eyes are moving. Gaze acceleration represents the angular accel-
eration of the eyes at the current sample point, indicating the rate of change in the eyes’ speed.

« Fixations: Fixations are periods when the gaze remains relatively stable. It includes several measurements
related to fixations, such as the fixation index (counting from the start of the recording or stimulus), X and Y
coordinates of the fixation centroid (the average position of gaze points during the fixation), start time, end
time, duration of the fixation, and dispersion (how spread out the gaze points within the fixation are).

o Saccades: Saccades are rapid eye movements between fixations. It includes measurements such as the saccade
index (counting from the start of the recording or stimulus), start time, end time, duration of the saccade,
saccade amplitude (angular distance traveled by the eyes), peak velocity (maximum speed during the sac-
cade), peak acceleration (maximum increase in speed), peak deceleration (maximum decrease in speed), and
direction of the saccade indicated as clockwise angles. The complete details of the eye tracking data are given
in Appendix Section 2.

Electroencephalography. 'The Muse EEG headband (https://choosemuse.com/products/muse-2-x-poosh) was
used to collect EEG data, and the obtained data is stored in a CSV file. The Muse EEG headband has four dry
electrode channels located at the positions AF7, AF8, TP9, and TP10. Specifically, AF7 and AF8 are located on
the forehead, while TP9 and TP10 are positioned on the ears. This setup corresponds to the international 10-20
system for electrode placement™®. The data consists of various attributes that represent different types of recorded
information. Here is a detailed explanation of each component:

o TimeStamp: The time at which the data point was recorded.

o Delta waves: Power measurements of delta waves at specific electrode locations on the scalp (Delta_TP9,
Delta_AF7, Delta_AF8, Delta_TP10).

o Theta waves: Power measurements of theta waves at specific electrode locations (Theta_TP9, Theta_AF7,
Theta_AFS8, Theta_TP10).

o Alpha waves: Power measurements of alpha waves at specific electrode locations (Alpha_TP9, Alpha_AF?7,
Alpha_AF8, Alpha_TP10).

» Beta waves: Power measurements of beta waves at specific electrode locations (Beta_TP9, Beta_AF7, Beta_
AF8, Beta_TP10).
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o Gamma waves: Power measurements of gamma waves at specific electrode locations (Gamma_TP9, Gamma_
AF7, Gamma_AF8, Gamma_TP10).

o Raw EEG data: Raw EEG readings from specific electrode locations (RAW_TP9, RAW_AF7, RAW_AFS,
RAW_TP10).

o AUX_RIGHT: Auxiliary data recorded from a sensor placed on the right side of the headband.

o Accelerometer: Accelerometer readings measuring head movement along the X, Y, and Z axes (Accelerome-
ter_X, Accelerometer_Y, Accelerometer_Z.).

o Gyroscope: Gyroscope readings measuring rotational movement along the X, Y, and Z axes (Gyro_X, Gyro_Y,
Gyro_Z).

» HeadBandOn: Indicates whether the headband was worn or not during the recording.

o Headband Signal Quality: Signal quality measurements at specific electrode locations (HSI_TP9, HSI_AF?7,
HSI_AF8, HSI_TP10).

o Battery: Battery level of the Muse headband.

The database includes a CSV file labeled ‘EEG, encompassing details across all 40 attributes. These attributes
provide valuable insights into brainwave activity, raw EEG data, sensor readings, and headband status, allowing
for analysis of mental states, head movement, and other relevant information during the EEG session. The visu-
alization of the EEG data using the Mind Monitor software is provided in Appendix Section 3.

Galvanic Skin Response. The study uses measurements and parameters associated with the Shimmer GSR
CD?70 device (https://shimmersensing.com/product/shimmer3-gsr-unit/). The detailed summary of GSR data
is as follows:

Galvanic Skin Response. GSR measurements reflect changes in skin conductance and resistance. The two
parameters discussed are GSR Resistance, representing the skin resistance, and GSR Conductance, representing
the skin conductance. These measurements provide insights into the autonomic nervous system’s activity and
emotional arousal levels.

Other. This section includes additional parameters and timestamps associated with the Shimmer GSR CD70
device. The parameters are as follows:

o SampleNumber: A numerical value representing the sample number of the recorded data.

o Timestamp RAW: The timestamp (unitless) provided by the Shimmer device when the data was sampled.

o Timestamp CAL: The calibrated (CAL) timestamp provided by the Shimmer device when the data was
sampled.

o System Timestamp: The timestamp provided by the Shimmer SDK system when the sample arrived at the
computer, allowing synchronization with other data sources or events.

o VSenseBatt RAW: The raw battery voltage data (unitless) of the Shimmer device.

+ VSenseBatt CAL: The calibrated battery voltage data representing the actual battery voltage level.

o GSR RAW: The raw galvanic skin response data (unitless), which measures the skin’s electrical conductance.

o Packet reception rate: The percentage of received data packets (in raw form), indicating the reliability of data
transmission. A value lower than 100 indicates that some packets were dropped or not received.

These parameters and measurements provided by the Shimmer GSR CD70 device allow for the monitoring and
analysis of galvanic skin response. A detailed description of these 10 attributes is provided in Appendix Section 4.
The CSV file named ‘GSR’ in the database comprises all these 10 attributes.

Emotion Recognition. 'The facial features data is collected by iMotions using the Affectiva AFFDEX software
development kit (SDK) for emotion recognition. The complete emotion data is stored in the database’s CSV file
named ‘TIVA. Here is a detailed summary of each section:

Affective AFFDEX. The Affective AFFDEX file contains 40 attributes grouped into four categories: Emotion,
Facial Expression, Behavioral, and Other. These attributes provide information about various aspects of facial
expressions and emotional states. Here are the details of each category:

« Emotion: This category includes attributes related to specific emotions expressed by the face, such as Anger,
Contempt, Disgust, Fear, Joy, Sadness, Surprise, Engagement, Valence, Sentimentality, Confusion, and
Neutral.

« Facial Expression: These attributes describe different facial movements and expressions, including Attention,
Brow Furrow, Brow Raise, Cheek Raise, Chin Raise, Dimpler, Eye Closure, Eye Widen, Inner Brow Raise, Jaw
Drop, Lip Corner Depressor, Lip Press, Lip Pucker, Lip Stretch, Lip Suck, Lid Tighten, Mouth Open, Nose
Wrinkle, Smile, Smirk, Upper Lip Raise, Blink, and BlinkRate.

« Behavioral: This category includes attributes that capture behavioral aspects, such as Pitch (up/down rotation
of the face), Yaw (left/right rotation of the face), Roll (tilt-rotation of the face), and Interocular Distance (dis-
tance between the eyes).

o  Other: This component, named SampleNumber, provides a unique identifier for each sample.

SCIENTIFIC DATA| (2025) 12:563 | https://doi.org/10.1038/s41597-025-04865-5 7


https://doi.org/10.1038/s41597-025-04865-5
https://shimmersensing.com/product/shimmer3-gsr-unit/

www.nature.com/scientificdata/

The Affectiva AFFDEX SDK, used in conjunction with iMotions, applies computer vision algorithms and
machine learning techniques to analyze real-time facial expressions. The collected data provides detailed insights
into emotions, facial expressions, behavioral cues, and specific facial landmarks. The complete details of all the 40
features of AFFDEX SDK is provided in Section 5 of the Appendix.

Logdata from Psychopy (Task Performance Log). This study used PsychoPy, an open-source package com-
monly used for experiment UI design in psychology and neuroscience research, to create the experiment UL
The experimental data was saved in a CSV file labeled ‘PSY’ within the database, encompassing several attributes
pivotal for analysis and interpretation.

The CSV file contained the following attributes:

« Key: A unique key generated using the combination of category and question numbers, including the sample
questions.

o Category: Indicates which category the data belongs to, with values 1, 2, or 3.

o QuestionNumber: Represents the question numbers, including the sample questions used in the categories.

o match Ornomatch: Denotes whether the participant’s response matched or did not match the given stimulus.

« Difficulty: Indicates the difficulty level of each question, categorized as Easy, Medium, or Difficult.

o Verdict: Specifies whether the participant’s response was correct or incorrect.

« ResponseTime: The time taken by the participant to respond to each question.

« routineStart: The timestamp at the beginning of the routine.

 routineStamp: The timestamp indicates the time when the routine occurred.

« routineEnd: The timestamp at the end of the routine.

o Cat2FeedbackTime: Represents the feedback time for category 2 in the experiment.

Data Logging. The learning-centred emotions in a classroom setting are manually observed using an
open-source application called Data Logging and Organizational Tool (DLOT)?* at 10-second intervals. The
DLOT application allows human observers to log data and provides a timestamp for each observation. It is a flex-
ible tool that can be customized to work with different operating systems and offers various options for saving
and sharing data. The tool is open-source and available on GitHub (https://github.com/danishsshaikh/DLOT/).

In the DLOT application, the learning-centred emotions®”~* considered are as follows: engaged, neutral,
boredom, frustrated, confused, and delighted. The human observer’s task is to observe the participant and select
the appropriate affective state from the available options every 10 seconds. The application includes a timer that
displays the time remaining, ensuring that the observer selects an affective state within the designated time
frame.

The logged data is stored in .xlsx format, which includes information such as the timestamp of each observa-
tion, participant ID, and the selected affective state. The application automatically records the timestamp and user
details when selecting an affective state. The database includes the details stored in the CSV file named ‘DLOT"

In the study, two different observers were involved, with each observer assigned to observe a specific partic-
ipant. Before the study commenced, the observers underwent training, which included a standard training pro-
cedure. During the training, the observers were familiarized with the standard definitions of learning-centred
affective states and were trained to ensure consistency in their observations.

An inter-observer reliability test was conducted to assess the observers’ reliability. In the intra-observer reliabil-
ity test, the observers were individually instructed to observe videos of students obtained from the DAiSEE data-
set?0. They compared their selections of affective states with the existing annotations in the dataset and discussed
any disagreements or discrepancies they encountered. The observers worked collaboratively to reach a consensus.

Following the initial training and reliability assessment, a pilot study was conducted with four participants
from the spatial thinking study. These participants were different from the 38 participants in the created data-
base. During the pilot study, both observers independently observed the same participants and selected the
appropriate affective state using the DLOT application at 10-second intervals. The intra-rater reliability, meas-
ured using Cohen’s kappa coefficient, was determined to be 0.91, indicating a high level of agreement between
the observers. Throughout the study, each participant was observed by only one observer as they were already
trained, and their interrater reliability is very high.

Data Records
The entire multimodal database, accessible for public use, is shared through figshare*!, with the dataset struc-
tured as follows: an Excel file titled “Pre-survey for MMA Research” and exposure summary of all 38 partici-
pants can be found in the main repository. In the “STData” folder, there are 38 subfolders, each corresponding to
one of the 38 participants in the study. Within these participant-specific subfolders, there are nine distinct files:
DLOT, EEG, Eyetracker (comprising EYE and IVT data), GSR, NASA TLX (NSTLX), external events, log data
generated from Psychopy (PSY), and affective data (TIVA). The multimodal dataset is quite extensive, covering
various formats such as CSV, TXT, video, and XLSX, amounting to a total size of approximately 8 GB.
Additionally, the mental rotation task (MRT) images used in this study were a subset selected from the larger
Peters & Battista dataset (https://www.uoguelph.ca/psychology/lab/mrt)***, which contains a significantly
larger collection of stimuli. This subset is not publicly available but can be accessed with permission from Dr.
Michael Peters. All images used in this study have been compiled into a single document with structured meta-
data, including category number, image name, image, difficulty level, and match/no-match classification. Dr.
Peters will provide access to this subset upon request. To obtain the exact images used in this study, researchers
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Fig. 4 Variation in eye-tracking measures across categories (error bars represent the standard deviation).

must reference this paper by providing the first author’s name and the article title when contacting Dr. Peters at
mpeters@uoguelph.ca for access. Alternatively, researchers may also contact the authors, and we will coordinate
with Dr. Peters” team to facilitate access.

Technical Validation

Data acquisition. To ensure the quality and consistency of the collected data, participants were instructed
to adhere to a standardized protocol under the supervision and guidance of the main researcher. Prior to com-
mencing data collection, sensor calibration was performed for each participant to ensure accurate measurements.
During the trials, participants were instructed to interact with the system while maintaining their natural body
postures to minimize any potential bias in the generated movements.

Data synchronization. Data synchronisation was achieved by utilising built-in functions within the iMo-
tions software. Additionally, the Unix system time stamp was employed to synchronize the data obtained from the
Mind monitor with the data collected by iMotions. While we have implemented this synchronization protocol, it
is important to note that it may not be entirely error-free. Therefore, we recommend users verify data synchroni-
sation before utilizing it for analysis or research purposes.

Descriptive Analyses. We conducted various descriptive analyses to provide a comprehensive understand-
ing of the collected data. These analyses include bar plots that offer an initial assessment of data quality and ensure
that the data fall within plausible descriptive ranges. The following sections present visualizations for eye-tracking
data, EEG frequency bands, GSR conductance, emotion recognition, and log data from PsychoPy.

Eye-Tracking Data. Figure 4 shows eye gaze features (Fixation Duration, Saccade Amplitude, Saccade Peak
Velocity, and Mean Pupil Diameter) with standard deviations for the three categories of the spatial thinking
study. Notably, ‘Category 2’ demonstrates the highest Fixation Duration, while ‘Category 3’ exhibits the most
significant Saccade Amplitude. Moreover, ‘Category 2 displays the highest Saccade Peak Velocity, signifying cat-
egory variations. In contrast, the Mean Pupil Diameter remains relatively consistent across the categories. These
insights into eye-tracking metrics can offer valuable avenues for further research and analysis within the study.

Electroencephalography.  Figure 5 illustrates the average values of distinct EEG frequency bands: Delta, Alpha,
Beta, Gamma, and Theta, accompanied by their standard deviations across the dataset comprising 38 partici-
pants. This graph provides valuable insights into the EEG frequency bands within various experimental catego-
ries. Notably, participants in ‘Category 2’ demonstrated notably higher Alpha band values, indicating potential
cognitive distinctions. ‘Category 3’ participants exhibited elevated Beta band values, suggesting heightened cog-
nitive engagement. Moreover, ‘Category 2’ participants displayed increased Theta band values, indicative of var-
ying cognitive demands within this group. In the Gamma band, ‘Category 2’ exhibited higher values, implying
differences in cognitive processing among categories. Lastly, ‘Category 2’ showcased elevated Delta band values,
possibly indicating distinctions in cognitive engagement levels. The inclusion of standard deviations within each
category further enriches our understanding of the variability in cognitive states. These variations in EEG pat-
terns across categories hint at potential patterns or trends that researchers can explore in spatial thinking studies.

Galvanic Skin Response.  Figure 6 illustrates the GSR (Galvanic Skin Response) Conductance CAL data for
38 individual participants over time. Each line on the plot corresponds to a different participant, labeled from
‘Participant 1’ to ‘Participant 38’ The x-axis represents time, while the y-axis displays the GSR Conductance CAL
value (Micro Siemens). As observed, the data patterns vary among participants, indicating unique physiological
responses. This visualization offers a comprehensive view of how each participant’s GSR Conductance values
evolve over time, allowing for potential insights into their physiological responses during the experimental tasks.
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Fig.5 Average EEG frequency band values across categories (error bars represent the standard deviation).
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Fig. 6 GSR conductance CAL for 38 participants over time (error bars represent the standard deviation).

Emotion Recognition. Figure 7 showcases average counts and standard deviations for a sample set of emo-
tions such as ‘Engagement, ‘Surprise, and ‘Confusion’ in different categories, shedding light on participants’
emotional states during spatial thinking tasks. Also, Fig. 8 provides data on a sample set of facial metrics (‘Lip
Press, ‘Jaw Drop, ‘Brow Raise, ‘Chin Raise’), opening avenues for further investigation into participants’ facial
expressions and emotional responses. These differences in values with respect to categories present intriguing
possibilities for future research directions.

Log Data from PsychoPy. A sample visualization using the log data is shown below. The average response
time was calculated from this log data for all the participants in the three categories. The results are presented
in Fig. 9, which shows the trends in average response time with respect to each category. It was observed that
the average response time reduced over the course of the experiment. Additionally, the data showed that the
average response time was slightly higher for males compared to females in category 1. In Fig. 10, we present
another sample image that displays the number of correct answers of male and female participants with respect
to the three different categories. Figures 9 and 10 provide valuable insights into the participants’ performance
in the spatial thinking tasks, highlighting the temporal patterns of response times and potential gender-related
differences in task performance. These observations contribute to a better understanding of the spatial thinking
process in postgraduate students and the implications of gender-related factors on task performance.

To ensure dataset reliability, reaction times (RTs) and accuracy were analyzed across different difficulty levels.
As shown in Fig. 11, RTs increased from the easy to the medium level but plateaued or even decreased at the

SCIENTIFIC DATA | (2025) 12:563 | https://doi.org/10.1038/s41597-025-04865-5 10


https://doi.org/10.1038/s41597-025-04865-5

www.nature.com/scientificdata/

3500 —
B Engagement (Standard Deviation)

[0 surprise (Standard Deviation)

3000 4 Confusion (Standard Deviation)

2500 4

2000
1500 -
1000 -
500 A
04

Category 1 Category 2 Category 3
Categories of spatial thinking study

Values
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Fig. 8 Variation in action unit counts across categories (error bars represent the standard deviation).
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Fig. 9 Average response time by category and gender (error bars represent the standard deviation).

difficult level, likely because participants moved on to subsequent questions rather than spending additional
time. Figure 12 illustrates a corresponding decrease in accuracy as difficulty increased. Together, these analyses
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Fig. 10 Average correct answers by category and gender (error bars represent the standard deviation).
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Fig. 11 Validating the Test Design: Reaction Time vs Item Difficulty.

confirm the robustness of the questionnaire for studying mental rotation performance under varying difficulty
conditions.

Usage Notes

In order to facilitate the replication of our study design and sensor data collection, we provide detailed infor-
mation about the file structure and export options. The data file used in the study has the extension “csv” and is
separated by commas. It encompasses various sections and metadata, contributing to a comprehensive under-
standing of the study. The metadata and detailed explanations are available in the appendix section of this docu-
ment (Refer to Appendix Sections 2 to 5 for detailed metadata pertaining to the data collected from sensors). The
database contains only CSV files, each with a column header corresponding to the attribute names. Additionally,
the information or explanations of the attributes are provided solely in the appendix section of this document.

For data export, the file offers various options. The “Sensor Data” export provides a comprehensive raw data
export with synchronized data across multiple modalities. Users can select specific respondents, stimuli, and
timestamp formats. The exported file is tab-separated and compatible with software such as Microsoft Excel. The
“Exposure Summaries” export generates a file listing all stimuli exposures, including respondent names, stimu-
lus names, actual exposure times, and order of presentation. This exposure summary is available in the database
for each participant and is saved as a text file with the name ‘exposure_summary’

Study settings, including the desktop study environment, screen resolution of 1920 x 1080, and default cali-
bration mode, are detailed in this section. The gaze analysis settings, such as the I-VT fixation filter, discarding
short fixations, noise reduction using the moving average method, and merging adjacent fixations, are also
specified. Live markers utilized in the study include the default marker named “Default Marker” with no mod-
ifier, assigned to the F3 key and represented by the color orange. These settings serve as a guide for replication
purposes. For comprehensive details, please refer to Section 6 of the Appendix. We also have a website (https://
sites.google.com/view/etiitb-multimodal-database) that provides guidelines for downloading and utilizing the
data. This website redirects to Figshare for downloading the dataset.
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Fig. 12 Validating the Test Design: Accuracy vs Item Difficulty.

Code availability

We provide the raw CSV, TXT, and XLS files obtained during the data collection. No custom code was
implemented for generating or processing the data. The entire dataset is anonymized. The alignment of iMotions
data with the Mind monitor data was performed using the systems” Unix timestamp.
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